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Preface

This book has evolved from lectures on fracture mechanics and micromechanics
which we held for students of engineering and natural sciences over the years. It is
primarily meant as an aid for students learning the foundations of these subjects.
At the same time this book may also serve as an introduction into these fields for
researchers and practitioners in industry and to provide the theoretical background
for solving respective problems.

The book covers the most important areas of fracture mechanics and gives an
introduction into micromechanics. Our major concern was the presentation of prin-
cipal concepts and methods in a clear and sound manner as a basis for a deeper entry
into the matter. The presentation mainly focuses on the mechanical description of
fracture processes; yet, material specific aspects are also discussed. To keep the text
self-contained, continuum mechanical and phenomenological foundations are reca-
pitulated first. They are followed by a brief survey of classical fracture and failure
hypotheses. A major part of the book is devoted to linear fracture mechanics and
elastic-plastic fracture mechanics. Further chapters deal with creep fracture and dy-
namic fracture mechanics. An extensive chapter treats foundations of micromechan-
ics and homogenization. Finally, elements of damage mechanics and probabilistic
fracture mechanics are presented. Suggestions for further reading are listed at the
end of each chapter.

The first edition was well accepted by the readers making a new edition neces-
sary. We have used this chance to incorporate a number of extensions which partly
are influenced by new developments in the field of fracture mechanics. Discussed
are, among others, the crack initiation at notches, cohesive zone models, the peel
test, fragmentation, and strain localization due to damage and material softening.
Furthermore, following suggestions from many students, supplementary examples
have been added as problems at the end of some chapters.

The authors are indebted to all who have contributed to this book. This par-
ticularly includes those from whom we have learned or, as Roda Roda has put it
ironically: “Copying from four books yields a fifth profound book”. Special thanks
go to Mrs. Dipl.-Ing. H. Herbst who has prepared most of the figures. Finally, the
pleasant cooperation with the publisher is gratefully acknowledged.

Darmstadt and Karlsruhe in June 2011, Dietmar Gross
Thomas Seelig
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Introduction

Fracture in science and technology is understood as the total or partial separation
of an originally intact body or structure. The characterization of corresponding me-
chanical phenomena is the subject of fracture mechanics. From an engineering point
of view, in many cases a macroscopic approach is sufficient. But also microscopic
aspects became of increasing interest during the past years. For both, the macro-
scopic and microscopic approach, continuum mechanics has proven to be an effec-
tive tool. Using this well-developed instrument, fracture criteria and concepts may
be established, which allow a prediction of the fracture behavior.

In general, separation of a body occurs by propagation of one or several cracks
through the material. Therefore, fracture mechanics deals to a large extent with the
behavior of cracks. In a real structure or material, cracks or other defects of different
size which possibly evolve to cracks, are virtually always present. One of the main
questions which fracture mechanics shall answer is as follows: under what circum-
stances does a crack in a body start to propagate and subsequently lead to fracture?
Other topics are the conditions for crack nucleation, crack path prediction, or the
velocity of a propagating crack.

In continuum mechanics, usually stresses and strains are used to describe the
mechanical behavior of a solid. These quantities, likewise very important in fracture
mechanics, can not always be directly applied for the characterization of fracture
processes. One reason for this is that stresses or strains might become infinitely
large at a crack tip. Another one follows from the simple fact that two cracks of
different lengths behave differently when loaded by the same external stress. Under
increasing load the longer crack will start to propagate at a lower stress than the
shorter one. For these reasons additional quantities like stress intensity factors or
the energy release rate have been introduced in fracture mechanics. They are able
to characterize the local state at a crack tip and the global behavior of the crack
during propagation, respectively.

For the understanding of fracture processes, at least a partial insight into the un-
derlying micromechanisms is useful. For example, from observing the changes in
the microstructure it becomes understandable how a material defect may increase
until it can be regarded as a microscopic or a macroscopic crack. The relevance of
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micromechanisms also explains the important role that material science has played
in the past and still plays in the evolution of fracture mechanics. Increasingly, micro-
scopic processes are mechanically modeled nowadays and incorporated into contin-
uum theories. Special fields like damage mechanics or micromechanics have been
developed from these efforts and have become important tools in fracture mechan-
ics. In particular, micromechanics offers a theoretical framework for a systematic
treatment of defects and their influence on different length scales.

Fracture mechanics may be classified from different points of view. Usually it
is divided into linear elastic fracture mechanics and nonlinear fracture mechanics.
The first describes fracture processes by using linear elasticity. Since this is appro-
priate particularly for brittle fracture, linear fracture mechanics also is understood
as brittle fracture mechanics. In contrast, nonlinear fracture mechanics characterizes
fracture processes which are dominated by inelastic material behavior. Depending
on whether the material is elastic-plastic or considerable viscous effects are present,
a further partition into elastic-plastic fracture mechanics and creep fracture mechan-
ics is common practice. Another classification is rather material oriented. Accord-
ingly, fracture mechanics sometimes is divided into fracture mechanics of metals, of
polymers, or of composites. If, in contrast to a deterministic approach, probabilis-
tic methods are used to characterize fracture processes, we call this probabilistic
fracture mechanics.

The roots of fracture mechanics reach back to the beginnings of modern mechan-
ics. Already GALILEO GALILEI (1564-1642) in 1638 reflected about the fracture of
beams, which led him to the conclusion that the bending moment is the crucial load-
ing measure. In parallel with the evolution of continuum mechanics in the 19th cen-
tury, a number of different strength hypotheses had been proposed which partly are
still in use as fracture or failure criteria. They directly employ stresses or strains to
characterize the loading of the material. Corresponding efforts took place at the be-
ginning of the last century in conjunction with the development of plasticity theory.
But only in 1920 the first cornerstone of a fracture theory of cracks was set through
A.A. GRIFFITH (1893-1963) by introducing the necessary energy for crack growth
in the energy balance and by formulating an energetic fracture concept. A further
milestone was the statistical theory of fracture formulated in 1939 by W. WEIBULL
(1887-1979). But the actual breakthrough was achieved in 1951 by G.R. IRWIN
(1907-1998) who was the first to characterize the state at a crack tip by stress in-
tensity factors. The so-called K—concept of linear fracture mechanics rapidly found
entrance into practical applications and is meanwhile firmly established. In the early
60s the first concepts for an elastic-plastic fracture mechanics were proposed and a
rapid development set in. First steps towards an integration of damage mechanics
and micromechanics into fracture mechanics have been attempted in the 80s. De-
spite substantial progress, fracture mechanics is by no means an already completed
field but still a subject of intensive research.

The development of fracture mechanics is driven to a large extent by the ambition
to prevent failure of technical constructions and components. Therefore, fracture
mechanics is used as a design tool in all fields where fracture and an accompanying
failure of a component with serious, or in the worst case, catastrophic consequences
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must be prevented. Typical fields of application can be found in aerospace engineer-
ing, microsystems technology, nuclear power techniques, pressure vessel construc-
tion, automotive engineering, or in steel and solid construction. Moreover, fracture
mechanics is used in many other fields for the solution of problems where separa-
tion processes play a dominant role. Some examples are comminution technology,
earthquake research, and materials science.






Chapter 1
Elements of solid mechanics

This chapter summarizes basic concepts and equations of solid mechanics. It is self-
evident that this outline cannot be complete but is limited to a necessary minimum.
For more detailed descriptions the reader is referred to the literature, and selected
textbooks are listed at the end of the chapter (Section 1.6). The reader with some
knowledge of elasticity and plasticity may skip this part and jump directly to the
next chapter.

As the term already suggests, it is the aim of solid mechanics to make the be-
havior of solids accessible to a mechanical analysis. Solid mechanics is based on
the idealization of the real discontinuous material by a continuum. Doing so, the
material properties and the appearing mechanical quantities in general may be rep-
resented by continuous functions. It is understood that a theory on this basis has
its limits when the real material’s discontinuous character plays an important role.
Concepts like macroscopic stresses or strains are physically meaningful only when
applied to sufficiently large regions compared with existing inhomogeneities. For
example, in case of structural components made of polycrystalline materials, the
region under consideration has to be large compared with the grain size. This al-
ways should be considered when applying conventional continuum mechanics to
microscopic domains.

The representation in this chapter primarily uses cartesian coordinates and the
index notation. In parallel also the symbolic notation is applied which often makes
the interrelation of quantities easier to read and to understand. Accordingly, vectors
and tensors are represented either through their components or by their symbols. Fi-
nally, this outline is restricted mostly to isotropic materials and small (infinitesimal)
deformations.

1.1 Stress

1.1.1 Stress vector

If a body is loaded by external forces (volume forces f, surface forces t), distributed
internal forces - the stresses - will be caused. For their definition we intersect the
body in its actual deformed state by a fictitious cut (Fig. 1.1a). Both parts then
interact through area forces of equal magnitude and opposite direction. Let AF be

D. Gross and T. Seelig, Fracture Mechanics: With an Introduction to Micromechanics, 5
Mechanical Engineering Series, DOI 10.1007/978-3-642-19240-1 1,
© Springer-Verlag Berlin Heidelberg 2011



6 1 Elements of solid mechanics

the total force acting on an area element AA of the cross section, then AF/AA is
the average surface traction on this element. The limit

AF dF
t= lim — = — 1.1
AA—0 AA dA (1.1
is called the stress vector in a point of the cross section. Its componentc =t - n in
the direction of the unit normal vector n, i.e., perpendicular to the area element d 4,
is the normal stress; the component 7 = /12 — 02 acting perpendicular to n and
tangential to the element d A is called shear stress (Fig. 1.1b).

[>022
012 |021

a) b) c)

Fig. 1.1 Stress vector

The stress vector ¢ at a point depends on the orientation of the cross section, i.e.,
on the unit normal vector: ¢ = t(n). We now consider the three stress vectors 1, ¢,
t3, which are assigned to the three specific sections perpendicular to the coordinate
axes x1, T2, v3 (Fig. 1.1c). Their cartesian components are denoted by o;; where
the indices ¢, j attain the values 1, 2, 3. The first subscript indicates the orientation of
the section, i.e., the direction of its normal n, while the second subscript expresses
the direction of the stress component itself. Accordingly, 011, 022, 033 are normal
stresses and 012, 023 etc. are shear stresses. It should be mentioned that sometimes
another notation will be preferred. With reference to the coordinates z,y,z the nor-
mal stresses often are denoted by o, oy, 0, while the shear stresses are designated
by Tuy, Ty €tc.

The sign of the stresses is given by the following sign convention: components at
an area element whose normal vector points into the positive (negative) coordinate
direction are defined as positive if they act in the positive (negative) direction.

For example, the stress vector t2 may be expressed by the components as £, =
021€1 + 022€9 + o23€3 = 09;e; . Analogous, t; = o1;e; holds and consequently
in general

tj:Uji €; . (12)

Here e1, eo, e3 are the unit vectors in coordinate directions 1, x2, x3. In addition,
the summation convention has been adopted. According to this rule a repeated sub-
script indicates a summation where this subscript in turn attains the values 1, 2, 3.
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1.1.2 Stress tensor

The nine scalar quantities o;; form the cartesian components of Cauchy’s stress
tensor o (A.L. CAUCHY, 1789-1857). It can be represented by the matrix

011 012 013
o = 091 0922 023 . (]3)
031 032 033

The stress tensor characterizes the stress state at a point of the body, i.e., it uniquely
determines the stress vector for an arbitrary section through the material. This can
be shown by considering the infinitesimal tetrahedron in Fig. 1.2a. The orientation
of the area d A is given by its normal n or by its components n;, respectively. Taking
into account that possible body forces are of higher order small, equilibrium requires
tdA = t1dA; + tadAs + t3dAs. Introducing t = t; e;, dA; = dAn; and (1.2)
yields in index notation and in symbolic notation, respectively

l; = oin; or t=0oc-n (1.4)

where the dot in the symbolic notation indicates a summation over one subscript (in
this case the subscript 7). Thus, the stress tensor o determines the stress vector ¢ for
each direction n. It should be mentioned that (1.4) represents a linear mapping of
two vectors by which o is characterized as a second rank tensor.

L

a) b)
Fig. 1.2 Stress state

On account of the equilibrium condition of moments (which we will not discuss
here), the stress tensor is symmetric:

Oi5 = Ojj - (15)

As a consequence, the shear stresses in two perpendicular cuts are pairwise equal to
each other.
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Sometimes it is necessary or useful to represent the components of the stress
tensor in a coordinate system x, x4, 25 which is rotated with respect to the original
system x1, T2, 3 (Fig. 1.2b). The relationship between the components with respect
to the first and the second system is given by the transformation relation

Tl = AkiQ1j Oij - (1.6)

Herein ay; denotes the cosine of the angle between the xje— and the x;-axis: ag; =
cos(zy, i) = e} -e;.

A particular coordinate system is given by the principal axes. They are character-
ized by the special feature that solely normal stresses and no shear stresses appear
in sections perpendicular to these axes. In this case, the stress vector ¢; and the ac-
companying normal vector n; have the same direction: ¢; = on; = 0d;;n;. Here o
is the normal stress in the section and §;; the so-called Kronecker-symbol which is
defined as 6;; = 1 for ¢ = j and 6;; = O for ¢ # j. Introducing this into (1.4) we get
the homogeneous linear system of equations

(0ij — 0 dij)n; =0 or (0-0l)-n=0 (1.7)

where I is the unit tensor with the components §;;. The system of equations (1.7) has
a nontrivial solution for the unknown n; only if its determinant vanishes: det(o;; —
0 6;;) = 0. This leads to the cubic equation

o —1,0%—I,0— I, =0 (1.8)

where the quantities I, II,,, III, are independent of the chosen coordinate system.
They are the invariants of the stress tensor and given by

Iy =04 =011 + 022 + 033,

IIU = (Uijaij — Uiio—jj)/2

2 2 2
= — (011022 + 022033 + 033011) + 019 + 055 + 031 , (1.9
011 012 013
11, = det(oij) = | 0921 022 023
031 032 033

The three solutions o1, 02, o3 of (1.8) are all real and called the principal stresses.
Each principal stress corresponds to a principal direction (normal vector n; directed
along the principal axis) which may be determined from (1.7). It can be shown that
the principal directions are perpendicular to each other and that the principal stresses
are stationary (extreme) values of normal stresses at a point of the body. With respect
to the principal axes the stress tensor can be represented by

g1 0 0
o= 00,0 |. (1.10)
0 00'3
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In sections whose normal is perpendicular to one principal axis and forms angles
of 45° with the remaining two axes, extreme shear stresses appear. For example,
in such a section with the normal perpendicular to the o3-direction a shear stress
73 = £(01 — 02)/2 acts. In general, the three extreme shear stresses are given by

09 — 03
2

L;Ul =2 (1.11)

lei 5

) T2 = +
Thus, if o7 is the maximum and o3 the minimum principal stress, the maximum

shear stress results as
g1 — 03
Tmax — T . (112)

Of practical relevance are also the octahedral stresses. They are defined as nor-

mal and shear stress in cross sections whose normal forms the same angle with all
three principal axes:

ortox+os oy I,

Ooct - — 5
3 33 (1.13)

1
Toct = g\/(o'l —02)2+ (02 — 03)2 + (03 — 01)2 .

The stress component o, can be interpreted as the average normal stress: o, =
Ukk/ 3= Ooct-
In many cases it is useful to decompose the stress tensor additively:

Okk
—
3

O35 = ij t Sij or o=o,1+s. (1.14)
Therein %O’kkaij characterizes a loading by an all-side equal stress ¢,,,. Because of
the analogy with a static stress state in a fluid, this part is referred to as a hydro-
static stress state. The tensor s is called deviatoric stress state. By this part and its
invariants

I,=0,
1 1
II,= 5 SijSij = 6 [(01 — 02)2 + (0'2 — 0’3)2 + (0'3 — 0'1)2]
1
= 6[(011_ 022)2 + (022 — 033)2 + (033 — 011)2] + 0’%2 + 033 + a§1 ,
1

IIISZ § SijSjkSki
(1.15)
the deviation of the stress state from a hydrostatic state is characterized. Comparison
with (1.13) yields: II, = 372,,.

A graphical visualization of the stress state is possible by the so-called Mohr’s
circles (O. MOHR, 1835-1918). This is a representation of normal stresses ¢ and
corresponding shear stresses 7 as points in a o-7-diagram for all possible cross
sections and directions, respectively. With respect to principal axes, we get from
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equation (1.4)
0% + 12 =t;t; = o¥n? + o3nd + oin?

o=tn; = 0177,% + 0’272% -+ 03n§ .

Inserting this into the identity

09 + 03

(o_ o9 + 03
2

5 )+ (")

>+ 7% =—0(02 +03) + (
and taking into account n;n; = 1, it may be written as

_ 02403
2

02 — 03

5 )2, (1.16)

(o 2+ 712 =ni(o1 —o9)(o1 —03) + (
This equation formally may be interpreted as the equation of a “circle” with its
center at 0 = (02 + 03)/2, 7 = 0 and a radius depending on n;. Because of
0 < n? < 1 the minimum stress distance from the center is (o2 — 03)/2 = 71 (for
ny = 0), while the maximum distance is o1+ (02 —03) /2 (for ny = £1). Analogous
considerations can be performed for two further equations which follow from (1.16)
by a cyclic permutation of subscripts. Arranging the principal stresses according to
their magnitude (o7 > o9 > 03), we finally get the condensed representation of
Fig. 1.3. Accordingly, stress points (o, 7) are possible only in the shaded region and
on the circles of radii 7;. The circles themselves correspond to cross sections with a
normal perpendicular to one of the three principal axes.

Tmax

73
1

g3 02 [] g

Fig. 1.3 Mohr’s circles

1.1.3 Equilibrium conditions

An arbitrary material region is in general loaded by body forces f; which are dis-
tributed over the volume V' and surface forces (stress vector) ¢; acting along the
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surface JV. Force equilibrium is ensured if the resultant of these forces vanishes:

/tidAJr/fidV:O. (1.17)
1%

ov

Using t; = oy;n; , see (1.7), and applying the divergence theorem fav oijn;dA =
Ji 0. AV this equation can be rewritten as

/(Uz‘j,j+fi)dV=0- (1.18)

\%4

Here we have assumed that the stresses and their derivatives are continuous. The
latter are indicated by a subscript after a comma: 05 ; = 0oy;/0x;. Since the vol-
ume V is arbitrary, it follows from (1.18) that for each point of the body the local
equilibrium conditions

Uij,j+fi:0 or V0'+f:0 (119)

must be fulfilled. Within the symbolic notation, we have used the vector operator
V= (8/8%) €;.

From (1.19) the equations of motion directly can be derived if the motion-induced
inertia forces —pu; are considered as additional volume forces:

04, + fi = pi; . (1.20)

Here p is the mass density and dots above a quantity denote derivatives with respect
to time.

We will not discuss the equilibrium of moments. It only should be noted that this
condition leads to the already mentioned symmetry of the stress tensor (1.5).

1.2 Deformation and strain

1.2.1 Strain tensor

The kinematics of a deformable body usually is described in terms of the displace-
ment vector and a strain tensor. These quantities can be introduced by considering
an arbitrary material point P whose position in the undeformed state (e.g., at time
t = 0) is given by the coordinates (position vector) X;, see Fig. 1.4. A point () at
a distance d.S adjacent to P has the coordinates X; + d.X;. On account of a load-
induced deformation, P is displaced to P’ and @ to ', respectively. Their current
position (at time ?) is given by the space coordinates x; and z; + dx;, respectively.
The displacement from P to P’ is expressed by the displacement vector
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o)

Fig. 1.4 Deformation

ui:xi—Xi. (12])

Assuming a uniquely invertible mapping between x; and X, the displacement
vector u; and the position vector x; can be regarded as functions of the material
coordinates X;:

ui:ui(Xj7t) s xi:xi(Xj7t) . (122)

In order to derive a suitable deformation measure we compare the distances of
adjacent points in the deformed and undeformed state. It is convenient to consider
for this purpose the squared distances

Oy, O
0X; 0X;
dS? = dXpd Xy, = dX;dX; 6;; -

ds? = dzpday, = dX;dX; ,

Using (1.21) and (1.22) one obtains
ds* —dS*? =2 E;; dX,;dX; (1.23)

where
1, 0u, Ou;  Oup Ouy

1= 30x, Y ax, T ax, ox,)
is a symmetric second rank tensor which is called Green’s strain tensor (G. GREEN,
1793-1841).

It can be shown that for sufficiently small (infinitesimal) displacement gradi-
ents (Ou;/0X; < 1) the derivatives with respect to material coordinates X; can
be replaced by derivatives with respect to space coordinates x;, i.e., Ou;/0X; —
Ou;/0x; = u, ;. Taking into account that in this case the product of the displace-
ment gradients in £;; vanishes (being small of higher order), we get from (1.24) the
infinitesimal strain tensor

E

(1.24)

1
Eij = §(ui7j + u; z) . (1.25)

It may be represented as the matrix
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€11 €12 €13
€= | €21 €22 €23 (1.26)
€31 €32 €33

which is symmetric because of €;; = ¢;, see (1.25).

Geometrically, the normal strains €11, €22, €33 can be interpreted as relative
length changes and the shear strains €12, €23, €31 as angle changes. In this con-
text also the engineering notation should be mentioned. With reference to x, y, 2-
coordinates often the notation e, &y, £, for normal strains and v,y /2, Vy>/2, V22/2
for shear strains is used.

The properties of the strain tensor can be transferred from the stress tensor. There
exists a system of principal axes where shear strains vanish and solely principal
strains €1, €3, €3 appear. Furthermore, the strain tensor has the three invariants
I, I, III.. The first invariant characterizes the volumetric strain, i.e., the relative
volume change:

I.=cy=¢€pp=¢€1+e3+e3. (1.27)

If the strain tensor is decomposed according to

_ Ckk s

€
Eij = ij + €ij or € = ?V I+e (128)
then the first part describes the volume change while the second part, the strain de-
viator e, expresses a distorsion, i.e., a deformation at constant volume. Of particular
importance is the second invariant of the deviator which in analogy to (1.15) reads

I, = %Qjeij = % [(51 — 52)2 + (62 — 53)2 + (63 — 61)2] . (1.29)

For given strain components (1.25) forms a system of six equations for the three

displacement components. Thus, the strain components cannot be independent of

each other if the displacement field in a simply connected domain shall be unique

(apart from a rigid body motion). They have to satisfy the compatibility conditions
which can be derived from (1.25) by eliminating the displacements:

€ijkl T €kl ij — Eik,ji — €41,k = 0 . (1.30)

1.2.2 Strain rate

The strain tensor is not always suitable to describe the deformation and motion of a
deformable body. In some cases, as for example in plasticity, it is more appropriate
to use strain changes and strain rates, respectively. To introduce these quantities we
start from the velocity field v;(z;, t) (Fig. 1.5). The relative velocity of two particles,
located at time ¢ at adjacent points P’ und )’ in space is expressed by
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T3

xZ Z; Vi
%1 2 4 )

Fig. 1.5 Strain rate

Ov;

d’Ui: a—;}dxj :Ui’jd.%‘j . (131)
J

Through this equation, the velocity gradient v; ; is defined as a second rank tensor
which can be decomposed as follows:

1 1
Vij = 5(%;’ +vj4) + 5(%,;- —v;i) =Dy + Wi . (1.32)
The symmetric part
1
Dij = 5 (vig + vji) (1.33)

is known as the strain rate tensor. It characterizes the temporal strain change of the
current configuration. Multiplying it with the time increment yields the so-called
natural strain increment:

de;j = Dy dt . (1.34)

If the strains remain small during the whole deformation history, then D;; and d€;;
can be replaced by the time derivative of the strain tensor €;; and by the strain incre-
ment de;;, respectively. In the following, we will mostly employ this assumption. It
also should be mentioned that all properties of the stress tensor analogously can be
transferred to D;; and dé€;;. In addition, the compatibility conditions (1.30) can be
applied by replacing ;; by D;; and d€;;, respectively.

The skew-symmetric part W;; in (1.32) characterizes the current rotation (spin)
which will not be further discussed here.

1.3 Constitutive laws

In the following we will assume small (infinitesimal) strains which is appropriate
for a wide range of problems. This assumption also considerably simplifies the for-
mulation of constitutive laws by which the deformation behavior of the material is
characterized.
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1.3.1 Elasticity

1.3.1.1 Linear elastic behavior

Generalizing the uniaxial Hooke’s law ¢ = FE ¢ (R. HOOKE, 1635-1703) for a
linear elastic material, stresses and strains in the three-dimensional case are related
as

o=C:¢ or 0ij = Cijri €t - (1.35a)

Here the two dots in the symbolic notation indicate a summation over two in-
dex pairs (in this case k, ). The elasticity tensor C'is a fourth rank tensor which
characterizes through its components Cj;y, i.e., through the elasticity constants,
the elastic properties of the material. It can be shown that C' in the most gen-
eral anisotropic case consists of 21 independent constants and that the symmetries
Cijti = Cjirt = Cijir = Clyyj hold. Inverting (1.35a), the elasticity law alterna-
tively can be written as

e=M:o or Eij = Mijkl Okl (135b)

where M = C! is the compliance tensor. Its components M;;;; have identical
symmetry properties as Cjjx;.

An isotropic material shows the same behavior in all directions. In this case, C
is an isotropic tensor which is determined by solely two independent constants:

Cijrt = A0ij0y + p (dirdj1 + 0:10k) - (1.36)
Inserting this representation into (1.35a) the elasticity law reads
05 = Ak 5L] + 2 ey (1.37)

where ) and p are the so-called Lamé constants (G. LAME, 1795-1870). Their rela-
tion with Young’s modulus F (T. YOUNG, 1773-1829), shear modulus G, Poisson’s
ratio v (S.D. POISSON, 1781-1840) and the bulk modulus K is given in Table 1.1.

Inverting (1.37) according to (1.35b) and using the relations in Table 1.2, the
elasticity law can be rewritten as

1+v

v
€ij = —— Okk 05 + 5

5 oij - (1.38)

Another possibility of representation is the decomposition of the isotropic elasticity
law into its hydrostatic (volumetric) and deviatoric part. Using (1.14), (1.28) and the
relations of Table 1.1 yields

Ukk:3K5kk 5 Sij :2peij . (1.39)

An anisotropic material is characterized by its different behavior in different di-
rections. In the following we restrict our attention to two specific cases. An or-



16 1 Elements of solid mechanics

basic pair
A u p K E, G E,v
2 G(E — 2G) Ev
A A K=3un 3G—E AT+ 0)(1=20)
E
H 12 I G m
2 GFE E
K A+36 K 333G - B) 31— 20)
1B+ 2u) 9K i
E ey 3K + 1 E E
v A 3K — 241 Lo v
2N+ ) 203K + ) 2G

Table 1.1 Relations between elastic constants

thotropic material has three principal material directions which are perpendicular to
each other. If they coincide with the chosen coordinate axes, the elasticity law can
be expressed in matrix notation as

[ 11 ] [hi1 hizhizs 0 0 0] [o41]
€22 hi2 haa haz 0 0 0 022
€33 | _ | hizhaghsz O 0 O 033
2523 o 0 0 0 h44 0 0 0923 ’ (140)
2531 0 0 0 0 h55 0 031
_2512_ L 0 0 0 0 0 h66_ _0’12_

The nine independent compliances h;; are related to the tensor components M
and the engineering elasticity constants E; (Young’s moduli), v;; (Poisson’s ratios),
i (shear moduli) as follows:

1 1% v 1
h11=M1111=E—17 h12=M1122=—£=—Ei;, h44=M2323=@7

1 v v 1
h22=M2222=E—27 h23=M2233=—Ei§=—Ei§, h55=M3131=E7 (1.41)

1 v 1% 1
h33=M3333=E—3, hlS:MllSS:_ELf:_Ei;7 h66:M1212:E~

If the material constants of an orthotropic material are not changed when the
material is rotated with respect to one of its principal directions (e.g., the x3-axis),
it is called transversely isotropic. Since the compliances in this case are interrelated
by

hi1 =haa, hiz=hos, haa=hss, hes =2(hi1— hi2), (1.42)

such a material is characterized by only five independent elasticity constants.
When a stress-free material is heated, thermal strains e’ appear. They are, at a
good approximation, proportional to the temperature change AT
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eh=kAT or M=k AT (1.43)
1] ) . .

Here k denotes a tensor given by thermal expansion coefficients. For a thermally
isotropic material it is determined by only a single parameter: k;; = k §;;. Defining
total strains € as the sum of elastic and thermal strains, the elasticity law attains
the form of the so-called Duhamel-Neumann law (J.M. DUHAMEL, 1797-1872, F.
NEUMANN, 1798-1895)

oc=C:(e—¢eh). (1.44)

1.3.1.2 Strain energy density

The work per unit volume, done during deformation of an elastic material
€kl
U= / Tij d{fij (145)
0

is independent of the deformation path. In this case the integrand dU = o;;de;; is
a total differential, i.e., dU = %deij, and
5 A€,

U
n 6sij

O’i]‘ (146)
holds. The function U = U (e;;) is called strain energy density.
In addition to U(g;;), the complementary energy density U(o;;) may be intro-
duced. It is defined as
Okl
U= oijeij —U = /Eij doj; . (1.47)
0

Analogous to (1.46), the relation

oU

— 1.4
adij ( 8)

Eij =
is valid.
Specifically for a linear elastic material, by introducing (1.35a) and (1.35b) into
(1.45) and (1.47), the strain energy density and complementary energy density can
be determined as

~ 1
U=U=-o4cj=-e:C:e=-0:M:0o. (1.49)

Using (1.14), (1.28), and (1.39) the strain energy density can be decomposed into
two parts:
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1
U:§K€%k+peijeij:U\/+UD. (1.50)

Here Uy = 1 Ke?, = 1 K12 is the pure volumetric strain energy density (= por-
tion of energy on account of a volumetric strain) while Up = pe;je;; = 2 p Il is
the distortional energy density (= portion of energy on account of purely deviatoric

strains).

1.3.1.3 Nonlinear elastic material behavior

The strain energy density U of an isotropic material depends solely on the invariants
I, II, III. of the strain tensor. Since I, and III. can be expressed by the invariants
1., III. of the deviator and by I., the functional dependence can be written as
U =U(I, I, III.). Consequently, using (1.46) and I. = ¢;; d;;, II. = %eijeij,
1l = %eij €jkeki, a general nonlinear elasticity law may be represented as

ou ou ou

% = a1, % " am, v T o,

€ikCkj - (1.51)

For many materials it may be assumed that the strain energy density, analogous to
the linear elastic case, is additively composed of a volumetric part and a distortional
part: U = Uy (1) + Uz(Il.). In this case (1.51) reduces to

dty -, dUz
dr. *“ " di,

Oij =

€ij - (152)

Splitting the stresses into the hydrostatic and deviatoric parts we obtain the relations

dU1 dU2
Okk — 3 dfg = f(Ekk) 5 Si]‘ = m ei]‘ = g(IIe) ei]‘ . (153)
If the material additionally can be regarded as incompressible, i.e., g, = 0,

the first equation in (1.53) can be omitted. In this case the function g(II.) can be
simply expressed by the material’s uniaxial stress-strain curve o (<). For this purpose
we first define a uniaxial equivalent stress or effective stress oe as follows: with
respect to the material response, a three-dimensional stress state o (respectively s)
is equivalent to a uniaxial stress state e, if the second invariants I/ of the deviator
are equal in both stress states. This leads with (1.15) and 01 = g¢, 02 = 03 =0 to

Ug = g 8ij8ij = gs 1S, (1.54a)

In case of an incompressible material, analogously, a three-dimensional strain

state € (respectively e) is considered equivalent to a uniaxial strain state e if the

second invariants I, are equal in both strain states. Inserting this in conjunction

with €1 = €e, £2= €3= —¢&1/2 into (1.29) results in the following definition of a
uniaxial equivalent strain or effective strain
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2 2
el = Seuc = 3eie. (1.54b)
If we now consider the product s;;s;; and introduce (1.53), (1.54a), (1.54b) we

obtain g = %O’e /€e and the material law reads

_206

_ 2%, 1.55
3 2 (1.55)

Sij
As an example we consider a uniaxial stress-strain curve, represented by the

power law
e=Bo" or o=0be" (1.56)

where n = 1/N and B = 1/b™ are material constants. Assuming incompressibility,
its three-dimensional generalization is given by

3
€ij = EBO'Q_lsij or Sij = § bé‘év €ij - (157)

The strain energy density and complementary energy density in this case are

n ~ 1
U = Sij€ij5 5 U= n—+1

n—+1 Sij€ij5 - (158)

1.3.2 Viscoelasticity

Viscoelastic materials combine elastic and viscous behavior. They are characterized
by a time-dependent response and by a dependence of stresses and strains on the
load or deformation history, respectively. Typical viscoelastic effects are creep and
relaxation phenomena as they appear for example in polymers. But creep effects are
also relevant in metals such as steel in the high temperature regime.

1.3.2.1 Linear viscoelastic material behavior

The uniaxial linear viscoelastic material behavior can be described by the constitu-
tive law

t

t
5(t):/t](t—7')j—idr or o(t) = /E(t—r)g—f_dT. (1.59)

— 00

Here J(t) and E(t) are material functions, representing the response to an instanta-
neously applied constant stress o or constant strain €, respectively. The function
J(t) = €(t)/ oy is called creep function or creep compliance while E(t) = o(t)/co
is referred to as relaxation function (Fig. 1.6). They are interrelated through
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I

a) b)

Fig. 1.6 a) Creep function, b) relaxation function

—/J(t —7)E(r)dr=1. (1.60)

The lower limit of the integrals in (1.59) indicates that the material behavior at time
t depends on the entire preceding stress and strain history, respectively.

In case of an isotropic material, a three-dimensional generalization of (1.59) can
be obtained by separating the hydrostatic (volumetric) and deviatoric (distortional)
parts. In addition, for many viscoelastic materials it may be assumed that the re-
sponse to volumetric strains is purely elastic: oy = 3Kegg. In this case, the con-
stitutive law for the remaining deviatoric part is given by

t t
1 ds;; de;;
e;j = 3 / Ja(t —7) dTJ dr, 855 =2 / Gt—1) d’rj dr . (1.61)

—0o0

The creep function J4(t) and relaxation function G(t) again are related as in the
uniaxial case, see (1.60).

Integrals of the type (1.59), (1.61) are known as convolution integrals. They are
treated conveniently by Laplace transform. The Laplace transformed function f(p)
of a function f(¢) is defined as

f(p) = / f(t)e Pt de. (1.62)
0
For instance, applying this transformation to the second equation of (1.61) and as-
suming that the strain history starts at time 7 = 0 we obtain

Comparing this result with (1.39) we observe that, apart from the material constant,
the transformed viscoelastic law and the elastic law are of the same form. This
is valid also for all further relevant equations such as equilibrium conditions and
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kinematic relations. This property is known as elastic—viscoelastic analogy which
is the basis of the so-called correspondence principle. According to this principle
the Laplace-transformed solution of a viscoelastic problem can be obtained from
the corresponding elastic solution by replacing the elastic constants appropriately
by the Laplace-transformed creep and relaxation functions, respectively (e.g., G —
p G(p)). The final solution of the viscoelastic problem then follows by the inverse
transformation.

1.3.2.2 Nonlinear viscoelastic material response, creep

Nonlinear viscoelastic behavior is often described by pragmatic approaches which
are applicable only to specific materials or in a restricted loading regime. One of
these is Leaderman’s approach for polymers (H. LEADERMAN, 1943)

dﬂ:l/JU—T)aZDdT (1.64)

— 00

where f(o) is an additional material function. It characterizes the dependence of
creep strains on an applied constant stress o in the form e(t) = oo f(00)J(t). A
generalization of (1.64) to the three-dimensional case may be accomplished analo-
gously to the linear case.

Because of its practical relevance, creep of metallic materials under constant
stress shall briefly be discussed. Usually the three stages of primary, secondary,
and tertiary creep are distinguished, where secondary creep often is the dominant
stage. This stage is characterized by an approximately constant strain rate (creep
rate) € under a fixed uniaxial stress o. The strain rate only depends on the stress
level: € = £(o). For the characterization of such a stationary creep deformation dif-
ferent approaches are in use such as, for example, Norton-Bailey’s creep law (F.H.
NORTON, R.W. BAILEY, 1929)

¢=DBo", (1.65)

Prandtl’s approach (L. PRANDTL, 1875-1953)

£ [sinh (2" (1.66)

Ex O
or modified approaches of the type

2 i(a ™ (L) (1.67)

Oy Oy

£ dt
where B, C, n, m, o,, and €, are material parameters.

The constitutive laws for viscous flow and elastic response often have a simi-
lar structure. For instance, (1.65) can formally be obtained from (1.56) by simply
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replacing strains by strain rates. If one assumes that the quantities (work rates)

=kl

Okl €k
15 = /E” dO’ij s D= /O'ij d€” = O'ijéij — 5 (168)
0 0

are independent of the integration path, then the relations

oD 9D
Oij = 85”

Eij (1.69)

7= 80'ij ’
hold which are analogous to (1.48) and (1.46). The function B(Uz‘j) is known as flow
potential, D(€;;) is the strain energy rate density and o;;¢;; is called dissipation
rate.

Assuming an incompressible material (€5, = 0) and a dependence of the flow
potential solely on II,, equation (1.69) yields

dD 3 e
i = = Sij = = — Sij 1.70
T, T 9 g (1.70)
where oe = (% Sij sij)1/2 and €¢ = (% éijéij)1/2. For example, Norton’s creep law
for the three-dimensional case then attains the form

3
éij = §BO'Q_1 Sij - (171)

The corresponding strain energy rate density and the flow potential read

D = HLHSijéij 5 D= %Hsijéij . (172)
These equations are fully analogous to equations (1.57), (1.58) for a nonlinear elas-
tic power law. Both sets of equations can be transformed into each other by replacing
strains by strain rates and vice versa. Consequently, also the solutions of correspond-
ing boundary value problems are analogous. According to this analogy, the solution
of a nonlinear elastic problem can be transferred to the corresponding creep problem
by replacing strains by strain rates.

1.3.3 Plasticity

If stresses or strains exceed a certain limit, plastic yielding may be observed espe-
cially in metallic materials. In this case, in contrast to viscoelasticity, a load change
mostly leads to an immediate (time independent) deformation change. One effect of
plastic yielding are remaining plastic deformations after unloading.
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For the characterization of an elastic-plastic material in conventional plasticity
theory one usually assumes that the strains and strain increments are additively com-
posed of an elastic and a plastic part:

e=¢€“+¢P, de = de® + deP . (1.73a)

By relating the strain increments to a corresponding time increment d¢ the additive
split also can be expressed as
E=¢"+¢€v. (1.73b)

For the elastic part a linear stress-strain relationship, as given e.g. by (1.35a), may
be assumed. In conjunction with (1.73a) the elasticity law then attains the form

oc=C:e*=C:(e—¢€P"). (1.74)

As a constitutive law for the plastic part, formulations in terms of plastic strain
increments as well as in terms of total plastic strains are in use. The correspond-
ing representations are known as incremental plasticity and deformation plasticity
(total strain theory), respectively. Both approaches usually assume plastic incom-
pressibility, i.e., vanishing plastic volumetric strains: €}, = 0. As a consequence
eP = e? holds.

1.3.3.1 Yield criterion

It is feasible to assume that yielding occurs only if a certain state prevails which is
determined by the stresses o;;. Such a yield criterion can be expressed by

F(o) =0 (1.752)

which may be interpreted as a surface ( = yield surface) in the nine-dimensional
space of stresses 0;;. A stress state on the yield surface (/' = 0) then characterizes
yielding while stress states within the yield surface (F' < 0) correspond to an elastic
response. Accordingly, the extended yield criterion

F(o) <0 (175b)

defines the set of all possible (admissible) stress states.

The yield surface may change its location and its shape during plastic deforma-
tion. Special cases are the self similar growth of the yield surface, known as isotropic
hardening, and a pure translation, known as kinematic hardening. If the yield sur-
face remains unchanged, the material response is called perfectly plastic. As we will
discuss later in conjunction with the principle of maximum plastic work, the yield
surface is convex.

For an isotropic material, the yield criterion can only depend on the invariants I,
1I,, Il which is equivalent to a dependence only on I, I, III;. When loaded
by a hydrostatic stress state many materials, especially metals, show a purely elastic
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response by volumetric strains, i.e., I, does not influence yielding. Thus, the yield
criterion (1.75a) reduces to
F(Il,, IIT,) =0 . (1.76)

Equation (1.76) offers a multitude of possible criteria from which only two well-
established and widely-used yield criteria shall be mentioned here. The VON MISES
yield criterion (R. VON MISES, 1883—-1953) is given by

1
F=I,-k*=0 or F:§sijsijfk2:o. (1.77a)

In conjunction with (1.15) it can also be written as

F= % (01 —02)* + (02 —03)* + (03 —01)*)] —k*=0. (1.77b)
Accordingly, the material yields if II, attains the critical value k2. Equivalent are
the statements that yielding requires a certain octahedral shear stress 7, or that
the linear elastic response is limited by a critical distortional strain energy den-
sity Ug. Equation (1.77b) defines a cylindrical surface of radius v/2k around the
“hydrostatic” axis 01 = 09 = o3 in the three-dimensional space of principal
stresses (Fig. 1.7a). For a perfectly plastic material k is constant. Introducing the
yield stress oy for uniaxial tension (o7 = oy, 02 = o3 = 0) and 7y for pure
shear (017 = —o3 = Ty, 09 = 0), the relation k = O'y/\/g = 7y holds. In case of
isotropic hardening, k& depends on the plastic deformation. The constant o'y then has
to be replaced by the actual yield stress: k = o/ V/3. By comparison with (1.77a) we
obtain the already known uniaxial equivalent stress ge = (% Sij sij)l/ 2 see (1.54a),
which is also known as the von Mises stress.

hydrostatic
axis

a: .
2 v.Mises

Oy
Tresca
—0y 01
L/ay

—oy

Fig. 1.7 Yield criteria according to von Mises and Tresca

For the special case of plane stress (05 = 0) we obtain from (1.77b) the yield
condition
02+ 03 — 0109 = 0% . (1.78)
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The associated yield curve is an ellipse, see Fig. 1.7b.

The yield condition according to H.E. TRESCA (1868) is based on the assump-
tion that plastic flow occurs if the maximum shear stress reaches a certain critical
value: F' = Tyax — K = 0. Introducing the extreme shear stresses according to
(1.11), one of the conditions

o1—o3£2k=0 |, oy —o1x2k=0 , o3 —oy£2k=0 (1.79)

must be fulfilled. The associated yield surface in principal stress space is a hexag-
onal prism whose middle axis coincides with the hydrostatic axis (Fig. 1.7). For a
perfectly plastic material, the relation between k and the flow stresses oy (uniaxial
tension) and 7y (pure shear) is given by k = oy /2 = 7y.

1.3.3.2 Incremental theory

In the following we assume that the material satisfies the principle of maximum
plastic work:
(03j — 07y) del; > 0. (1.80)

Here, 0, is the actual stress state on the yield surface, while a?j represents an initial
state within or on the yield surface. This principle can be interpreted such that among
all stress states o;; which fulfill the yield condition, the actual stresses o;; render
the plastic work &;;de? ; an extremum. This extremum statement can be formulated
as 5

T[@-jdaf. —dAF(&ij)] =0 for &z’j = 045 (]81)
80 ij J

where d\ > 0 is a free Lagrange multiplier. From this follows the flow rule

oF
def. = dX 1.82
EU 303]» ( 3.)
which alternatively can be written as
. OF . OF
P p
Eij = A B0y or &= 9% (1.82b)

Without going into details it should be mentioned that from the principle of max-
imum plastic work some consequences arise. One of them is the already mentioned
convexity of the yield surface. Another consequence is the normality rule which
states that the plastic strain increment points outward of the yield surface in normal
direction, cf. (1.82a,b).

If we take von Mises yield condition (1.77a,b) as the basis, then (1.82a,b)
yields de? = dAs. In this case, the principal axes of de? coincide with those
of the stress deviator s and consequently also with those of o. The multiplier d\
can be determined by introducing the equivalent stress ge = (%sijsij)l/ 2 and
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— taking into account plastic incompressibility — the equivalent strain increment
del = (3de?;del))Y/2. From del;def; = (dA)%s;si; we then get A\ = 2del/oe
and finally
L, 3
Sij or el =—-——s. (1.83a)
2 Oe

_ 3deg

def. = = —

K 2 Oe

For a perfectly plastic material, the equivalent stress is constant: c¢ = oy . This is

not the case for strain hardening materials and it is then appropriate to introduce

into (1.83a) the plastic tangent modulus g = doe/del = 6¢ /8 and to write the
flow rule as follows

3 Sij

del = =

7 2go0e

3 Ge

doe or &P (1.83b)

= - s
2 goe
Combining the elastic and plastic strain increments according to (1.73a,b) we obtain
as the constitutive law during yielding (F' = 0, doe > 0) the so-called Prandtl-

Reuss law ) ) 3
. . . . Oe
_ = -~ 5. 1.83
Sk = 55 Okk e 2M8+29%8 (1.83¢)
In contrast, if Tresca’s yield condition in the form F' = 0; — 03 — k = 0 with
01 > 02 > o3 is employed the plastic increments in principal directions follow

from flow rule (1.82a) as
del =di, deb =0, del = —dX. (1.84)

As before, they satisfy the condition of plastic incompressibility.

1.3.3.3 Deformation theory

In deformation theory (also referred to as total strain theory) it is assumed that be-
tween plastic strains and deviatoric stresses the relation

eP=MXs (1.85)

holds where the multiplier A\ depends on the stress state and plastic deformation.
On the basis of von Mises’ yield condition in conjunction with the equivalent stress
oe = (3sij5i;)"/? and the equivalent plastic strain ef = (Zel.e?,)1/? it is deter-
mined as A\ = 3¢k /20.. Combining elastic and plastic strains according to (1.73a)

we obtain the finite Hencky-Ilyushin law

1 1 3 ek
€kk = 577 Okk » e = —+—€—e S. (1.86)
2 12 2 Oe
Comparing (1.86) with (1.55) it can be recognized that deformation theory de-
scribes the plastic material behavior like a nonlinear elastic behavior. Consequently,
deformation theory is not able to adequately model unloading processes. Therefore,
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to be physically meaningful, it is only applicable in a monotonic loading regime.
Under such circumstances this theory is especially appropriate if proportional load-
ing is present, i.e., if the condition

s=Ps° (1.87)

is fulfilled. Here, s is a reference stress state (e.g., for the final load) and P is
a scalar load parameter. It can be shown that in this case deformation theory and
incremental theory are equivalent.

As a sufficiently good approximation of the real material behavior, the general
relation (1.85) often is specified by the power laws (1.56) and (1.57), respectively.
This leads always to proportional loading according to (1.87) as long as the external
load of the body or a sub-body is prescribed by solely one load parameter P (e.g.,
by a single force). In this case, the strains and displacements are given by

gl = pnePl u=Pru’. (1.88)

Here P and u” are the plastic strains and displacements associated with the ref-
erence stress state s°. As a consequence, if the stresses and strains are known for a
certain load, they are known for all other loading stages.

It should be mentioned that these properties arising from the power law can anal-
ogously be transferred from deformation theory of plasticity to creep processes. Due
to the analogy of constitutive laws for nonlinear elastic behavior and for creep (see
Sect. 1.3.2.2), only strains must be replaced by strain rates and displacements by
velocities. Then the following relations apply:

s=Ps, gl = pnePl | =P u’. (1.89)

1.4 Energy principles

In the following some classical energy principles for deformable bodies are shortly
discussed. Here we assume that during state changes the material surface of a body
remains unchanged. This means that any crack growth is precluded. For brevity we
further assume that the body is externally loaded solely by surface tractions and no
volume forces are present. The latter can easily be taken into account if necessary.

1.4.1 Energy balance

The energy balance or first law of thermodynamics, applied to continuum mechan-
ics, states that the change of total energy (internal energy + kinetic energy) of a
body is equal to the energy flux into the body. This can be expressed through the
equations
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[2)
E+K=P+Q |, (E+K)2—(E+K)1:/(P+Q)dt. (1.90)

t1

Here E, K, and P are the internal energy, the kinetic energy, and the power of
external forces, respectively. They are given by

1
E:/pedv, K=§/pn-i¢dv, P:/t-udA (1.91)
1% 174 oV

where e is the specific internal energy. The quantity () describes an energy transport
into the body which is not covered by P, as e.g., heat flux. We will not further specify
this term.

For an elastic material p e can be identified as the strain energy density U. In the
special case of quasi-static loading (KX = 0) and for () = 0 the energy balance reads

I — I = wigt (1.92)
Here the terms
U2
ont — /UdV, szm = /[/tdu} dA (1.93)
Vv vV Uy

for the body’s strain energy and for the work done by external forces between the
states 1 and 2 have been introduced. The term I77"* is also called elastic potential.

1.4.2 Principle of virtual work

We consider a body in equilibrium with prescribed tractions ¢ and displacements
on the partial surfaces OV; and 0V,,. The static and kinematic basic equations for
this case read

O'Z‘":O iIlV, O'l"’I’L‘:tAl' onaV,
" 7 ' (1.94)

€ij = §(U1‘,j + Uj,i) mV, wu;=1u on dV,, .
A statically admissible stress field o(!) satisfies the equilibrium conditions and
boundary conditions on 0V;. Analogously, a kinematically admissible displacement
field w(? and strain field e(?) satisfy the kinematic relations and boundary condi-
tions on 9V,. By multiplying the equilibrium conditions for &(!) by the displace-
ments «(?) and subsequent integration over the volume V' in conjunction with the
divergence theorem, from (1.94) the general work theorem
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/0'(1) L@ qy = /i“’ cu® dA + /t“)-fa(?) dA (1.95)
Vv oVy oV

is obtained.

From (1.95) various specific theorems can be derived. If we use as force quan-
tities (e.g., stresses) the actual quantities associated with an equilibrium state and
as kinematic quantities the so-called virtual displacements du and virtual strains
de relative to the equilibrium configuration, we obtain the principle of virtual work
(principle of virtual displacements)

SWint = syt (1.96)

where
SWint = /a DoedV, Wt = /i-éudA. (1.97)
14 Vi
Here, the virtual displacements are understood as infinitesimal and kinematically
admissible. According to this principle the work §W ! done by internal forces and
dWe®t done by external forces during a virtual displacement must be equal for a
body in equilibrium.
For an elastic material the work of internal forces is equivalent to the change
of the elastic potential. This is valid since according to (1.45) o : de = OU
from which in conjunction with (1.97) and (1.93) the relation SW®* = §IT*"* fol-

lows. If additionally the external forces can be derived from a potential, the relation
SWert = —§I1°** holds and we obtain from (1.96)

SIT = 6(IT"™ + I1°*%) =0 . (1.98)

Thus, in an equilibrium state the total potential /7 is stationary. It can be shown that
the corresponding value is a minimum if the potential is convex:

I7 = [I™ + JT°** = minimum . (1.99)

This is the principle of minimum potential energy. It can be phrased as follows:
among all admissible deformations (compatible with kinematic boundary condi-
tions) the actual deformations render the total potential I7 stationary (minimum). It
should be mentioned that the potential for a linear elastic material and fixed traction
or displacement boundary conditions is in fact convex, i.e., it attains an absolute
minimum in an equilibrium state.

From (1.95) also the principle of virtual complementary work (principle of vir-
tual forces) can be obtained. In this case, the kinematic quantities are chosen to be
the actual displacements and strains while virtual changes from the equilibrium state
are taken as statically admissible force quantities. This yields

SWint — syyeat (1.100)
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where
5VNV“Lt:/E:50dV, STt — /a~5tdA (1.101)
v A

are the complementary work of internal and external forces, respectively. Analogous
to the previous principle the internal complementary potential

It :/ﬁdv (1.102)
1%

can be introduced for elastic materials. In addition, if an external complementary
potential exists where I1¢*t = —TW ¢! we obtain from (1.100)

§IT = §(IT'™ + I1°*Y) = 0 . (1.103)

Hence, in an equilibrium state also the complementary potential attains a stationary
value. It is a minimum if /7 is convex, which in fact holds for linear elastic systems:

II = [T + [7%** = minimum . (1.104)

This is the principle of stationary (minimum) complementary potential. Accord-
ingly, among all admissible stress fields (compatible with the static boundary con-
ditions) the actual stresses render the complementary potential I/ stationary (mini-
mum).

1.4.3 Theorems of Clapeyron and Betti

As the static and kinematic quantities in (1.95) we now introduce the actual (true)
quantities. Provided that the external forces are dead loads (¢ = t(x)), the right-
hand side of (1.95) represents the work W ¢** of those forces done from the unde-
formed to the current deformed state. Since dead loads have a potential, Wt =
—IT°** holds. Furthermore, for a linear elastic material, the left-hand side of (1.95)
in conjunction with o : € = 2U and (1.93) becomes 2 IT""*. As a consequence we
obtain Clapeyron’s theorem (B.P.E. CLAPEYRON, 1799-1864)

2Hint 4 Hearft =0. (1105)

In contrast, for the special case of an incompressible nonlinear elastic material
which is described by the power law (1.56), (1.57) we first obtain for the left-hand
side of (1.95) 2L [T and finally

1 .
nE L ppimt | pest _ (1.106)
n
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We now consider again the case of a linear elastic material which is described by
the elasticity law o;; = Cjjricr, see (1.35a). On account of the symmetry of the
elasticity tensor (Cyjr; = Cjit = Cijir = Chuij) the general relation a,g)sg) =
og)ag) holds. Integration over the volume in conjunction with the general work
theorem (1.95) yields Betti’s theorem (E. BETTI, 1823-1892)

/t(l) cu®dA = /t(2) OFY (1.107)
v ov

which is also called reciprocity relation. Accordingly, for two different load config-
urations (1), (2) of the same body, the work done by the first force system on the
displacements of the second system is equal to the work done by the second force
system on the displacements of the first system.

1.5 Plane problems

1.5.1 Plane stress, plane strain, longitudinal shear

Problems of solid mechanics may often be approximated as plane (two-dimensional)
problems. Particularly important for applications are the plane strain and the plane
stress state. Besides, the longitudinal (anti-plane) stress state has a somewhat minor
importance. For their representation we use in the following the engineering nota-
tion with coordinates x, y, z, displacements u, v, w, Strains €., Ygy, - - . and stresses
Oz, Tays - - -

A plane strain state is characterized by constrained strains and displacements in
one direction (e.g., in z-direction). In this case w, €., Yz, Vyz» Taz, Ty~ are zero and
all other quantities depend solely on x and y. The equilibrium conditions (without
volume forces), kinematic relations and compatibility conditions then reduce to

0oy OTuy OTay %

= — = 1.1
Ox Oy 0, Ox Oy 0, (1.108)
ou ov ou  Ov
==, = =, y — T -, 1.1
& Ox v oy Yoy oy * Ox (1.109)
2 2 2
0%, 0%y O0°Yay (1.110)

Oy? * 0x2  Oxdy
Also the constitutive law becomes more simple. For example, from (1.38) we obtain

for an isotropic linear elastic material

1—v 1% 1—v v Ty
0y), &y = (0y— 104, %y:?y (1.111)

1w
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and o, = v(o; + 0y).

In a plane stress situation it is assumed that o, 7., Tyz, Yaz, Vy- vanish and
that the remaining stresses and strains are independent of z. A corresponding state
appears approximately (not exact) in plates whose thickness is small compared with
their in-plane dimensions and which are loaded solely by forces parallel to the plate.
The equilibrium conditions, kinematic relations, and compatibility conditions are
identical with equations (1.108 — 1.110) for plane strain. In contrast to the latter
state, the displacements wu, v, w now may be dependent on z in general. The consti-
tutive law for a linear elastic isotropic material reduce to

1 L T
Sx:—(U;c—VO'y)’ e’:‘y:—(O'y—I/O'x), ,wa:ﬂ

1.112
T I ( )

and Ee, = —v(o;+0y). Equations (1.112) differ from (1.111) only through some-
what different elastic constants. Therefore, solutions of plane strain boundary value
problems can simply be transferred to plane stress by changing the elastic constants,
and vice versa.

Often it is necessary to describe the stresses in a coordinate system &, 77 which is
rotated with respect to the x, y-system by an angle ¢, see Fig. 1.8. The respective
transformation relations can be obtained from (1.6) as

1 1
O¢ = E(O';E + O'y) + §(U$ - ay) CO8 2<P+ Tey Sin2<‘0 ’
1 1
oy = 5((;rCE-5-¢7y)—5(035—ay)cos2<,0—Tg;ysiano, (1.113)
1

Ten = _E(Ow — 0y) sin 2¢ + 7, cos2¢ .

They can be visualized by Mohr’s circle in Fig. 1.8.

TmllI

—Tmaz

Fig. 1.8 Mohr’s circle

One principal direction in plane strain as well as in plane stress is given by the
z-direction. The other two are in the z, y-plane. The associated principal stresses
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and principal directions are given by

Ul2:0m+ayi\/(az;0y)2+T2

Ty ?

27,
tan 20" = —1% (1114
Oz — Oy

In sections under ¢** = ¢* + /4 the principal shear stress

7_3:01 202 :\/(UmQJy)2+le_y (1.115)
appears. For 0; > 0, > o9 it is the maximum shear stress Ty ax-

The here specified formulas for the stresses can analogously be transferred to the
strains, the strain increments, and the strain rates.

In anti-plane strain or longitudinal shear, the only non-vanishing field quanti-
ties are w, Yzz, Vyz» Twz» Tyz» Which are again independent of z. In this case, the
equilibrium condition, kinematic relations, and compatibility condition reduce to

OTez | 0Ty, ow ow OVez  Ovye

or Toy TU T Ty Yo%

For a linear elastic behavior, the constitutive law is given by

'sz:Tmz/Gv ’sz:Tyz/G‘ (1.117)

Because of its simplicity, longitudinal shear is often used as a model case.

In plasticity and viscoelasticity, deformations usually are not directly described
through total displacements and strains but through their increments and velocities,
respectively. In this case the kinematic quantities in the forgoing equations must be
replaced adequately.

1.5.2 Linear elasticity, complex method

For the analytical solution of plane problems of linear elasticity a number of meth-
ods are available. The probably most powerful and elegant tool is the complex vari-
able method which shortly shall be introduced.

In this method, the stresses and displacements are considered as functions of
the complex variable z = 2 + iy = re'? and the conjugate complex variable
Z = x — iy = re”'¥, respectively. It can then be shown that solutions of the ba-
sic equations of plane strain and plane stress can be constructed from solely two
complex functions ¢(z) and ¥(z). Their relation with the cartesian components of
stresses and displacements is given by Kolosov’s formulas (J.V. KOLOSOV, 1867-
1936)
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oz + oy =2[9(2) + 9'(2)]
Oy — Oz + 207,y = 2[z0" (2) + W' (2)] , (1.118a)

2p(u+iv) = kP(z) — 29'(2) — ¥(2) ,

where

3—4v plane strain ,
= (1.118b)

(3 —v)/(1 + v) plane stress .

Frequently it is appropriate to use polar coordinates r, ¢ instead of cartesian coordi-
nates (Fig. 1.9). Then Kolosov’s formulas attain the form

)],
0p — O + 2iT = 2[29"(2) +¥'(2)2/7] , (1.119)
2 1 (ur + iuy) = [kP(2) — 2@ (2) — ¥U(2)]e ¥ .

In order to formulate the boundary conditions, often the relations between @, ¥
and the resultant force components X, Y along the curve AB and their moment M
with respect to the origin are needed (Fig. 1.9):

- ___ B
X+iY:/ (tz +ity)ds = —i [@(z)—i—lp(z)—i—z@’(z)}A )
B (1.120)
M = / z)ds = —Re [22®'(2) + 2¥(z) — /W(z)dz]ﬁ .
A

Fig. 1.9 Body in complex plane

In particular, solutions for longitudinal shear (anti-plane shear) can easily be rep-
resented. The stresses and the displacement in this case can be derived from solely
one complex function £2(z):
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Toz — iTys = (Trz — iTW)e*i‘p =(z),

(1.121)
pw = Re 2(z) .

A certain class of plane problems, including straight cracks located on the z-
axis, can be treated more simple by using Westergaard’s single stress function Z(z)
(H.M. WESTERGAARD, 1939). If the displacement field is symmetric with respect
to the z-axis, i.e. u(z, —y) = u(z,y), v(z,—y) = —v(z,y), and 75, = 0 along
y = 0, the stresses and displacements are given by

0z =ReZ —yImZ’, o, =ReZ+yImZ', 7,y =—yReZ,

_ _ (1.122)
dpu=(k—1ReZ —2yImZ, 4pv=(k+1)ImZ —2yReZ
where Z = | Zdz. Such fields appear e.g. at mode I cracks, see Sections 4.1 and
4.2. Similarly, if the displacement field is antisymmetric with respect to the z-axis,
ie.u(z, —y) = —u(z,y), v(zr, —y) = v(z,y), and o, = 0 along y = 0, the stresses
and displacements are given by

0z =2ImZ +yReZ', o,=-yReZ', 7y =ReZ—yImZ,

_ _ (1.123)
dpu = (k+1)ImZ +2yReZ, 4pv=—(k—1)ReZ —2yImZ

where again 7 = f Zdz. Such fields characterize, among others, mode-II cracks.

1.5.3 Perfectly plastic material, slip-line fields

In plasticity the solution of boundary value problems is in most cases only possible
by using numerical methods such as the finite element method. One of the few
methods allowing for an analytical treatment of such problems is the slip line theory.
It enables the investigation of stresses and deformations in case of plane strain,
presuming a rigid perfectly plastic material for which we will employ the von Mises
yield condition.

From the condition de¥ = 0 in conjunction with dafj = de;; and (1.83a) we first
obtain for the stress s, = 0 and 0, = 03 = (04 + 0y)/2 = o, respectively. The
yield condition (1.77b) then reduces to

(00 —0y)* + 477, = 4k> . (1.124)

From this we obtain for the principal stresses 01 = 0y, +k, 02 = 0y, — k and for
the maximum shear stress 7,ax = k. The yield condition in combination with the
equilibrium conditions (1.108) form a hyperbolic system of three equations for the
three unknowns o, oy, and 7.

It is now appropriate to introduce an orthogonal mesh of a- and -lines, whose
directions in each point coincide with the direction of maximum shear stress



36 1 Elements of solid mechanics

k
TN

Fig. 1.10 Slip lines

(Fig. 1.10). Since the latter coincides with the direction of maximum shear strain
increment or rate, i.e., maximum slip (see e.g., (1.83a)) they are called slip lines. It
should be mentioned that these lines are the characteristics of the hyperbolic system
of equations. Denoting the angle between the z-axis and the tangent of the a-line (=
direction of maximum shear stress) as ¢, from (1.114) the relations

Oy = 0m — ksin2¢ , Oy = om + ksin2¢ , Tey = kcos2¢  (1.125)

are obtained. They identically fulfill the yield condition. Inserting them into the
equilibrium conditions (1.108) yields

a—$—2kCOS2¢%—2ksln2¢a—y—O,
Ao, . 0¢ 99

— =2 20 — + 2 20— =0.
3y ksin ¢8x + 2kcos ¢8y 0

Since the choice of the coordinate system z, y is arbitrary, we can also use the local
system ., yg whose axes coincide with the tangents of the a- and S-line (Fig. 1.10).
Setting ¢ = 0 in the equations above reduces them to ordinary differential equations
along the slip lines:

d d
— (om —2kd) =0, — (o +2ke)=0.
. (o ) s (Om +2k9)

Integration yields Hencky’s equations (H. HENCKY, 1885-1952)

om —2k¢ = C, = const along a-lines ,
(1.126)
Om +2k¢ =Cg =const elong 3-lines .

They allow to determine C,, C3 for prescribed traction boundary conditions and
subsequently the entire slip line field and stress field. For kinematic boundary con-
ditions, equations (1.126) are not sufficient. In this case the kinematic relations have
to be taken into account which is not further discussed here.
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Without derivation two geometric properties of the slip line field shall be men-
tioned. According to Hencky’s first theorem the angle between two slip lines of one
family (e.g. a-lines) is constant in the region of intersection with slip lines of the
other family (). That means that if one family contains a straight line then the
whole family consists of straight lines (e.g., parallel lines, fan). Hencky’s second
theorem states the following: if one moves along a slip line of one family the cur-
vature radius of the other family changes proportional to the covered arc length. It
also should be mentioned that a slip line can be a discontinuity line for the normal
stress component in tangential direction and for the tangential velocity.

The anti-plane shear stress state can be treated analogous to plane strain. In this
case the yield criterion and the equilibrium condition are given by

or. or,
R T

=0. (1.127)

Again we introduce a-lines whose direction ¢ is given by the direction in which the
yield stress Ty occurs. S-lines are not needed in this case. The equilibrium condition
in conjunction with

Tz = —Ty Sin¢@ Tyz = Ty COS ¢ (1.128)
attains the form d
—¢ =0 . (1.129)
dx,

Thus, the a-lines are straight.
The flow rule de;; = dey; = d\ s;5 (see Section 1.3.3.2), taking into account

ow ow
2613=’sz=% ; 2523:7yz=a—y , (1.130)

in this case can be written as

ow\ 0(dw) ow\  0(dw)
d(8x> S =2dA 7. d(ay> 5y =2M e (113D

Replacing the z, y-coordinates by the more appropriate z, yg-system, and subse-
quently introducing (1.128) and ¢ = 0, it attains the form

odw) _, R COREP (1.132)
0xq 0yg

Accordingly, along the a-line the displacement increments dw are constant. As a
consequence, if the initial state is undeformed, all material points along an a-line
experience the same displacement w.
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Chapter 2
Classical fracture and failure hypotheses

In this chapter, a brief outline on classical fracture and failure hypotheses for ma-
terials under static loading will be given. The word classical this context means in
that most of these so-called strength hypotheses are already quite old. Partially they
date back to considerations made at the end of the 19th or the beginning of the 20th
century and they are inseparably associated with the development of solid mechan-
ics at that time. Through modern fracture mechanics they have been pushed into the
background, as far as research is regarded. However, because of their wide spread-
ing which, last but not least, is due to their simplicity, they are still of remarkable
importance.

2.1 Basic concepts

Strength hypotheses are intended to make a statement about the circumstances un-
der which a material fails. Their basis are experiments conducted under specific,
mostly simple, loading conditions. As an example, two typical stress-strain curves
for materials under uniaxial tension are schematically shown in Fig. 2.1. Up to a

o o
Fracture Fracture
Op T or T
\
Yielding
oy T
€ €
a) b)

Fig. 2.1 Material behavior: a) ductile, b) brittle
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certain limit the response of many materials is essentially elastic. Ductile behavior
is characterized through plastic deformations which occur when the stress exceeds
the yield strength oy . In this case, the ultimate stress at fracture will be attained only
after sufficiently large inelastic deformations. In contrast, brittle material behavior
is characterized by the fact that no significant inelastic deformations occur prior to
fracture.

Depending on the problem at hand, the strength of a material is often charac-
terized by either the yield stress or the ultimate stress at fracture. The associated
material parameters are the yield strength and the ultimate tensile strength. A com-
mon feature of both is that the material behavior changes drastically at these limits.
In this context it should be emphasized that ductile or brittle behavior is not a pure
material property. The stress state also has an essential influence onto the material
behavior. To illustrate this fact it should be mentioned that in general, a hydrostatic
stress state does not lead to inelastic deformations of most materials which usually
are considered as plastically deformable. Thus, under certain loading conditions,
such a material can behave as absolutely brittle.

We now assume that for uniaxial loading as well as for any complex loading the
actual state of the material which determines its behavior inclusive its failure limit
can be characterized simply by the current stress or strain state. Then the failure
condition can be expressed as

F(O‘ij) =0 or G(E”) =0. (2])

Just like the yield condition which is described by an analogous equation, the failure
condition F'(0;;) = 0 can be interpreted as a failure surface in the six-dimensional
stress space or alternatively in the three-dimensional space of principal stresses.
Accordingly, a stress state o;; on the surface F' = 0 characterizes failure as a result
of yielding or fracture.

A failure condition of the type (2.1) implies that the material state at failure is
independent of the deformation history. With sufficient accuracy this applies to the
onset of plastic yielding in ductile materials or to the fracture of brittle materials.
Furthermore, such a failure condition is acceptable only if until failure the material
can be considered as a continuum without macroscopic defects. This means in par-
ticular that macroscopic cracks must not appear and influence the behavior of the
material through their presence.

The deformation process of plastically deformable materials such as metals (also
concrete or geological materials often are considered as plastically deformable) af-
ter reaching the yield strength can be described by a flow rule. Such a flow rule
however, by no means characterizes the kinematics of brittle fracture. In general,
simple kinematic statements for fracture processes are possible only for specific
stress states.
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2.2 Failure hypotheses

Formally it is possible to establish infinitely many failure hypotheses of the type
(2.1). In what follows, some common hypotheses are presented, part of which can
be applied with sufficient accuracy (from an engineer’s point of view) to certain
classes of materials. Some of them, however, are only of historical relevance. In this
context we will not again discuss the VON MISES and TRESCA yield condition since
this has already been done in Section 1.3.3.1.

2.2.1 Principal stress hypothesis

This hypothesis dates back to W.J.M. RANKINE (1820-1872), G. LAME (1795-
1870), and C.L. NAVIER (1785-1836). According to this hypothesis, the material
behavior is characterized by two characteristic values, the tensile strength o; and
the compressive strength o,,. Failure is expected to take place when the maximum
principal stress reaches o; or when the minimum principal stress reaches —o, i.e.,
when one of the following conditions is fulfilled:

o Ot _ gt o Ot
g1 = {_Jp 09 — {—Up 03 = {—O'p . (22)

The associated failure surface in principal stress space is represented by a cube
(Fig. 2.2a). The corresponding failure curve for a plane stress state (o3 = 0) is a
square (Fig. 2.2b).

Fig. 2.2 Principal stress hypothesis

The principal stress hypothesis predominantly serves to describe brittle failure
of materials. For tensile loading we generally associate with it the process of de-
cohesion along cross sections perpendicular to the largest principal stress. The hy-
pothesis neglects the influence of the two other principal stresses onto failure, its
applicability hence is quite limited.
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2.2.2 Principal strain hypothesis

According to the hypothesis suggested by DE SAINT-VENANT (1797-1886) and C.
BACH (1889), failure occurs when the maximum principle strain reaches the critical
value ¢;. If we assume linear elastic behavior until failure and introduce the critical
tensile stress oy = Eey, we get the following failure conditions:

o1—v(oa+o3) =0, oa—v(og+o1)=o0r, oz3—v(o1+o02)=o0r. (2.3)

In this case, the failure surface is represented by a pyramid with three planes cen-
tered around the hydrostatic axis with its apex at 01 = 02 = 03 = 0/(1 — 2v)
(Fig. 2.3a). The failure curve for plane stress is shown in Fig. 2.3b.

hydrostatic
J o5 axis o

0'3:0 0',57

o 01

b)

Fig. 2.3 Principal strain hypothesis

According to this hypothesis, failure under uniaxial compression should occur at
op = o¢/v. This contradicts experimental experiences for most materials.

2.2.3 Strain energy hypothesis

The hypothesis by E. BELTRAMI (1835-1900) postulates failure when the strain en-
ergy density U reaches a material-specific critical value U,, i.e., at U = U,. Usually
this assumption implies that the material behaves linearly elastic until failure. If we
introduce with U, = Jf /2E a uniaxial failure stress o, and express U = Uy + Ug
through the principal stresses by using (1.50), we obtain the following representa-
tion of the hypothesis:

(1+I/)[(01—02)2+(02—0'3)2+(CT3—01)2]+(1—2V)(01+0'2+03)2 = 302 . (24

The corresponding failure surface is an ellipsoid around the hydrostatic axis with

the apex at 04 = 02 = 03 = t0.//3(1 — 2v).
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According to this hypothesis, a sufficiently high hydrostatic pressure always
leads to failure; this is in contradiction with experimental results. If the volumet-
ric part Uy, of the strain energy density U is omitted, Beltrami’s hypothesis reduces
to the von Mises yield condition.

In conjunction with modern fracture mechanics, the strain energy hypothesis in
a somewhat modified form has been suggested for application as a crack initiation
and propagation criterion, see S-criterion in Sect. 4.9.

2.2.4 Coulomb-Mohr hypothesis

This hypothesis predominantly serves to describe failure due to slip of geological
and granular materials, such as sand, rock, or soils. These materials can carry only
relatively small or, in the limit, no tensile stresses.

For a physical explanation we consider an arbitrary cross section which is loaded
by the normal stress —o (pressure) and the shear stress 7. Coulomb’s friction law,
applied to the stresses, postulates sliding when 7 attains a critical value proportional
to the pressure —o: | 7 |= —o tan p. Here p is the material-dependent friction angle.
For —o — 0 it follows that | 7 |— 0; tensile stresses are not possible in this case.
In many cases however, even for o = 0, onset of sliding requires a nonzero, finite
shear stress. In addition, materials frequently are able to carry tensile stresses to a
certain extent. Therefore it is reasonable to modify the sliding condition as follows:

| 7|=—0ctanp+c. (2.5)

This relation is known as the Coulomb-Mohr hypothesis (C.A. COULOMB (1736—
1806); O. MOHR (1835-1918)). The parameter c is called cohesion.

hydrostatic

. 0
axis 2

a)
Fig. 2.4 Coulomb-Mohr hypothesis

In the o-7 diagram, equation (2.5) is represented by two straight lines which form
the envelop of admissible Mohr’s circles (Fig. 2.4a). Sliding occurs for those stress
states for which the largest of the three Mohr’s circles just touches the envelope. In
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terms of principal stresses this leads to the condition

| o1 — o3 | c o1+o3]| .
= — . 2.6
2 tan p 2 smp (2.6)

If we introduce into this equation for instance 0; = o; and o3 = 0, we obtain for
the uniaxial tensile strength o = 2¢cos p/(1 4 sin p). Analogously, with o3 = 0
and o3 = —o, the compressive strength follows to o, = 2ccosp/(1 — sinp). It
should also be mentioned that (2.6) includes as a special case for p — 0 Tresca’s
yield condition (cf. Sect. 1.3.3.1).

Sometimes it is appropriate to use the characteristic material parameters o, and
Kk = 0,/ 0 instead of the parameters p and c. In this case it follows from (2.6) that
for the onset of sliding, one of the following conditions must be fulfilled:

KO1 — 03 } KO — 01 } KO3 — 09 }
=0p, =0y, =o0p. 27)
—01 + KO3 —09 + KOy —03 + KO
Here, the principal stresses are not a priori ordered according to their magnitude.
The associated failure surface is a pyramid formed by six planes around the hydro-
static axis (Fig. 2.4b). Its apex is located at 01 = 09 = 03 = 0,,/(k—1). The failure
curve for a plane stress state is shown as the hexagon in Fig. 2.4c.

As already mentioned, sliding is supposed to take place in cross sections where
relation (2.5) is fulfilled. They are characterized by the corresponding points A and
A’ in Fig. 2.4a. Accordingly, the normal of the slip plane lies in the plane given
by the maximum principal stress o7 and the minimum principal stress o3. The unit
normal vector and the direction of o; form an angle of

9172 = :|:(45o - p/2) . (28)

According to this hypothesis, the intermediate principle stress o2 has no effect on
the onset of failure and the failure angle. It finally should be noted that failure along
the cross section determined by relation (2.8) occurs only when it is kinematically
possible.

The result (2.8) for the orientation of the failure cross section is used among
others in geology to explain different types of faults of the earth’s crust. Here it is

03 lU 1 o9 /

o1 0397 '01
R

9

a0

a) 0
Fig. 2.5 Faults

b)
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assumed that all principal stresses are compressive stresses (|oz| > |o2| > |o1])
and act in vertical (perpendicular to the earth’ surface) and in horizontal direction,
respectively. A normal fault then is explained with a situation where the vertical
principal stress if larger than the principal stresses acting in horizontal direction
(Fig. 2.5a). In contrast, for a reverse fault it is supposed that the value of the vertical
pressure is the smallest one (Fig. 2.5b). Finally, a strike-slip fault is associated with a
vertical pressure oo whose magnitude lies between the maximum and the minimum
values of the principal stresses (Fig. 2.5¢).

hydrostatic

a)
Fig. 2.6 Tension cut-off

Experiments show that the Coulomb-Mohr hypothesis describes the behavior of
different materials sufficiently well in the compression regime but worse in the ten-
sion regime. Responsible for this is in most cases a change of the failure mechanism.
This holds particularly when failure in the tension regime occurs not due to the slid-
ing but is rather associated with a decohesion of the cross sections perpendicular to
the maximum principal stress. A possibility to improve the failure condition con-
sists, for instance, in a modification of the failure surface through so-called fension
cut-offs (Fig. 2.6).

The hypothesis (2.5) assumes a linear relation between 7 and ¢. A generalization
of the form

Fig. 2.7 Mohr’s failure hypothesis



46 2 Classical fracture and failure hypotheses

| 7 |= h(o) 2.9

where the function h(c) must be determined experimentally was proposed by O.
MOHR (1900). In the o-7 diagram it represents the envelope of admissible Mohr’s
circles (Fig. 2.7). As in hypothesis (2.5), the intermediate principal stress oo has no
effect on failure. In this respect, both hypotheses may be considered as special (not
general) cases of a failure condition F'(o1,03) = 0.

2.2.5 Drucker-Prager hypothesis

According to the hypothesis by D.C. DRUCKER (1918-2001) and W. PRAGER
(1903-1980), a material fails when the condition

F(I,,I,) = al, + VI, — k=0 (2.10a)

is fulfilled. Here, I, II, are the invariants of the stress tensor and of its deviator,
respectively, and « and k are material parameters. If we introduce 0, = oot =
1,/3 and 7ot = /2 II5/3 the condition (2.10a) can be interpreted similar to the
Mohr-Coulomb hypothesis. Accordingly, failure occurs when the octahedral shear
stress Toct reaches a value which is linearly dependent on the normal stress o, (cf.

(2.5)):

Toct = —VO aom + v/ 2/3k (2.10b)
hydrostatic o
g3 axis 2 k

op=——

WQ—I—l/\/g
/ot o1
k

RPN

Fig. 2.8 Drucker-Prager hypothesis

The failure surface defined by (2.10a,b) in principal stress space forms a cone
around the hydrostatic axis with the apex at 01 = 02 = 03 = k/3« (Fig. 2.8a). The
associated failure curve for plane stress (o3 = 0) is an ellipse (Fig. 2.8b). As the
Coulomb-Mohr hypothesis, the Drucker-Prager criterion is used as a yield or as a
fracture condition, predominantly for granular and geological materials. For o« = 0
it reduces to the von Mises yield condition.
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Experiments show that in some cases a description of the failure condition by
means of only two material parameters is not sufficient. It then must be suitably
modified. A frequently used extension of the Drucker-Prager hypothesis is given by

F(I,, II)=al, + /I, + BI2—k=0. 2.11)

Here, (3 is an additional material parameter.

2.2.6 Johnson-Cook criterion

While the failure hypotheses discussed so far are primarily intented to describe brit-
tle failure or the onset of plastic flow, the criterion by JOHNSON and COOK (1985)
addresses ductile failure after pronounced plastic deformation. Ultimate failure in
many ductile materials proceeds by the formation and coalescence of microscopic
voids (as discussed in more detail in Sections 3.1.3 and 9.4) which is essentially
driven by hydrostatic stress. Correspondingly, the plastic strain at failure in these
materials is assumed to be a decreasing function of the ratio of hydrostatic to devi-
atoric stress as sketched in Fig. 2.9 and approximated by the relation:

e

€ fait = D1 + Dy exp <D3 U—m) : (2.12)

Here, €4 is the value of the equivalent plastic strain ef = % Ef jsg' ; at failure,

Om = % ok 1s the hydrostatic stress, oo = 4/ % 5;j5;; the equivalent (von Mises)
stress, and D1, Do, D3 are material constants.

A
€ fail

Om/0e

Fig. 2.9 Johnson-Cook criterion

It should be mentioned that the direct relation between the accumulated plastic
strain at failure and the stress state in the failure criterion (2.12) is meaningful only
if proportional loading prevails throughout the entire deformation history, i.e. when
the ratio o,, /0. is constant (see also Section 1.3.3.3). The model can be extended to
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account for non-proportional loading by supplementing it with a damage evolution
law. More elaborate models for ductile failure, however, are discussed in Sect. 9.4.

2.3 Deformation behavior during failure

On the basis of the failure criterion alone no direct conclusion can be drawn for the
deformation behavior or the kinematics during failure. Respective statements are
only possible when a specified kinematic idea is a priori associated with the failure
hypothesis or when a physically meaningful assumption is introduced.

During failure due to fracture, a body is separated into two or more parts. This
process is accompanied with the creation of new surfaces, i.e., with the formation
of fracture surfaces. The associated kinematics can not be described in a simple
manner. Only for sufficiently uniform stress states statements are possible which
are guided by experimental results. They show two basic patterns for the formation
of fracture surfaces. For a normal stress dominated fracture, the fracture plane coin-
cides with the cross section normal to the maximum principal stress which necessar-
ily must be tension (Fig. 2.10a). If the fracture surface is formed by cross sections
in which a certain shear stress (€.2., Tmax, Toct, €tC.) reaches a critical value, this is
called shear dominated fracture (Fig. 2.10b). Dependent on the stress state and the
material behavior, both types occur also in various mixed forms.

UlT - Ul* ‘\
M &P

a) ‘ b) ‘

Fig. 2.10 Fracture surfaces

If “failure” denotes the onset of yielding, the failure criterion is equivalent to
a yield criterion. Within the framework of incremental plasticity, deformations
appearing during yielding can be described by means of the flow rule dsfj =
dNOF/00;; (cf. Sect. 1.3.3.2). The respective equations for the von Mises and
Tresca yield conditions are assembled in (1.83a) and (1.84). As a further exam-
ple, the incremental stress-strain relations for the Drucker-Prager model shall be
specified here. We assume that the yield surface is independent of the deformation
history (perfectly plastic material). In this case, the flow rule in conjunction with
(2.1()a,b) and Ig = Okk = aijéij and IIS = %sijsij yields
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Sij
def; = dx (a 8ij + T}T) : (2.13)
The determination of d is not further discussed here. It should be noted that accord-
ing to (2.12) volume changes generally occur; the corresponding increment is given
by de?, = 3a d\. However, experiments suggest that the associated flow rule is not
valid for granular materials. Thus, yielding then takes place not perpendicular to the
yield surface. Therefore, equation (2.13) should not be used for such materials.

2.4 Problems

Problem 2.1 a) Determine the stress distribution in a linear elastic thick-walled
cylinder (radii a and b) subjected to an internal
pressure p by using the complex potentials

P(z)=Az, U(z)=—.
2

b) Find the potential failure loci according to
the maximum principal stress criterion and the
maximum shear stress criterion.

Fig. 2.11
Solution
a)
B (b/r)? +1 B B (b/r)? —1 B B
Jp_p(b/a)z—l =01 >0, UT_p(b/Cl)Q—l =092<0, T4,=0.

b) Maximum principal stress criterion: Since o, = o1 is the maximum principal
stress, failure should occur perpendicular to the hoop stress, i.e. in radial sections.
Maximum shear stress criterion: On account of 7., = 0, the maximum shear di-
rection is everywhere inclined by 45° with respect to the radial direction. This
can be expressed by the differential relation dr = rdy which has the solution
o(r) = o + In(r/a); i.e. failure takes place along logarithmic spirals.

2.5 Further reading
Gould, PL. Introduction to Linear Elasticity. Springer, New York, 1993

Paul, B. Macroscopic Criteria for Plastic Flow and Brittle Fracture. In Fracture —
A Treatise, Vol. 2, ed. H. Liebowitz, pp. 315-496, Academic Press, London, 1968
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Nadai, A. Theory of Flow and Fracture of Solids, Vol. 1. McGraw-Hill, New
York, 1963



Chapter 3
Micro and macro phenomena of fracture

Origins and phenomena of fracture are manifold. The reason for this can be found
in the fact that the phenomena are predominantly determined by the microscopic
properties of a material which in turn vary extensively from material to material.
In this book, emphasis is placed on a continuum-mechanical description of macro-
scopic fracture behavior. Nevertheless, it is beneficial to have a certain understand-
ing of microscopic events. Therefore, both microscopic and macroscopic aspects
are briefly discussed in this chapter. The former have only exemplary character and
focus on phenomena in crystalline or polycrystalline materials which includes the
large class of metals.

3.1 Microscopic aspects

3.1.1 Surface energy, theoretical strength

Fracture is the separation of a body into two or more parts. During this process the
bonds between the components of the material are broken. At the microscopic level,
these are for instance bonds between atoms, ions, molecules, etc. The bonding force
between two of those elements can be expressed by means of the relation

P20 3.1)
T’m Tn

(Fig. 3.1a). Here, the first term represents attractive forces, while the second term
describes repulsive ones. The parameters a, b, m, and n (m < n) are constants
which depend on the bond type. For small displacements from the equilibrium con-
figuration dy, the bonding force F'(r) can be approximated by a linear function. This
is equivalent to a material behavior which macroscopically is described by Hooke’s
law.

D. Gross and T. Seelig, Fracture Mechanics: With an Introduction to Micromechanics, 51
Mechanical Engineering Series, DOI 10.1007/978-3-642-19240-1_3,
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During the release of bonds, i.e., the separation of elements, a negative material-
specific work W B is done by the bonding force. As a consequence of separation, for
instance in a perfect crystal, the lattice geometry changes in the immediate neighbor-
hood of the newly created surface. This change is confined to a few lattice spacings
into the bulk. If dissipative processes are neglected and the material is, from the
macroscopic point of view, considered as a continuum, the work of bonding forces
is transferred into surface energy of the body (i.e., the energy stored at the body’s

surface). It is defined as
ro=+%4 (3.2)

where A is the newly created surface and +" is the surface energy density.

F F 7 Hooke g
O—— =0 o \/’ T {)———}—
\ ¢ 1 —
\ }—T.‘ ; O O
i / do d0+$
° —O0—O0
1 WB T Tyl 4")__;l,
dO \ do ) -
xr

a) b)
Fig. 3.1 Theoretical strength

In what follows, we consider in a somewhat simplified manner the separation
process of two atomic lattice planes of a crystal. For the separation stress o(x)
we assume a dependence on the separation displacement = similar to the bond-
ing force (Fig. 3.1b). In the tensile regime it can be approximated by the relation
ocsin (rx/a). For small displacements x this leads to o ~ o.mx/a. Equating the
latter with Hooke’s law ¢ = Ee¢ = FEux/dy yields for the so-called theoretical
strength, i.e., the cohesive stress that has to be overcome during separation

a
oo~ FE— . 3.3)
T d()
If we further assume that the bonds are completely broken for a ~ dy we obtain the
rough estimate
O = — . (3.4)
m
From the work of stresses in conjunction with the foregoing assumptions the
surface energy 7° can be determined. Taking into account that two new surfaces are
created during separation we get

a

7 2

270 = /U(x)da: ~ /UC sin de = Uc—a . (3.5)

a T
0 0
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With a ~ dy and (3.4) it follows herefrom that

o Edy
w2

(3.6)

If the relations (3.4) and (3.6) are applied to iron or steel, using the data £ = 2.1-
10° MPa and dy = 2.5- 10~ 1% m, we obtain o, ~ 0.7 - 10° MPa and 'yO ~b J/mz.
However, corresponding values can only be reached for defect-free single crystals
(whiskers). For real polycrystalline materials, the fracture strength is 2-3 orders of
magnitude less. In parallel, the energy necessary for the creation of new fracture
surfaces exceeds the value in (3.6) by several orders of magnitude. The reasons for
this can be found in the inhomogeneous structure of the material and, first of all, in
its defect structure.

As a side note it should be mentioned that the bonding force (3.1) can be derived
from an interaction potential ®(r) as F' = —9®/0r. A typical standard potential for
interatomic interaction is the Lennard-Jones potential (J. LENNARD-JONES, 1894-

1954)
A B

Its first term describes the attractive van der Waals forces while the second term
is responsible for the short-range repulsive forces. This potential is widely used for
fundamental investigations and molecular dynamic simulations including separation
processes on the microscale.

3.1.2 Microstructure and defects

A polycrystalline material consists of crystals (grains) which are joined with one
another along grain boundaries. The individual grains have anisotropic properties
and the orientation of their crystallographic planes and axes differ from grain to
grain. Furthermore, e.g., due to segregation, the properties of grain boundaries differ
substantially from those of the grains.

In addition to these irregularities of the material’s structure, a real material con-
tains from the beginning on a number of defects of different size. Defects with
the characteristic length of one or several grains, e.g., induced by the manufactur-
ing process, are for instance inclusions with strongly different material properties,
cavities, or microcracks. From the physical point of view, they are mostly viewed
as defects on the mesoscale. In addition, there are faults on the microscale which
are understood as defects in the crystal lattice. Usually they are classified accord-
ing to their dimension as point imperfections (e.g., vacancies, interstitials, impu-
rity atoms), line imperfections (dislocations), and area imperfections (e.g., stacking
faults, phase boundaries, twin boundaries).

A particular role regarding the mechanical behavior is played by dislocations.
The geometry of these lattice imperfections is shown in Fig. 3.2a for an edge dislo-
cation and in Fig. 3.2b for a screw dislocation. A dislocation can be characterized by
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the Burgers vector b (J.M. BURGERS, 1895-1981) as follows: b is perpendicular to
the dislocation line for an edge dislocation while b is parallel to the dislocation line
for the screw dislocation (Fig. 3.2a, b). It should be noted that a dislocation induces
an eigenstress field which is accompanied by an elastic energy (cf. Section 8.2.1).

Dislocation line —_~

Fig. 3.2 Dislocations

Under the action of sufficiently high shear stresses the atoms in the vicinity of
the dislocation line rearrange their bonds which leads to a displacement of the dislo-
cation (Fig. 3.2c). The work done during this process is mainly dissipated as heat (=
lattice vibration). The dislocation movement results in a relative “slip” of the lattice
planes and may lead to the formation of a new surface (Fig. 3.2d). This microscopic
mechanism is the origin of macroscopic plastic material behavior. The dislocation
movement within a crystal is often not uniformly distributed but rather localized
in slip bands. In general, dislocations can not move unlimited. At obstacles such as
grain boundaries or inclusions they may stop and accumulate. Macroscopically such
a dislocation pile-up is observed as strain hardening.

In contrast to crystalline materials, the molecules and atoms are completely dis-
ordered in amorphous solids such as glasses or many polymers. While in these mate-
rials no disturbances of a regular lattice, e.g. by dislocations or grain boundaries can
be identified, the defects are essentially given by foreign particles and microvoids.
The characteristic feature of polymeric materials (plastics) is their composition of
long molecular chains which, in case of an amorphous microstructure, are randomly
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entangled. Two kinds of forces and bonds, respectively, can be distinguished in such
a material: a) the intramolecular forces between neighboring atoms within a poly-
mer chain due to covalent chemical bonds and b) the considerably weaker inter-
molecular van der Waals forces between atoms of different chains. On account of
local entanglements and/or chemical bonds, the molecular chains form a complex
three-dimensional network. Under external tensile loading, the microscopic defor-
mations initially comprise rotations and stretching of single chain segments. Sub-
sequently, debonding of intermolecular cross-links and straining as well as rupture
of chains may occur. This microscopic damage mechanism preferably takes place
at heterogeneities of the molecular network and at foreign particles (e.g. dust parti-
cles). Similar to the situation in crystalline materials, this process is accompanied by
the formation of microvoids. With increasing deformation, void formation localizes
in thin zones perpendicular to the macroscopic loading direction. In these zones,
the polymer material between the voids is stretched into fibrils, i.e. oriented bundles
of molecular chains (Fig. 3.3). This damage mechanism on the mesoscale is called
crazing. It is in most cases the precursor of microcracks in polymeric materials
where the cracks develop from crazes due to rupture of the fibrils.

b

A B B

Fig. 3.3 Craze zone in a thermoplastic polymer

In two-phase or multi-phase materials like fiber or particle-reinforced compos-
ites but also concrete and asphalt, the fracture mechanical relevant microstructure
is characterized by the specific heterogeneous composition. The dominant micro-
scopic damage mechanisms that may lead to crack formation are local fracture of
the usually brittle reinforcement particles, fiber pull-out and breakage, and failure
of the interface to the surrounding matrix. The coalescence of these microscopic
defects to a macroscopic crack generally takes place in a significantly larger region
than in unreinforced plastics or in polycrystalline materials.
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3.1.3 Crack formation

In initially crack-free polycrystalline materials there are different mechanisms of
microcrack formation. A separation of atomic planes without any accompanying
dislocation movement hardly occurs. The formation of microcracks and their sub-
sequent propagation practically always is combined with more or less pronounced
microplastic processes.

A rather important mechanism of microcrack formation is the dislocation pile-up
at obstacles. It causes high stress concentrations which can lead to bond breaking
along preferred lattice planes and as a consequence to cleavage. If such a crack runs
through several grains, the orientation of the separation surface changes according
to the local lattice planes and axes (Fig. 3.4a). Such a type of fracture is called
transcrystalline cleavage.

SH

a) b)

Fig. 3.4 a) Transcrystalline crack, b) intercrystalline crack

If the grain boundaries are sufficiently weak, the separation on account of dis-
location pile-up and (or) grain boundary sliding will take place along these bound-
aries. This is called intercrystalline fracture (Fig. 3.4b). Both fracture processes are
macroscopically brittle. They are accompanied by none or very small macroscopi-
cally inelastic deformations and they need very low energy.

A dislocation pile-up causes not only stress concentrations. It also can be the
responsible source for the formation of microscopic voids and cavities. This mech-
anism is schematically shown in Fig. 3.5: the coalescence (concentration) of dislo-
cations leads to the formation and growth of microcavities.

MJH Il "

Fig. 3.5 Formation and growth of voids

Crystalline materials often contain a large number of second phase particles em-
bedded at the grain boundaries or in the crystals. In their vicinity, presuming a suf-
ficiently high mobility of dislocations, micro-plastic deformations occur prior to
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Fig. 3.6 Fracture due to formation and coalescence of voids

the formation of microcracks. The accompanying dislocation pile-up subsequently
leads to the formation and growth of cavities around the particles and as a conse-
quence to a loss of their bonds with the matrix. With increasing macroscopic defor-
mation the voids grow due to micro-plastic yielding, they coalesce, and finally lead
to separation (Fig. 3.6). Corresponding fracture surfaces show a typical structure of
honeycombs or dimples which are separated by micro-plastically highly deformed
zones. The energy needed for such a type of fracture is a multiple higher than that
for cleavage.

Localization of slip processes in slip bands can also be the origin of crack for-
mation. For instance, a sufficiently high cyclic load can lead to extrusions and in-
trusions at the body’s free surface or at inhomogeneities (Fig. 3.7). A result of the
increasing “surface roughness” is the formation of a fatigue crack.

t '

R f

Fig. 3.7 Formation of a fatigue crack

3.1.4 Percolation

Defects in most real materials are distributed in an irregular spatial pattern (Fig. 3.8a).
As a consequence, with increasing fraction f of defects (e.g. void volume fraction or
microcrack density) local defect agglomerations, so-called clusters, will inevitably
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BB

Fig. 3.8 Increasing defect fraction f in an irregular microstructure: a) isolated defects: f1 < f. ,
b) isolated clusters: fo < f., c) percolation threshold f = f.

be formed (Fig. 3.8b, see also Fig. 3.6). In such a cluster, several defects are physi-
cally interconnected (e.g. nearly or already coalesced microcracks or voids) so that
they act as a single larger defect. As long as clusters are still isolated in the sur-
rounding matrix, their influence on the macroscopic behavior of the heterogeneous
material is limited. However, at a critical defect fraction f,, the so-called percola-
tion threshold or percolation limit, the situation occurs that a single cluster extends
throughout the entire microstructure (Fig. 3.8¢c). Depending on the defect type, this
is accompanied by a drastic change of the macroscopic physical properties of a ma-
terial. For example, in case of microvoids or microcracks, the macroscopic perme-
ability of a solid to fluid flow may jump from zero to a finite value at the percolation
threshold f = f. and further increase for f > f.. Analogously, the macroscopic
elastic stiffness continuously decreases with increasing f as long as f < f. but
vanishes for [ > f..

Dimension|Defect type fe
3D Spheres 0.289
Cubes, parallel faces 0.277
Cubes, random orientation 0.217

Ellipsoids of revolution, aspect ratio 5 |0.163
Ellipsoids of revolution, aspect ratio 1/5]0.176

2D Discs 0.676
Squares, parallel edges 0.667
Squares, random orientation 0.625
Ellipses, aspect ratio 5 0.455
Ellipses, aspect ratio 20 0.178

Table 3.1 Percolation threshold

The percolation threshold strongly depends on the defect geometry but also on
the spatial dimension, i.e. whether the defect distribution is considered as plane
(two-dimensional) or spatial (three-dimensional). Because of its manifold physical
importance, the percolation phenomenon is studied in many investigations experi-
mentally as well as theoretically by means of statistical methods, and also numeri-
cally with massive computer simulations. Table 3.1 shows a collection of percolation
threshold values that have been found by these methods. Aspects of the percolation
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limit in conjunction with analytical micromechanical models will also be discussed
in Section 8.3.

3.2 Macroscopic aspects

3.2.1 Crack growth

In what follows the material is macroscopically considered as a continuum which a
priori contains cracks. This can be either an actually existing macroscopic crack of a
given geometric configuration or a supposed, hypothetical crack of eventually very
small size. The latter serves as a model for macroscopically invisible but always ex-
isting defects and microcracks in a real material. The question of crack formation in
an initially undamaged material is not considered in this approach. It cannot be an-
swered in the framework of classical continuum mechanics. A description of crack
formation is possible only by means of continuum damage mechanics which takes
into account the microscopic defect structure and its evolution (cf. Chapter 9).

A fracture process is always connected with crack growth. Both, fracture and
crack growth, can be classified from different phenomenological viewpoints. The
typical stages in the behavior of a loaded crack are characterized as follows. As
long as the crack does not change its length, the crack is called stationary. At a
specific critical load or deformation, respectively, crack initiation takes place, i.e.,
the crack starts to propagate and becomes non-stationary.

One can distinguish different types of crack propagation. Crack growth is called
stable if an increase of crack length requires an increase of external load. In contrast,
crack growth is unstable if the crack, starting from a specific configuration, advances
spontaneously without any increase of the external load. It should be noted here that
stable or unstable crack growth is governed not solely by material properties. In
fact, the geometry and the type of loading have a significant influence on the crack
behavior.

Very slow crack propagation under constant loading in a creeping manner (e.g.,
at a velocity of 1 mm/s or less) is called subcritical. Under cyclic loading the crack
can propagate in small “steps” (e.g., of about 10~% mm per cycle). This type of crack
propagation is called fatigue crack growth. If the crack propagates with a velocity
which approaches the order of the speed of sound in the solid material (e.g., 600 m/s
or more), the crack is called fast. If such a fast crack comes to rest, we call this crack
arrest. As a further classification, we distinguish between quasistatic and dynamic
crack propagation. While inertia forces play no role in the former they cannot be
neglected in the latter.
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3.2.2 Types of fracture

The fracture process is finished when crack growth comes to an end or, what occurs
more often, a complete break-through of the body into two or more parts has taken
place. According to typical phenomena, the entire event of fracture is classified by
different types. Ductile fracture is characterized by large plastic deformations which
occur before and (or) during the fracture process. Here, the inelastic deformations
of uncracked metal specimen under uniaxial tension may reach more than 10%. In
cracked bodies, these strains often are not only concentrated in the immediate vicin-
ity of the crack tip or the fracture surface. The related microscopic failure mecha-
nism in metals is plastic flow accompanied by void nucleation and coalescence.

A fracture event is called brittle if macroscopically only a small amount of in-
elastic deformations occur or if they vanish at all. In this case, plastic strains in un-
cracked specimen under tension immediately prior to fracture are less than 2...10%.
Inelastic strains in cracked components are confined to the immediate vicinity of the
crack tip or the fracture surface. Here, the microscopic failure mechanism in metals
is either confined plastic flow combined with void growth or cleavage.

Fracture resulting from crack growth due to cyclic loading is called fatigue frac-
ture. Fracture due to creep crack growth is known as creep fracture.

An additional distinguishing feature is the orientation of the fracture surface
(cf. Section 2.3). Fracture is called normal stress dominated if the fracture surface is
oriented perpendicular to the largest principal stress (tension). In contrast, fracture is
shear dominated if the fracture surface coincides with a cross section of high shear
stress. Both types can also occur in a mixed form. A typical example is the normal
stress dominated fracture with shear lips at the specimen edges (Fig. 3.9).

1

Fig. 3.9 Fracture with shear lips

The actual fracture behavior is highly dependent on various factors such as tem-
perature, stress state, or loading rate. For instance, the behavior of many materials
is brittle at sufficiently low temperatures and ductile above a transition tempera-
ture. Furthermore, depending on the stress state, plastic flow can be more or less
constrained. Accordingly, fracture will tend more to a brittle or more to a ductile
behavior. This also affects the orientation of the fracture surface. For instance, the
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occurrence of the above-mentioned shear lips is a result of the stress state in the
boundary area (close to plane stress) where plastic flow is less constrained.

A characteristic fracture quantity is the work done by the bonding forces during
creation of a fracture surface. This applies especially when all processes of bond
release related to fracture (e.g., void nucleation and growth with large micro-plastic
deformations) are confined to the immediate vicinity of the macroscopic fracture
surface. Due to microscopic irregularities, this macroscopic surface is smaller than
the true fracture surface. Analogous to the surface energy, it is then reasonable to
introduce an effective fracture surface energy I':

I'=~A. (3.8)

Here, ~y is the fracture surface energy density and A is the macroscopic fracture
surface.
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Chapter 4
Linear fracture mechanics

4.1 General remarks

We now turn to the description of the crack behavior. From a macroscopic, con-
tinuum mechanical viewpoint, we consider a crack as a cut in a body. Its opposite
boundaries are the crack surfaces which are also called crack faces or crack flanks
(Fig. 4.1). In general they are traction-free. The crack ends at the crack front or crack

tip.

Crack faces

Fig. 4.1 Cracked body

Concerning the deformation of a crack, there exist three types of crack open-
ing which are shown in Fig. 4.2. Mode I denotes a symmetric crack opening with
respect to the z, z-plane. Mode II is characterized by an antisymmetric separation
of the crack surfaces due to relative displacements in x-direction (normal to the
crack front). Finally, mode III describes a separation due to relative displacements
in z-direction (tangential to the crack front). The symmetries associated with the

Mode I Mode I

'

Fig. 4.2 Crack opening modes
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different types of crack opening are only locally defined, i.e., for the region close to
the crack tip. In special cases, however, they may hold for the entire body.

An important role for the continuum mechanical description is played by the size
of the process zone. The latter denotes the region close to a crack front (crack tip)
in which microscopically quite complex processes of bond breaking occur that gen-
erally cannot be described in terms of classical continuum mechanics. If continuum
mechanics shall be applicable to the whole cracked body, it must be assumed that
the extension of the process zone is negligibly small compared to all characteristic
macroscopic dimensions of the body. Such a localization of the fracture process ex-
ists in many cases. For instance, this feature is typical for metals and for the majority
of brittle materials. However, the process zone in concrete or in granular materials
may have a considerable size and under some circumstances include the entire body.

In linear fracture mechanics, a cracked body is regarded as linear elastic in the
whole region. Possible inelastic processes within or outside the process zone around
the crack tip must be restricted to a small region which can be neglected from a
macroscopic point of view. Accordingly, linear fracture mechanics is predominantly
applicable for the description of brittle fracture (cf. Section 3.2.2).

Of fundamental importance is the crack-tip field, i.e., the stresses and strains
close to a crack tip. Although this field, as already mentioned, does not directly
describe the state within the process zone, it indirectly controls the processes taking
place there. In what follows, the crack-tip field for the case of an isotropic, linearly
elastic material under static loading will be investigated.

4.2 Crack-tip field

4.2.1 Two-dimensional crack-tip fields

We consider the two-dimensional problem of a body which contains a straight crack.
Here, we focus only on the field within a small region of radius R around one of
the crack tips (Fig. 4.3). For this purpose it is appropriate to introduce the depicted
coordinate system with its origin at the crack tip.

Longitudinal shear, mode I

The simplest two-dimensional problem is the longitudinal shear stress state (anti-
plane shear). In this case, the only non-vanishing displacement component w is
perpendicular to the x, y-plane which leads to a mode-III crack opening. The corre-
sponding crack-tip field can be determined using a complex function {2(z) (cf. Sec-
tion 1.5.2). As an appropriate function for the solution we choose

2(z) = A2 4.1)
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Fig. 4.3 Vicinity of the crack tip

where A is a free, in general complex constant. The likewise unknown exponent A is
assumed to be real. In order to render the displacements at the crack tip nonsingular,
A > 0 is assumed. As a consequence, the strain energy will also be finite. The special
case A = 0 will be excluded at this stage. According to (1.121), it corresponds to a
stress-free rigid body displacement.

From (4.1), using (1.121) and z = re'¥?, we get

2ir,, = '(2) — ' (2) = AN Lo iA-De _ gapA-1i-De

The boundary conditions require that the crack faces (¢ = =) are traction-free,
i.e., 7,,(£m) = 0. This leads to the homogeneous system of equations

Zefikﬂ' _Aei)\ﬂ' =0 ,

. . (4.2)
AT —Aem AT =0 .

A non-trivial solution exists if the determinant of the system vanishes. Hence, the
“eigenvalues” \ are determined as follows:

sin2\r =0 — A=n/2 n=1,23,.... 4.3)

Substitution of this result into one of the equations (4.2) finally yields: A =
(=" A.

To each X of the infinite set of eigenvalues corresponds an eigenfunction of the
type (4.1) which fulfills the boundary conditions. The eigenfunctions can be arbi-
trarily superimposed:

0 =A12"%+ Aoz + A323? + . (4.4)

Accordingly, the stresses 7., @« = x,y and the displacement w can be represented
in the following form:
Tae =1 V220(0) + 72 (0) + 1220 () +..

4.5)
= r120W () + r@ () + r3203) (@) +... .

g
|
g
o
|
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Here, 7.V (@), WM (), ... are functions of the angle  which are each determined
up to a factor. A possible rigid body displacement is described by wy.

If the crack tip is approached (i.e., r — 0), the field can solely be described by
the dominant first term in (4.4) or (4.5), respectively. It corresponds to the smallest
eigenvalue A = 1/2. The associated stresses and displacements are given by the
expressions

Txz . KIII —sin (@/2) o 2I(III [T
{Tyz } - V2rr { cos (¢/2) | R it G

/2

Thus, the stresses at the crack tip have a singularity of the type

The singular crack-tip field is determined by means of (4.6) up to a factor K.
This factor is called stress intensity factor or, shorter, K -factor where the subscript
indicates the mode Il crack opening. The stress intensity factor K can be regarded
as a measure for the “strength” of the crack-tip field. The latter is fully characterized
once the stress intensity factor is known. Vice versa, Ky can be determined from
(4.6) if the stresses or displacements close to the crack tip are known. For example,
it follows from (4.6) that

Ko = lli% V27r 7y, (@ = 0) . 4.7)

Like the stresses and displacements, the magnitude of the K -factor depends on the
geometry of the body and its loading.

The second term in (4.5) corresponds to the eigenvalue A = 1. It leads to the
nonsingular stresses and displacements

(2)
Tz Tp T, T,
_ (2 _ T oh— T
= , w = —=rcosp=—=1x (4.8)
{ Tyz } { 0 } G G

where 7. is a yet undetermined constant shear stress. This contribution to the com-
plete field is of minor importance immediately at the crack tip but it becomes rele-
vant at some distance from the tip.

Plane strain and plane stress, mode I and mode I

For plane strain and plane stress, the crack-tip field can be determined by using two
complex functions ¢(z) and ¥(z) (cf. Section 1.5.2). The approach is analogous
to that in the foregoing section for longitudinal shear. For the solution we use the
functions

D(z) = A2, ¥(z) = B2* 4.9)

where the exponent A again is assumed to be real and positive. From (4.9) and
according to (1.119) we obtain in a first step
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Oy +imp = P'(2) + 9 (2) + 28" (2) + ¥'(2)2/Z
= AN 1eiA=De | A pA-TomiA-1)e 4.10)
FANN = 1) 1edOADe 4 pApA-TeiM e

Along the crack faces ¢ = =+, the boundary conditions o, + it., = 0 must be
fulfilled. From them, taking into account e '™ = ™ = —1, the following homoge-
neous system of equations is obtained:

Ade™ M L AeAT p BeIAT =0,

AN fAe AT L BelMT =0,

Ae AT L AN +BeAT 0, @1
Aer™ F Ade T +Be T =0

Here, the last two equations are the complex conjugate of the first two equations. The
condition that the system’s determinant must be zero, leads to the same eigenvalues
as for longitudinal shear:

cosddr=1 — A=n/2 n=123,.... 4.12)

Substitution into one of the equations (4.11) yields B = —nA/2 — (—1)"A.
The stresses o;; and displacements u;, where 7, j = x,y, can be represented as
the sum of the eigenfunctions which correspond to the above eigenvalues:

_1/24(1 (2 (3

oij =1 260 (0) + 60 () + 126D () + ..., i)
U — Uiy = rl/zﬂgl)(w) + 7“121(»2)(@,0) + r?’/?qlg?’)(@) +... .
Here, u,o describes a possible rigid body displacement. For » — 0, the first term
dominates which is singular in the stresses. It is appropriate to split the associated
field into a symmetric and an antisymmetric part with respect to the x-axis. The
symmetric singular field corresponds to a mode-I crack opening while the antisym-
metric field leads to a mode-II crack opening. Accordingly, the crack-tip field (near
field) can be written as follows:

Mode I:
Oy . 1 —sin (¢/2)sin (3¢p/2)
oy p= \/ﬁcos (¢/2) { 1 +sin (p/2)sin (3¢/2) ¢
Ty sin (ip/2) cos (3¢/2) (4.14)

u _KI r . COS(@/Q)
{v}_%\/; (1 = coso) {sin(go/2)} ’
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Mode II:
Oz . —sin (¢/2)[2 + cos (¢/2) cos (3¢/2)]
oy 0= m sin (9/2) cos (p/2) cos (3p/2) ¢ ,
Ty cos (¢/2)[1 — sin (¢/2) sin (3¢/2)] (4.15)
u| Ky [7 sin (¢/2)[k + 2 + cos ¢]
{v}_ 2G \/; {cos (¢/2)[k — 2 + cos ga]} ’
where
plane strain: k=3 —4v, o, =v(oz +0y),

4.16
planestress: x=3-v)/(1+v), o0,=0. (4.16)

According to these representations, the distribution of stresses and deformations
close to the crack tip is uniquely determined. It will be exemplarily discussed in
Section 4.2.2 for mode 1. The “strength” (amplitude) of the crack-tip field is char-
acterized by the stress-intensity factors Kr and K ;. They depend on the geometry
of the body (including the crack) and its loading. The K -factors can be determined
from the stresses and deformations provided these are known. For example, the fol-
lowing relations result from (4.14) and (4.15):

Ky =lim V2rroy(p=0),  Kg=lmV2rr 7 (p=0). (417
> T

For larger distances r from the crack tip the second term in (4.13) has to be taken
into account which belongs to the eigenvalue A = 1. The corresponding nonsingular
stresses and displacements are given by

(2

7 o u)® on [+ 1)

oy =20 3, =L : (4.18)
v 8G | (k—3)y

Try 0

where o, is a constant stress which commonly is called T-stress (transversal stress).
It can be seen that this part of the field is symmetric with respect to the x-axis and
contributes solely to the mode-I crack opening. The T-stress becomes important
especially when K is zero or sufficiently small. It then represents the dominant
part of the mode-I field.

The field in the vicinity of the tip of a straight crack with traction-free crack faces
is, according to (4.5) and (4.13), composed as a sum of the eigenfunctions. Among
them, the first term (i.e., the crack-tip field) dominates if the crack tip is approached
(r — 0). But it should be emphasized that for larger distances r, the higher-order
terms can not be neglected. Furthermore, it can be shown that the crack-tip field has
exactly the same form as (4.6) or (4.14) and (4.15), respectively, if the crack faces
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a) b)
Fig. 4.4 a) Loaded crack faces, b) curved crack

are loaded (Fig. 4.4a) or if volume forces are present. This also applies to a crack
which is curved in the region close to the crack tip (Fig. 4.4b).

The singularity of the order /2 is typical for a crack tip. Singular stresses of
eventually a different type of singularity can also appear in many other problems
of linear elasticity. As an example, a “crack-similar” V-notch is considered whose
edges form an angle 2« (Fig. 4.5a). The functions (4.9) in conjunction with (4.10)
and the boundary conditions (o, + i7r,)p=+a = 0 again lead to a homogeneous
system of equations. It differs from (4.11) only in that now the angle « appears
instead of 7. Setting the determinant of the system to zero, we obtain the equation
for the eigenvalues

sin 2 \a = £ sin 2« . (4.19)

The smallest eigenvalue A resulting from (4.19) is shown in Fig. 4.5b (higher eigen-
values and eigenfunctions shall not be considered). For 2a < 7 we get A\g = 1. In
this case no stress singularity follows from (4.9). For notch angles 7 < 2a < 2,
the eigenvalue A lies in the range 1/2 < A < 1 and the already known result
Ao = 1/2 is obtained in the limit case 2cc = 2, i.e., for a crack. The corresponding
stress singularities are of the type o;; ~ r2~1 which can be seen, e.g., from (4.9).
For instance, in case of a mode-I loading the stress o, ahead of the notch tip can be
represented as .

oy = 5{217 271 (y=0, 2>0) (4.20)

where K7 is a generalized mode I stress intensity factor.

¥

/2 ™ a
a) b)
Fig. 4.5 a) V-notch, b) smallest eigenvalue



70 4 Linear fracture mechanics

At blunt notches with a finite notch radius, also very high stresses can occur.
However, in contrast to a crack or a sharp V-notch, the stresses at the notch root
then remain finite and do not tend to infinity (see Section 4.4.5).

4.2.2 Mode-I crack-tip field

The mode-I crack-tip field can be described by the relations (4.14). Thus, the stresses
0;; and, according to Hooke’s law, the strains €;; have singularities of the type
r~1/2, i.e., they increase infinitely as  — 0. As an example, the distribution of oy
ahead of the crack tip (¢ = 0) is schematically depicted in Fig. 4.6a. In contrast,
the displacements show a behavior of the type /2. For a positive K7 this leads to
a parabola-shaped crack opening along the crack faces ¢ = +7 (Fig. 4.6a):

K
vi:v(iw):iﬁ,/% (k+1). “.21)

If K7 is negative, the crack faces formally “overlap” or penetrate each other, respec-
tively, which is physically impossible. Actually, the crack faces are in contact during
crack closure and contact forces act along the contact zone.

ij N W\/ oy

0,(0) /
o o, r g;

a) b)
Fig. 4.6 Mode-I crack-tip field

It is sometimes appropriate to describe the crack-tip field not by its cartesian
components (4.14) but by equivalent quantities. For example, the stress components
in polar coordinates can be found by applying the transformation (1.113):

o . 5cos (¢/2) — cos (3¢/2)

I
Oy p = NorT 3cos(¢/2) + cos(3p/2) p . (4.22)
Tre sin (¢/2) + sin (3¢/2)

Their dependence on the angle ¢ is shown in Fig. 4.6b.
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The principal stresses in the z, y-plane and the principal directions, here charac-
terized by the angle «, can be determined from (1.114) as follows

o1 K; 1+ sin (p/2) T3
{02}_\/%008(@/2){1sin(<p/2)}’ a—iz—kch. (4.23)

The third principal stress is given by o,. According to (4.16), it is different for plane
strain and plane stress:

0'3:2V

\/2# cos (¢/2) (plane strain) , o3 =0 (plane stress) . (4.24)
mr
Thus, o is the largest principal stress, the smallest one can be o3 or o2, depending
on the stress state and the angle .

From the principal stresses the maximum shear stress can directly be determined.
Using Tyax = (Urrlax - Umin)/2 we obtain

plane stress: Tiax = 01/2

(01 —02)/2 for sin(p/2)>1-2v, (4.25)

plane strain: Tyax =
(01 —03)/2 for sin(p/2)<1-—2v.

4.2.3 Three-dimensional crack-tip field

In various cases the three-dimensional character of a crack problem must be taken
into account. This is generally the case if the crack front is curved. Examples of
such problems are the penny-shaped internal crack or a half-elliptical surface crack
(Fig. 4.7a). But also the problem of a crack with the straight crack front in a flat
plate of finite thickness is, strictly speaking, a three-dimensional problem. Here, the
stress state varies near the crack front along the thickness of the plate.

a)

Fig. 4.7 Three-dimensional crack field

It can be shown that the crack-tip field in a three-dimensional case locally is of
the same type as in a two-dimensional problem. In general, it is composed of the
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fields corresponding to the three crack opening modes. Regarding the mode-I and
mode-II deformations, the plane strain case has to be considered. If an arbitrary point
P on the crack front is chosen as origin of a local coordinate system (Fig. 4.7b), the
stresses for » — 0 are given by

1

_ ~1 ~ 1T ~ 11T
0 = ﬁ[f{l% (¢) + Knaj(p) + Kmajj (¢)] (4.26)
where &fj(q)), ... are known functions of the angle ¢ which are determined by

(4.14), (4.15), and (4.6). Thus, the field close to the crack front is fully charac-
terized by the stress-intensity factors K, Ky, and K. The latter can vary with
the arc length s along the crack front, i.e., K; = K(s), .. ..

The representation (4.26) is valid along the crack front except some special (sin-
gular) points. Such a singular point is, for example, a kink of the crack front or a
point where the crack front intersects a free surface (point A in Fig. 4.7a). In these
points stress singularities occur which are not of the type /2.

4.3 K-concept

In the following we restrict our attention to the case of a pure mode-I crack opening
which is the most important case for practical applications. As already mentioned,
the corresponding crack-tip field is fully characterized by the stress intensity factor
K. This Kj-determined field dominates in an outwards limited region around the
crack tip. It is schematically characterized in Fig. 4.8 by a circle of radius R. Out-
side R the higher-order terms can not be neglected.

plastic zone | =777 ~ | . . K—determined field

/(\
\
I

TP/

Fig. 4.8 K-concept

The validity of the K;-determined field is limited also inwards because linear
elasticity does not provide a realistic description of the actual stress and deformation
state below a certain limit of 7. One reason for this is that no real material can sustain
infinite stresses. In addition, the infinitely high strains appearing there contradict
the assumptions of linear elasticity (small deformations). For most real materials,
plastic flow or, more generally, inelastic deformations appear at the crack tip on
account of the strongly increasing stresses. In addition, there is always a small but
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finite process zone at the crack tip where debonding takes place. Its characteristic
dimension is denoted by p in Fig. 4.8, that of the plastic zone is described by 7,,.

We now suppose that the K ;-dominated region is large compared to the enclosed
domain which is not described by the crack-tip field (p, r, < R) and thus may
be regarded as a ‘black box’. Under these circumstances it can be assumed that
the processes in this ‘black box’ are controlled by the surrounding K-determined
field. This hypothesis is the basis of the K -concept: the state within the process zone
or at the crack tip, respectively, can indirectly be characterized by K. The stress-
intensity factor, similar to the stresses themselves, is considered as a state variable
or a ‘loading parameter’ of the region close to the crack tip.

By introducing the stress intensity factor we now are able to formulate a fracture
criterion. Accordingly, crack propagation (fracture) starts when the stress intensity
factor K; reaches a material-specific critical value K.:

R =Fu] @

Under these circumstances, a critical state exists in the process zone which leads to
material separation. We have tacitly assumed here that the state in the process zone
is determined by the actual value of K; and does not depend on the loading history
of the crack tip.

The quantity K. on the right-hand side of (4.27) is called fracture tough-
ness. It is a material parameter which is determined by appropriate experiments
(cf. Section 4.5). From (4.22) it can be seen that the K -factor has the dimension
[stress]-[length]'/2. Tt is specified as a multiple of the unit Nmm—3/2 or MPa mm?/2,
respectively. The use of stress-intensity factors in a fracture criterion dates back to
G.R. IRWIN (1951).

In the fracture criterion (4.27) for pure mode I, the crack-tip loading is character-
ized by the single parameter K ;. Corresponding one-parameter fracture criteria can
also be formulated for pure mode II or pure mode III, respectively:

KU = K[[C (mode I[) s K[H = K[[[c (mode ]]I) . (428)

The case of a mixed crack-tip loading by K, K7, and K is more involved. Then
a generalized fracture criterion

f(K1, K, Kpr) =0 (4.29)

must be formulated (see Section 4.9).

4.4 K -factors

There exist many methods to determine K-factors. Since these are directly tied to
the field quantities, generally all techniques of linear elasticity applicable for the de-
termination of stresses and deformations can be utilized. But sometimes it is neces-
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sary to tailor them according to the specific characteristics of crack problems (stress
singularities).

Analytical methods are mainly used when closed form solutions are of interest
or needed. They can be obtained only for relatively simple boundary value prob-
lems. The analysis of more complex problems usually relies on numerical methods.
Here, in most cases the finite element method or the boundary element method are
applied, but also finite difference method or other schemes are in use. Moreover,
also experimental methods such as strain measurements in the crack-tip region or
photoelasticity can be applied.

A discussion of all methods would go beyond the scope of this book. In this
respect, the reader is referred to the special literature. In what follows, only a few
analytical solutions for selected crack configurations and loadings are discussed.
Subsequently, we will shortly introduce an integral equation formulation of crack
problems, the method of weight functions, and finally a procedure for the investiga-
tion of interacting cracks.

4.4.1 Examples

As the simplest example, we first consider a straight crack I" of length 2a in an
infinite plate under uniaxial remote stress o (Fig. 4.9a). It is convenient for this and
many other problems to represent the solution as a superposition of two partial so-
lutions. Partial problem (1) considers the elastic plate without a crack under the pre-

scribed load o. Here, along the line I the stress 03(,1) | = o appears. Partial problem

Fig. 4.9 Single crack under remote stress o
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(2) is concerned with the elastic plate, now containing a crack which is loaded along
the crack faces by exactly the same stress but with the opposite sign: 0752) |r = —o.
The boundary condition of the original problem (i.e., traction-free crack faces) is
fulfilled by superposition of the two partial solutions: o, | = 0'3(,1) Ir+ 01(12) |r = 0.
In partial problem (1) there is no crack and since no stress singularity appears, no
stress intensity factor is present. As a consequence, the K -factor of the original
problem is given by that of the partial problem (2).

Using the complex method, the solutions of the partial problems and the original
problem can be represented as follows:

=00 + o) dM(z) = %o’z , P (2) = %g[, /22— a2 — 7],

(4.30)
T=vD 0@ vW)=1Loz, 0P (2) = —L0a?/V22 —a?.

For the partial problem (2) we get for the stresses along the x-axis (Fig. 4.9b)

-1 lz] < a
ng) =0, 0252) = af) =0 x (4.31)
——— — 1|z >a .
2 —a
The displacements of the upper (+) and the lower (—) crack surfaces (|z| < a) are

given by (Fig. 4.9¢)

4Gu* = —(1 + K)oz, 4GvE = +(1 4 K)oV a2 — 22 . (4.32)

The stress-intensity factor may be determined directly from the complex poten-
tial @. To show this we consider a crack tip which is located at an arbitrary point
zp. From Kolosov’s formulas in conjunction with (4.14), (4.15) we get for r — 0 or
z — 2o, respectively,

20/ (2) + 29/ (z) = 05 + 0y
= 2(2nr) Y2 [K} cos (p/2) — K sin (¢/2)]

= (2mr) V2K — 1K p)e /2 + (K — 1K p)e9/2] .

This leads with re!¥ = z — zq to the representation

20/ (z) = (K1 —iKp)[2n(z — 20)] " '/? (z — 20)
and finally to
K] — iKU = 2\/ 27 lim VZ— 20 @'(z) . (433)
Z— 20

For our specific example, due to the symmetry, only a mode-I loading appears
(K = 0) which is equal at both crack tips. Inserting (4.30) into (4.33) we get the
stress intensity factor

K;=o0yma. (4.34)



76 4 Linear fracture mechanics

In the next example, the same crack now will be loaded by a pair of opposite
single forces at the crack faces as shown in Fig. 4.10a. If only P () = 0) acts, the
complex potentials are

P a? — b2
2r(z — b) V 22 — a?

P (2) = , U'(z) = —20"(2) . (4.35)
They fulfill all boundary conditions. The corresponding K j-factors (K s is zero on

account of the symmetry) at the right (+) and the left (—) crack tip are obtained
from (4.33) as

P athb
Kf= ——/— . 4.36
1 vra\ aFb ( )
Analogous, for a crack face loading solely by @) (pure mode II), we obtain
+0b
Kf—o, Ki-_9 [eEb 4.37
r=0 R =mV e T &30

The solutions (4.36) and (4.37) can be used as fundamental solutions from which
further solutions can be constructed. For instance, for a crack loading as depicted in
Fig. 4.10b it follows by superposition

K- P /a+b+ Ja—b| P 2a 4.38)
I_\/Wa a—1b a+b|  VmavaZ—b ’

Using this result, we get for the loading according to Fig. 4.10c

a i dx a[m . c
K]ZZU\/;/WZ2O\/; [g—arcslna : (439)

For the special case ¢ = 0 this leads to the already known result (4.34). In a sim-
ilar way, using (4.36), the solution for a crack under an arbitrary load p(x), see
Fig. 4.10d, is obtained:

—+a
1 atx
Kf=— \/ . 4.4
7 71_a/p(x) a:Frdm (4.40)

In the same manner, shear loaded cracks can be treated. For example, using (4.37)
we obtain for a crack under a pure shear load (mode II) as depicted in Fig. 4.10e

Kpgp=7Vma. 4.41)

The K r-factors here and for the case in Fig. 4.10f are the same.
Figure 4.11a shows a periodic configuration of collinear cracks of equal length
2a in an infinite domain under remote tension o. The solution for this case in terms
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Fig. 4.10 Crack under different types of loading

of complex potential is given by

#(z)="7 !

- [

From &’ in conjunction with (4.33) the stress intensity factor Ky is determined as

W (2) = —2d" () . (4.42)

K; =o0+/ma | — tan— . (4.43)
Ta

Accordingly, K strongly increases if the crack tips approach each other. The reason
for this behavior is the interaction of the cracks (cf. Section 4.4.4). If the distance
between the crack tips gets very small (a — b), equation (4.43) with the notation

T o

b)

Fig. 4.11 a) Collinear cracks, b) center crack in a strip
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Table 4.1
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K -factors

K#
I

{P}; ath
QJ yma VaFb

{5

to) v

K; =1.12150y/ma

Fy

K; = ov/ma Fr(a/b)
_ 1-0.025(a/b) +0.06(a/b)*
cos (ma/2b)
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Table 4.1 K -factors (continued)
K; =oy7a 2b a tan5 Gr(a/b)
7 — t —
g lj 1 Ta L o 0.752+2.02¢+0.37(1 —sinG# )?

Ta
cosop

I =

K=o

Ta 2b tanﬂa Gir(a/b)

0.923 + 0. 199(1 — sinZ%)*

cos%
2
K; = —ovyma
T
2
Kr = —oyma {1— 17(b/a)2}
T

%\/Wa\/l —a/bGy(a/b)

Mr ' A My KIII— T ma\/1— a/b G(a/b)
1 p V() 2 IQG U P G1=§(1+7+g — 0.36363+0.731¢%)
Gmr = %(1+%+g€2+1—65 +132%54

+0.2085%), e=a/b

M? }o
_— ~—
K;(0) = oy/ma Fr(0)
b (R

Fy =

2(1.211 — 0.186+/5in 9 )
10° < 6 < 170°
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4
KI:gq/—b \/E for c<b. (4.44)
r Ve

The result (4.43) can also be used as an approximation for the configuration in
Fig. 4.11b as long as the boundaries are sufficiently far away from the crack tips.

In Table 4.1, the stress intensity factors for various configurations are shown.
Solutions for many other cases can be found in the relevant handbooks of stress-
intensity factors listed at the end of this chapter.

¢ =0b— aleads to

4.4.2 Integral equation formulation

A possible starting point for the solution of crack problems is their formulation
through integral equations. Of the various existing and different formulations only
one shall be discussed here. Its basic idea is the representation of a crack by a con-
tinuous distribution of dislocations.

As a preparation of the formulation, we first consider the displacements and
stresses obtained from the complex potentials

&(z) =Alnz, U(z)=Alnz (4.45)

where A here is specifically replaced by the real parameter A = —Gb, /m(k+1):

wl b, (k—1)Inr — cos2¢
o 2m(k 1) | (k+ 1)@ —sin2p ’

Oy cos ¢ + cos 3¢ (4.46)
-b,G

oy = ﬂTyl)r 3 cosp — cos 3

Tay —siny + sin 3¢

While the displacement u does not experience any change along a full circle en-
closing the origin from ¢ = 0 to ¢ = 27, the displacement v exhibits a displace-

Fig. 4.12 Displacement jump due to an edge dislocation
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ment jump (discontinuity) of the magnitude v(0) — v(27) = v* — v~ = b,,. Thus,
the potentials (4.45) describe an edge dislocation with a displacement jump in y-
direction (Fig. 4.12, cf. Section 3.1.2). This dislocation is accompanied with stresses
oy = 0y = —2Gby/m(k + 1)z and 75, = 0 acting along the z-axis. If a general
displacement jump b, in y-direction and b, in z-direction shall be described, the
constant A in (4.45) must be replaced by A = G (b, — ibg)/m(k + 1).

As a specific problem, we again consider in the following the already investigated
crack under constant crack-face loading o (pressure) (Fig. 4.13a). The crack now is
represented as a continuous distribution of dislocations which are located in the
interval —a <t < +a on the x-axis (Fig. 4.13b). After renaming b, — db, = udt,
T — v — 1,z — z — t, we obtain from (4.45) and (4.46) for the stress o, along the
x-axis and for the potential ¢’ the representations

+a
. 2G wu(t)dt
O'y($,0) - 7T(/€+ 1) / T —t ’ (447)
¢ [ ua
’ _ H
P'(z2) = Tt 1) / Tt (4.48)

—a

In our case, the left-hand side of (4.47), i.e., the stress o, along the crack, is
known: o, = —o. Accordingly, (4.47) is a singular integral equation for the un-
known distribution p. Its solution is given by

p(x) = 50 - (4.49)

Knowing () the problem is practically solved because the potentials ¢ and ¥ can
be found from () by integration. For example, from (4.48) we obtain

“+a
o xzdx o

/ - — — i —
?@=-5 | T 7a2_x2_2[ — 1}, (4.50)

—a

from which the stress intensity factor can be determined.

b)

Fig. 4.13 Crack represented as distribution of dislocations
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If only the stress intensity factor is of interest, this quantity can directly be deter-
mined from p. Along the crack, p = db, /dz = d(vt —v~)/dx is valid. Combining
this with the crack-tip field formulas (4.14), the following relation for the right crack
tip yields:

K; = lim 2G \/%\/a—x,u(x) . 4.51)

z—a K+ 1
When introducing the distribution (4.49), we get the already known result K; =
oy/ma.

The integral equation formulation is applicable not only for straight cracks. It can
easily be extended to curved cracks, bounded domains, and arbitrary loadings. In ad-
dition, it can be used as a starting point for numerical methods, tailored specifically
for the solution of crack problems.

4.4.3 Method of weight functions

For many geometrical configurations, the K -factors are known for particular load-
ings, for example, from handbooks. How they can be used to obtain K -factors for
the same geometry but for other loadings will be shown in the following. For sim-
plicity we restrict the discussion to plane mode-I problems.

Starting point is Betti’s theorem (cf. Section 1.4.3)

/ tMuPdA = / P uMdA (4.52)
A A

with ¢; = o;;n; which we apply to the two configurations in Fig. 4.14. Except
for the loading, they differ from each other only by slightly different crack lengths:
the crack in configuration (2) is by a small amount € longer than that in config-
uration (1). Since relation (4.52) can be applied only to configurations with iden-
tical geometry, we assume that in configuration (1) a cut of the length ¢ is made
in front of the crack along the z-axis. The stresses acting there are given by the
crack-tip field formulas (4.14): 01(,1)(5) = K}l)(a) /v/27€. Analogous, the crack
face displacement v in the traction-free region 0 < £ < ¢ of configuration (2) is

Fig. 4.14 Application of Betti’s theorem
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v (&) = %—1[(?)((1—&—6) /(g — &)/2n. Adopting the notation from Fig. 4.14 and
taking into account the symmetry, it follows from (4.52) that

a

" )
K 1 —
/aél)(x)v(Q)(x,a+E)dx + 1@ nt K§2)(a+€)\/ —8%5 d¢

V2rE 20
0 0 .
= /03(}2)@) oW (z) da .
0
With the expansions
v K
v @, a+e) = v@ @, a)+ AN ) K}z)(a—i—g) = K?)(a) 4+ —L 4.
da da
and under consideration of
a a €
/az(ll) v, a) dz = /0152) v, a)de / c g 3 d¢ = %6
0 0 0
we get, after taking the limit ¢ — 0, the result
i v k+1
/ (D 5 do = KMo KPP =0. (4.53)

0

We now consider configuration (2) as the known reference configuration while the
stress intensity factor for configuration (1) is unknown. Renaming the known and
unknown quantities as

K}Z), v Ky, o, KI(I) , 0351) — K, oy
equation (4.53) yields
8G 1 / ov”
Kr=- — —dz. 4.54
! k+1 Kj /Uy da " (@54
0

Here, the term [8G/(k + 1)K7]0v"/Ja is called weight function. It “weights” the
prescribed crack load o, during integration to determine the related stress intensity
factor. Formula (4.54) here is valid for a crack with one crack tip. When applied to a
crack with two crack tips the integration has to be performed along the whole crack
length and the derivative Ov"/Ja has to be taken with respect to the crack tip where
the stress intensity factor shall be determined (i.e., the other crack tip then has to
be held fixed). For a symmetrically loaded crack with K 1+ = K, formula (4.54)
reduces to an integration along the half-length of the crack.
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As an example, we will determine K for the crack in Fig. 4.15a with a crack-
face loading 0, = —0¢+/1 — 22 /a?. As the reference case, we use the crack with a
constant traction a; = —o (cf. Section 4.4.1). For the latter the expressions K} =

ma and 4Gv” = (1 + k)ova? — 22 apply. Substitution into (4.54), with the
symmetry taken into account, leads to

22 1+ &k oa 2
_ il = Zogv/ . (4.55
! /@—|—1m/7ra/ a2 4G 2—x2 71'00 ma. ( )

Y
s av
P —
0 —
b)

Fig. 4.15 Weight function method: examples

Often the situation is met that the stress intensity factor K7 for a reference load
o, is known but the reference displacement v" is unknown. In such cases it is pos-
sible to obtain an approximate solution for K7 by using a displacement approach.
In order to show this we assume for simplicity that the reference load is constant
along the crack: o, = —o = const. For the reference displacement we employ the
two-terms approach (Petroski & Achenbach, 1995)

r 1 tKO / (a—m)3/2
=54 G M )Wa(a—x)t 2+h(a>7 (4.56)
with
K} = ov/ma f(a) 4.57)

which is motivated by the crack-tip field solution. The function h(a) is determined
from the condition of self-consistency which requires Ky = K7 for o, = o, . Thus,
from (4.54) it follows that

r2_ 8G /ar%r / o, 8G /
(K1) =157 gade o (K7) da_lJrnU v dz

and finally

h(a) = / af?(a)da — 2 f(a). 4.58)
0
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As an example, we consider an edge crack with a linear crack face loading (see
Fig. 4.15b). For the reference case under constant load distribution, the stress inten-
sity factor is K7 = 1.1215 oy/7a , ie., f = 1.1215 = const (cf. Table 4.1, No.
5). Introducing (4.56) and the crack loading oy = —p(1 — /a) into (4.54) finally
gives as an approximation for the K -factor

K ~0.435 py/ma . (4.59)

The exact value is K7* = 0.439 py/7a . If only the first term of (4.56) is taken into
account (h = 0), the coarser approximation K; ~ 0.480 p+/ma is obtained.

4.4.4 Crack interaction

Often one has to deal not only with a single crack but with a certain number of
cracks, e.g., two or three, or even with a system consisting of many cracks. If the
distances between the cracks are large compared to their length, they affect each
other only a little. In a first approximation each crack then can be treated as if the
others were absent. But if the cracks are close the interaction between them can
lead, depending on the geometrical configuration, to an increase or to a reduction
of the crack-tip loading, i.e., of the K -factors. This is known as an amplification
or shielding effect. Exact solutions for such problems are possible only in specific
cases. But also numerical methods are in some sort limited. Generally, they are
practicable only if the number of the cracks is sufficiently small. One example, for
which an exact solution exists, is the row of collinear cracks in Fig. 4.11a or in Table
4.1, No 3, respectively. If the adjacent crack tips in this case approach each other
(a — b), the K-factors grow infinitely (amplification).

In what follows, we will discuss the principle of a method which goes back to
M. KACHANOV (1983) and which allows the construction of rather good approxi-
mate solutions for complex crack systems. As a preparation, we consider a crack 1
(see Fig. 4.16) the crack faces of which are loaded by a constant unit traction. The
solution of this problem is known (cf. Section 4.4.1) and we can determine the
stresses in each point or along an arbitrary line. For example, according to (4.31),
along the line 2 (z-axis) the normal stress is given by (the shear stress is zero)

Fig. 4.16 Definition of the transmission factor
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T
ay(:c) = flg(l’) = ——1. (4.60)

2 — q?

We denote its mean value in the interval (b, ¢) as the transmission factor:

17 22—V — a2
Arz = (f12) = m/flz(a:)dx _VE—a V-t e
b

c—b

It describes the average loading of line 2 due to a unit load of crack 1 and it is
determined solely by the geometrical configuration.

The explanation of Kachanov’s method is restricted here, for simplicity, to
two collinear cracks under a pure mode-I loading due to the remote tension o
(Fig. 4.17). Because we are interested only in the stress intensity factors, it is suf-
ficient to investigate the system with the crack face loadings p$® = p5° = 0¢. The
solution of this problem can formally be obtained from the superposition of two
partial problems. The first one refers to a situation where only crack 1 is loaded by
an unknown crack face traction p;(x) = p3® + p1(z). Here, p1(x) describes the
deviation of the crack 1 loading due to existence of crack 2. Along its line, the stress
o2(x) appears on account of the loading p; (z). We now replace oo approximately
by the stress (p1) f12(x) which appears as a result of a constant crack loading by the
mean value (p;). Thus, regarding the effect onto crack 2, we take into account only
the mean (average) loading of crack 1. The second partial problem is treated in the

Fig. 4.17 Kachanov’s method
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same manner. After superposition, the boundary conditions for both cracks

p1(z) — (p2) far(x) = p7°,  pa(x) — (p1) fr2(z) = p5°

lead to the representations

p1(x) = pi° + (p2) for(z) , pa2(x) = p3° + (p1) fiz(z) . (4.62)

The unknown mean values (p;) and (py) are determined from the condition that
equations (4.62) must be self-consistent, i.e., they must be applicable also for the
determination of the mean values:

(p1) = p° + (p2) (f21) (p2) = p3° + (p1) (f12) -

These self-consistency equations represent a linear system of equations for (p1),
(p2) which, using the transmission factors according to (4.61), can be written as

(p1) — A21 (p2) = p3°,

(4.63)
— A2 (p1) + (p2) = p5° .

After its solution, the crack loadings p1 () and ps(x) according to (4.62) are known
and the stress intensity factors K Ii for each crack can be determined by means of
(4.40).

If the system consists not only of two but of n cracks under a mode-I loading,
generalizing equations (4.63), the following system of equations is obtained

(6j7_/1]7) <pj> :pﬁo 5 ’L: 1,,n (464)

where A;; = 0 for ¢ = j. If the cracks experience also a mode-II loading, this must
be taken into account for the transmission factors and boundary conditions. In this
case, a configuration of n cracks leads to a system of 2n equations for n mean values
of the normal tractions and n mean values for the shear tractions, respectively.

As an example, we consider two collinear cracks of the same length as shown in
Fig. 4.18a. For this case, taking into account that A15 = A9 = A, (p1) = (p2) =
(p) (symmetry!), we obtain from (4.63)

(p) = A{p)=p>~  or @Z%%
where ( )
2(1+ &k
S ey

According to (4.62) and (4.60), the crack loading, e.g. of the right crack, is deter-
mined as

p@) ==+ o) |- (25:/1);;/11)_1
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a)

Fig. 4.18 Two interacting cracks of equal length

Substitution into (4.40) finally yields the approximate solution for the K -factors

KF = KV {1+ ﬁ m [£4€(0) T 26 (k4 1)K (a) — 7(1—5)] } (4.65)

Here, K ? = og4/ma is the K-factor for a single (undisturbed) crack and K(«) and
& () are the complete elliptic integrals of the first and the second kind, respectively,
with the argument @« = /1 — k2. Table 4.2 shows a comparison of some results

of the approximate solution with the exact values. As can be seen, the error is very
small even for the case when the distances between the cracks are quite small.

s | Kf/K) K[/KY | Kp/K) Ky /K?

(approx.) (exact) (approx.) (exact)
0.2 1.052 1.052 1.112 1.112
0.05 1.118 1.120 1.452 1.473
0.01 1.175 1.184 2.134 2.372

Table 4.2 Comparison of approximate solutions with exact values

For this specific example, we now will consider the case when the distance d =
2(kl+a) between the midpoints of the cracks is large compared to the crack lengths:
d > a. Then, from (4.60) by series expansion for x > a we obtain along the z-
axis the stress fi12 = oy ~ %(a/x)g. With z = d, this stress can be considered as
constant in the region of the crack line 2: fio = A2 = 0y & %(a /d)?. Herewith, it
follows p ~ p>°[1 + %(a/d)?], and we obtain for the K-factors

K~ K? [1 + % (%)2] . (4.66)

In this first approximation, they are equal at the left and at the right crack tip.
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In the same manner we can determine the K -factors for the generalized crack
configuration depicted in Fig. 4.18b:

a2

Kr~ K} |1+ 55

(2cos2¢ — cosdp)| ,

) (4.67)

a
K~ K?ﬁ(_ sin 2¢ + sin 4y) .

It can be recognized that the interaction of the cracks decreases rapidly with in-
creasing distance d. For collinear cracks (¢ = 0) with a distance d = 10a only a
small increase of K of 1/200 can be observed. For stacked cracks (¢ = 7/2), a
small K 7-decrease of 3/200 occurs. The reason for this phenomenon lies in the de-
cay behavior of the stresses around a crack which is loaded according to Fig. 4.16.
For 7 >> a, this decay is in the plane (2D) case of the type (a/r)?. In contrast, in
the equivalent three-dimensional case of a circular crack, the stress decay for larger
distances (r >> a) is of the type (a/r)3, i.e., disturbances decay faster than in the
2D case. Accordingly, for the same distances between the cracks, the interaction in
the three-dimensional case is weaker than in the plane problem.

When interacting cracks propagate, interesting and partly unexpected phenom-
ena may occur. One of them shall briefly be discussed. For this purpose we con-
sider a plate under uniaxial tension containing two nearly collinear straight cracks
(Fig. 4.19). Experiments show that these cracks, when propagating, in a first phase
approach each other, as expected. But as the distance becomes shorter, the crack tips
in a second phase deviate slightly and do not coalesce along the shortest path. Due
to their interaction, both crack tips run around each other in a certain distance until,
at some later instant, each of them merges with the other crack. Figure 4.19 shows
the results of a numerical simulation which provides a realistic impression of this
process.

.

Fig. 4.19 Interaction between two cracks propagating towards each other

Even though such curved crack paths can be determined only numerically, the
observed phenomenon can qualitatively be explained from the results (4.67) for the
crack configuration in Fig. 4.18b. As will be discussed in Section 4.9, the angle
at which a propagating crack is deviated from a straight path, is mainly controlled
by the K-factor. The latter changes, according to (4.67), with the angle ¢, i.e.,
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with the relative position of the crack tips and experiences a sign change. For small
angles ¢, the K jr-factor is positive which causes initially a downward deviation of
the left crack in Fig. 4.19 and an upward deviation of the right crack, i.e., the crack
tips repel each other. For larger angles ¢, the K jr-factor becomes negative and both
cracks are directed towards each other.

4.4.5 Stress intensity factors and stress concentration factors

Similar as in the vicinity of crack tips, very high stresses prevail at notches with a
sufficiently small notch radius. However, in contrast to the crack tip, the stresses at
the root of a blunt notch are always finite, or in other words, they are non-singular.
The increase of stresses at notches commonly is called stress concentration and the
stress amplification due to the notch in relation to the nominal stress is described by
a so-called stress concentration factor. A more detailed analysis shows that there
are close relationships between the stress fields near a crack tip and near a notch
root which in the following shall be briefly discussed.

As a typical example we first consider an elliptical cavity with semiaxes a and b
in an infinite domain under uniaxial tension o perpendicular to the semimajor axis
a (Fig. 4.20a). Without going into the derivation, it can be shown that the maximum
boundary stress occurs at the apexes © = £a of the ellipse and is given by

a a
s :0<1+25> —0 <1+2\/;> . (4.68)

Here, p = b?/a is the radius of curvature at the apex, see Fig. 4.20b. It can be seen
that the stress amplification increases with decreasing ratio b/a of the semiaxes or
p/a, respectively. For very narrow ellipses, i.e. b < a or p < a, (4.68) reduces to

— 20\/§ . (4.69)
p

ottt )

Fig. 4.20 Elliptic cavity under uniaxial tension
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In the limit case b — 0 or p — 0, the elliptic cavity degenerates to a crack of length
2a and the maximum stress tends to infinity.

In order to show the relationship between the crack tip field and the stress field
at a blunt notch, we now take a closer look at the direct surrounding of the apex,
see Fig. 4.21a. Here, the boundary of the ellipse coincides with that of a deep notch
of parabolic shape. If the origin of coordinates is put into the focal point of the
parabola, it can alternatively be described by

2

+32’— or 2=P1—in? —co<n<oo (4.70)
p

z="1
2

NI

where z = z 4 iy = 7 e!®. The corresponding mode I notch stress-field is obtained
by the superposition of two fields. The first one is the crack tip field of a crack tip
at the origin which is given by (4.15). This field generates boundary tractions along
the contour of the parabola which are compensated to zero by a second field with
the complex potentials

Kr
P (2)=0, (2 :pi,
(2) (2) 2221z

i.e. the boundary of the parabolic notch then is traction-free. Hence, the stress field
near the notch root is given by the sum of (4.15) and the stresses from (4.71):

4.71)

O 1 —sin % sin 3730 cos 37<'0
K ¥ 3 3
= L inLein2f V- 270 29
oy Nore cos 1 + sin 5 sin 5 oy cos (4.72)
Ty sin YZZ cos %‘Q sin %@

Consequently, the intensity of the stress field near the notch root is uniquely given by
the stress intensity factor K; of a corresponding crack. In particular, the maximum
boundary stress omax = 0 at the notch root (r = p /2, ¢ = 0) can be written as

2K
Omax = ——=L . (4.73)

NGy

a)
Fig. 4.21 a) Parabolic notch, b) V-notch
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From this generally valid relationship, the maximum stress at a deep notch of pre-
scribed notch radius can be determined for a given load from the mode I stress
intensity factor. In reverse, from

1
Ki=lim - max 4.74
1= iy 3V e

the stress intensity factor can be obtained if opax(p) is known. Analogous relation-
ships are valid in pure mode II and mode III, respectively:

1 1
K= gll)% 5\/% Omax » K = ;L}H(l] 5\/ﬁ Tmax - (4.75)

A similar relationship exists between the generalized stress intensity factor K*
for a sharp V-notch as shown in Fig. 4.5 (see also (4.20)) and the maximum bound-
ary stress opyayx at the root of a blunt V-shaped notch with a notch radius p according
to Fig. 4.21b:

K7 A—1
Omax = —= f(« . (4.76)
Nor fle)p
Here, f(c) and \ depend on the notch opening angle. For o = 7 (crack), f = 2/2
and A\ = 1/2 hold.

4.5 Fracture toughness K.

The determination of the fracture toughness K. of a material usually is performed
in standardized tests (e.g., ASTM-Standard E399-90) the details of which will not
be discussed here. In such tests different specimen types are in use. Two of them are
shown in Fig. 4.22. The test specimen must have a starter crack which is produced in
metals by loading the initially notched specimen by a suitable oscillating load. From
the measured loading at which the crack starts to propagate, the fracture toughness
can be determined by means of the relation between the stress intensity factor, the
loading and the crack length.

F

a G
"V owols TF/Q F/QT@

a) b)
Fig. 4.22 Test specimens: a) compact tension (CT), b) 3-point bending (3PB)
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Kc KIc ,
Kie1—
B T
a) b)

Fig. 4.23 a) Influence of sample thickness, b) influence of temperature

In order to extract from measurements fracture toughness values that can in fact
be regarded as geometry-independent material parameters, the samples must satisfy
the requirements of linear fracture mechanics. Accordingly, the plastic zone must
be small compared to all relevant length parameters including the size of the K-
determined region (cf. Sections 4.3 and 4.7). This is provided by the size condition

K 2
a, W —a, B> 2.5( ’”) 4.77)
Oy

where oy is the yield strength. Under these circumstances, it is ensured that pre-
dominantly a plane strain state prevails in the region close to the crack front. How a
decrease of the sample thickness affects the critical stress intensity factor is shown
in Fig. 4.23a. The essential reason for the increase of K, is the decrease of yield
constraint which is associated with the change of the stress state (cf. Section 4.7.2).

material Krc [MPay/m] Rpo,2 [MPa]
high-strength steel 25...95 1600. .. 2000
30CrNiMo8 (20°) 115 1100
30CrNiMo8 (—20°) 65

construction steel 30...125 <500

Ti alloys 40...95 800...1200
Ti6Al4V 90 900

Al alloys 20...65 200...600
AlCuMg 30 450
AlZnMgCul,5 30 500
Al>Og3 ceramics 3...9

marble 1.2...2

glass 0.6...1.3

concrete 0.15...14

PMMA 0.7...1.6

Douglas fir (TL, RL) 0.32, 0.36

Table 4.3 Fracture toughness of some materials
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The fracture toughness of a material strongly depends on a number of influence
parameters. Among them are the characteristics of the microstructure (e.g., the grain
size), the loading history, the heat treatment, or the environment (e.g., air or water).
Figure 4.23b schematically shows the significant influence of the temperature ob-
served for many materials. In Table 4.3 reference data for the fracture toughness of
some materials are given. However, reliable data for structural applications in any
case have to be measured directly at the particular material that is used.

4.6 Energy balance

4.6.1 Energy release during crack propagation

We consider an elastic body containing a crack with the boundary 0V; subjected to
external tractions and where along the boundary 0V,, displacements are prescribed
(Fig. 4.24). The external tractions are assumed to have a potential I7¢** which ap-
plies, for example, to dead loading or spring forces.

— /. vy

oV,

Fig. 4.24 Crack growth and energy release

Let us suppose that due to crack advance by an area AA (or the length Aa in the
two-dimensional case, respectively), the system passes from the initial equilibrium
state 1 in a new equilibrium state 2. This transition is imagined to be realized as fol-
lows: we assume that the body in state 1 is cut along A A and the stresses acting there
are understood as external forces. They subsequently are released quasi-statically to
zero such that state 2 is reached at the end. The work AW, done by these forces dur-
ing this process is negative (or utmost zero) since forces and displacements are op-
posite directed. Simultaneously, the external forces along 0V; accomplish the work
WSt during the transition from state 1 to state 2. It can be expressed by the dif-
ference of the potential: Wt = — AT = —(II5*" — II{*"). Thus, the energy
balance (cf. Section 1.4.1) yields

AHint _ 2int _ H{nt — Wleér:t + AWO — _ 2e:)ct + Hle:rt 4 AWJ ,
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and with IT = IT™ 4 Tt we get
Al = AW, <0. 4.78)

Therefore, the mechanical energy II of the system decreases during crack advance.
The released energy is available for the fracture process. It should be emphasized
that AW,, must not be confused with the work AW of the bonding forces dur-
ing crack propagation. The latter is done during the separation process between
the components (atoms, molecules, etc.) of the material, i.e., AW?P is a material-
specific quantity (cf. Sections 3.1.1 and 3.2.2).

We will briefly consider two special cases. If the displacements along the whole
boundary 9V are kept constant, then AIT¢** = 0 and AII'""* = AW,. In con-
trast, if the external load is a dead loading and the material is linear elastic, from
Clapeyron’s theorem (217"t + [1** = 0) the result —AIl* = AII*/2 = AW,
follows.

As an example, we will determine the energy change of the system when a crack
of the length 2a is created in an initially crack-free infinite plate under remote ten-
sion o (Fig. 4.25). Using the displacement v = (14 k)ova? — 22 /4G of the upper
crack face, first the work AW, during crack formation is calculated as (the same
work is done at the upper and lower crack faces):

a

1 1
AW, = —2/ §O"Ud$ = —0%%‘% . 4.79)

—a
From this, in case of constant loading at infinity (dead loading), we obtain
AIT = —AIT™ = AIT®® )2 = —c%a®7(1 + k) /8G . (4.80)
If, in contrast, the displacements at infinity are kept constant, we get

AIT = AIT'™ = —o2a*7(1 4 k) /8G . 4.81)

ot bt

Fig. 4.25 Energy release during crack formation
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Indeed, AIT in both cases is the same. However, AIT*™™ differs by the sign. It should
be noted here that without any restriction, the system’s potential for the initial state
(plate without a crack) can be chosen to be zero. Then, (4.80) or (4.81), respectively,
describes the potential IT of the plate with a crack. It also should be mentioned
that (4.79)—(4.81) describe the work and energy changes per unit thickness (plane
problem).

4.6.2 Energy release rate

The released energy —dII during an infinitesimally small crack advance d A, related
to dA, is called energy release rate:

dIf
g= “q4- (4.82a)

For a plane problem, dIT is related to the unit thickness and thus we define

g= _4a , (4.82b)
da
where da is an infinitesimally small crack extension. The energy release rate has the
dimension of a force (per unit thickness). Therefore it is also denoted as the crack
extension force.

In the linear elastic case, the energy release rate can be expressed in terms of
stress intensity factors. We show this for the situation of pure mode I. Again, a
crack extension of the small length Aa is thought to be generated by the quasi-static
reduction of stresses acting along the cut Aa (Fig. 4.26). Before crack extension,
there acts, according to (4.14), the normal stress o, (z) = Kj(@)/v2nx (higher
order terms can be omitted because subsequently we will let Aa — 0). According
to (4.21), the displacement of the upper and lower crack face along Aa after crack
extension is v¥(z) = + ”2"51 Kr(a+ Aa)\/(Aa — z)/27. Thus, the energy release
results as

f i

B Ki(a) [ °K;(a+Aa)
LY . L/
«a»tA(ll% -_a_AAalR

e

Fig. 4.26 Energy release rate for mode I
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Aa
1
AW, = All = —3 /ay (vF —v7)da (4.83)
0
T K@) k41 A
71(a) K+ a—x
=— K A d
Vorx 2G 1(a+Aa) 2w .
0
1
- —*@82 K1(a) Ki(a+Aa) A
Taking the limit Aa — 0, we obtain
2
G- dnm o+l 2 _ K;/E for plane stress, (454
da 8G (1—v?*)K2/E for plane strain.

In the same manner, the energy release rates for pure mode-II and pure
mode-1II loading can be determined:

_ 1
T 2G

1
g= iK%I (mode T) , g

e K?%; (modeI) . (4.85)

In case of a general crack loading, when all three modes are present, we obtain for
the energy release rate per unit length of the crack front

1

1 2 2
g: E(KI +KII)+ 2G

K%, . (4.86)
Here, E' = E/(1 — v?) for plane strain and for the three-dimensional case while
E' = F for plane stress.

In the pure mode-I case, according to (4.74), there is a unique relation between
K7 and G. This applies also for the pure mode-II and the pure mode-II case. Thus,
within the framework of linear fracture mechanics, the K -concept and the criterion

(4.87)

are equivalent for pure modes. Here, G, is a material parameter which is called crack
resistance or crack resistance force. Because of the direct relation G. = K7,/E’ it
is, like K., frequently also called fracture toughness. The condition (4.87) can
be interpreted as follows: fracture is initiated if the energy release during crack
growth is equal to the required energy. This energy criterion was proposed by A.A.
GRIFFITH (1921) in a slightly different form. We will come back to it again in Sec-
tion 4.6.4. In another perspective of (4.87) the interpretation of G as a (generalized)
force is emphasized. Accordingly, at crack initiation the crack extension force must
be equal to the crack resistance force.

As examples we will determine the energy release rates for two crack configu-
rations which are of relevance for different applications. The configuration shown
in Fig. 4.27a can be regarded as a model of two adhesively bonded or welded thin
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layers (strips) under tension F'. At sufficiently large distances from the crack tips,
for h < 2b, the stress states outside and within the bonded region do not vary with
x. A crack advance da of the left or the right crack tip leads to a length decrease of
the bonded region of exactly the same amount as the length increase of the outside
region. Presuming the load F' as a dead load and applying the relations of beam
theory (which are exact in this case), with the bending moment M = F'h/2 and the
moment of inertia [ = Bh3 /12, we obtain in a first step

, F? M2 F? 7F?
Hznt — — = .
d [(2E’(Bh)+2E’I> 2E’(2Bh)} da= T5pn

Here, B is the width of the layer in the third direction. Because of dII = —dII* =
dII*/2 and dA = B da, equation (4.82a) yields for plane strain

_ 12 2 2\ ~2
g:7(1 V) F or g:7(1 v¥)o“h

4.
4EB2%h 4F (4.88)

where 0 = F'/Bh is the mean stress in a layer. It should be mentioned that in this
case, contrary to a first impression, no pure mode-II loading occurs. Thus, the stress
intensity factors cannot be determined from G. Without going into the details of the
calculation, the K-factors are K7 ~ — Ky &~ /7/9 oV/h.

<F_2—§:h>}i:xda —}i

2 ]

a)

Fig. 4.27 Energy release rate: two examples

Figure 4.27b shows a crack in the interface (bonding plane) between a thin layer
(1) and a base material or substrate (2). We suppose that the substrate (2) experiences
a constant strain £, = &y which is imposed to the layer (1). This leads for |z| > h,
plane strain presumed, far ahead of the crack tip to the constant stress 0 = Eeq/(1—
v?) while the left-hand side of the layer is stress-free. If the crack advances by da,
the layer region with the constant stress decreases by the same amount and the state
in the substrate remains unchanged. As a consequence,

o?(1—-1v?)Bh

- 1
nt __ — _
dIirm = 20’EoBhda 5E

da .

Since no external forces are present, dII = dIT™ holds and (4.82a) in conjunction
with dA = Bda yields
(1-v2)o%h

g = 2F

(4.89)
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As in the forgoing example, no pure mode-II is present. Thus, the stress intensity
factors cannot be determined from G. It also should be noted that this configuration
frequently is used to model the delamination of a thin layer (film) from a substrate.
Cracks in the interface between two different materials will more thoroughly be
considered in Section 4.11.

4.6.3 Compliance, energy release rate, and K-factors

In the linear elastic case, the energy release rate is related to the compliance of a
body or its overall stiffness, respectively. We will show this for the example of a
plane mode-I problem of a body which is loaded by a prescribed force F' (dead
load) (Fig. 4.28a). With I1¢** = —Fup and II"" = Fug/2, the total potential in
this case is

) 1
H: Hz71,t+Hezt — _iFuF .
Between the displacement ur and the load F', the linear relationship
Up = CF

holds where C'is the compliance (i.e., the inverse stiffness) of the body. If the crack
advances, C' and up change (Fig. 4.28b): C' = C(a), ur = up(a). Therefore, the

potential can be written as II = —F2C(a)/2 and the energy release rate takes the
form )
drr F° dC
— - = 4.90
g Bda 2B da ( )

where B is the thickness of the body. It can be shown that this result is independent
of the loading type. For instance, it applies also if the force acts to the body via a
spring or if instead of the force the displacement u ¢ is held constant.

uFI ? r F
o as ~ a+da
— 1
! -dI1
K o
a) b)

Fig. 4.28 Change of compliance on account of crack advance

In pure mode-I, from (4.90) in conjunction with (4.84) we obtain for the stress
intensity factor
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2
K12 = E E
2B da
where £/ = E in plane stress and £/ = E//(1—v?) in plane strain. This relation, for
example, can be used to determine stress intensity factors experimentally. For this
purpose, the compliances of a body are determined for crack lengths which differ
by a small amount Aa.

(4.91)

Fig. 4.29 DCB specimen

The relation (4.90) can also be used for the derivation of approximate analytical
solutions for K -factors in certain cases. As an example of such a formula we con-
sider a DCB specimen (double cantilever beam specimen) which is used in fracture
experiments (Fig. 4.29). If both arms are considered as cantilever beams of length
a, from beam theory (without taking shear into account) we get up = 2Fa3/3EI.
With I = Bh3 /12 this leads to the compliance C' = ur/F = 8a®/EBh3. Inserting
this into (4.91) and assuming plane stress yields

Fa

K1:2x/§Bh3/2.

(4.92)

4.6.4 Energy balance, Griffith’s fracture criterion

A fracture event in a body is accompanied by irreversible processes of bond-
breaking. It is appropriate to represent all energies which are exclusively associated
with the fracture process by a separate term in the energy balance (1.90). Among
these are the surface energy, the energy needed for the large microplastic defor-
mations in the process zone, and possible chemical and electromagnetic energies
(cf. Chapter 3). Without specifying them in detail, they are summarized as the frac-
ture energy I'. The energy balance then can be written in the general form

E+K+T'=P+Q. (4.93)

It must be satisfied at initiation and during the fracture process. Due to the irre-
versibility of the process, I" > 0 holds.
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The fracture process takes place in the process zone whose volume in many
cases can be considered as negligibly small compared to the volume of the body
(Fig. 4.30). It is then obvious to split the energy balance (4.93) into one part for the
process zone and another part for the rest of the body:

process zone: I'=—pP*,
) ) (4.94)
body: EFE+K=P+Q+ P*.

Here, — P* describes the energy transport into the process zone. If we restrict our-
selves to solely mechanical energy terms, it is given by

P = / ti; dA (4.95)
Ap
dA D
L e
')
= \ e

Fig. 4.30 Fracture process and energy balance

A fracture process is associated with the creation of a new surface. Between
two adjacent states 1 and 2 at times ¢ and ¢ + d¢, the material is separated along
the fracture surface dA. During this time, the process zone moves and all material
points of dA pass through an “unloading history” from state 1 to the state 2 where
the bonding forces are fully released (¢; =0). The work done by the bonding forces
(i.e., the energy flow into the process zone) can be expressed by

(2)
dw, = P*dt = / [ / t; du;] dA . (4.96)

dA£ (1)

Here, dAT indicates that the work of the bonding forces on both opposite surfaces
has to be taken into account. Simultaneously, during creation of dA, the fracture
energy is changed by an amount dI" which is proportional to dA: dI" « dA. If
dI" is thought to be distributed in state 2 (after full separation) as fracture surface
energy along the surface d A%, it can be written as (cf. Section 3.2.2)

dIr =TI'dt =2~dA. (4.97)
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The specific fracture surface energy v is often considered to be constant. But in
general, it can also be a function of the fracture history, i.e., for example, a function
of the crack extension Aa: v = y(Aa).

Again, the different physical meaning of I" and P* shall be emphasized. During
the motion of the process zone by dA (i.e., crack extension), the energy dI" on
account of the creation of new fracture surfaces is transformed into energy terms
like heat and surface energy. This takes place within the process zone. In contrast,
P* describes the energy flux into the process zone or, in other words, the effect of
the surrounding continuum onto the process zone.

We now come back to the special case of an elastic body where a “slow”, quasi-
static fracture process is taking place. Here, we identify the process zone with the
plastic zone, i.e., with the entire small area around the crack tip where inelastic pro-
cesses occur. Accordingly, I now contains the energy needed both for the separation
process and for the inelastic deformation process in the plastic zone. The kinetic en-
ergy K and the non-mechanical energy transport ) do not play a role. The internal
energy E can be replaced by the strain energy I1°"*. Additionally, it is presumed
that the external forces have a potential I7¢*t. With IT™tdt = dII"™, ['dt = dI’
and Pdt = —dII¢*t, the energy balance (4.93) reads

il dl

ATt Al +dl=0]  or o+ =0). (4.98)

Thus, during the fracture process, the change of the sum of the potential I7 of exter-
nal and internal forces and of the fracture energy I is zero. If, according to (4.82a),
the energy release rate is introduced, equation (4.98) with (4.97) and the notation
G. = 2+ attains the form of (4.87), i.e.

. (4.99)

In other words, at initiation and during the subsequent progression of quasi-static
crack advance, the released energy must be equal to the energy needed for the frac-
ture process. The energy relation (4.98) was first applied as a fracture condition
by A.A. GRIFFITH, why it is called Griffith’s fracture criterion. However, Griffith
regarded I" not as the fracture surface energy (incorporating all inelastic terms asso-
ciated with fracture) but as the pure surface energy. Formally, he treated the fracture
process as reversible. Furthermore, he applied the energy balance (4.98) only to
initiation of crack growth and not to its subsequent evolution.

In Section 4.6.2 it has been already mentioned that the K -concept and the energy
criterion are fully equivalent in linear fracture mechanics. However, in most appli-
cations, the K -concept is preferred. An essential reason for that is its simpler appli-
cability. For instance, K -factors are available in handbooks for many geometrical
configurations and loading cases. Another reason is the transferability of the funda-
mental idea of dominant, singular crack-tip fields to nonlinear fracture mechanics,
i.e., to inelastic, nonlinear material behavior. Nevertheless, there are a number of
cases in linear fracture mechanics in which the energy criterion is preferred. One
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example are interface cracks as they appear frequently in composite materials or
laminates (cf. Section 4.12).

For an illustration of Griffith’s fracture criterion (4.98), again a straight crack
in an infinite plate under remote uniaxial tension o is considered, see Fig. 4.31a.
According to (4.80) and (4.97) the energy terms per unit thickness are

1+k
8G

where + is assumed to be constant (Fig. 4.31b). Introducing them into (4.98) yields
the fracture condition

AT+ T 1
% —0  ~  4y=20’ma % . (4.100)

II = —c%d®r I' = 4avy

If the actual crack length is prescribed, it determines the critical stress needed for

the fracture process:
1
oo = | —8GY (4.101a)
m(l+ k)a

Contrary, if the stress o is given, from (4.100) the critical crack length a, at which
the crack starts to grow can be obtained (Fig. 4.31b):

S (4.101b)
(1 + k)o?

It is self-evident that identical results are obtained by using the K -concept.

I .
- "
———— ,’// I+r
20—} Tl G a
‘ o ]]\\
a) b)

Fig. 4.31 Griffith’s fracture criterion

In another example, we will address the question under which circumstances a
so-called channel crack is formed in a thin layer (film) (1) of thickness h which
is bonded on a substrate (2), see Fig. 4.32. We suppose that before failure, the un-
cracked layer is loaded by a constant tension ¢ and that the bond between layer and
substrate remains intact during crack formation. In a good approximation, the layer
then can be treated as a shear-compliant beam in plane strain whose axis remains
straight. Without going into details of the derivation, the change of strain energy or
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total potential, respectively, as well as the fracture energy during complete forma-
tion of the channel crack are determined as
V2 02 h? (1 —1v?)
N~ — ———= I'=2vh=G.h. 4.102
6 i ; Yh=G ( )
Then, if stress and fracture toughness are known, Griffith’s energy criterion (4.98)
leads to the critical layer thickness

Gg.&
he ~ 4V/2 T (4.103)

Thus, if channeling of a thin layer under tension shall be prevented (i.e., dII +dI" <
0), its thickness h must be below the critical value h.: h < h.. In this context it

should be noted that tensile stresses due to the fabrication process or as a result of
thermal effects in many cases cannot be avoided.

a g ag g
=i |- T \ -
@) * @)
=

Fig. 4.32 Channeling in a thin layer

As a final example of an application of the energy criterion, the so-called Peel-
Test is investigated. This test is frequently used to experimentally evaluate adhesive
bonds or to determine the specific fracture surface energy of a thin film (layer) on a
substrate. For this purpose, an elastic film of thickness h and width B (cross section
A = Bh) is considered which is peeled-off from a rigid substrate, see Fig. 4.33a.
We assume that the separation process takes place under steady state conditions, i.e.
the force F' (dead load) and the peel angle  are constant.

When the film is peeled-off by a distance Aa, the point of application of F' is
displaced in the direction of the force by Au = Aa(1—cosp+¢). Here,e = F/EA
is the constant strain in the already debonded part of the film. Hence, the work done
by F, i.e. the change of the external potential, is given by AW = —AIl* = F Au,
while the change of stored elastic energy (internal potential) is AU = AIl* =
F?/(2E A) Aa. With the fracture surface energy AI' = B Aa, the energy balance
(cf. (4.98))

AU — AW + AI'=0

yields

F2

F

FA
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Fig. 4.33 Peel Test

This equation can be resolved for «y to determine the fracture surface energy. Vice
versa, F' is obtained as

_ 2V (1~ cos0)? — (1 — cos
F=FEA (\/Eh + (1 —cosy)? — (1 coacp)) . (4.105)

In the special case of an infinitely stiff film (F — c0), (4.104) leads to F' =
vB/(1 — cos ). Fig. 4.33b shows in dimensionless form the peel force F'/ B~y as a
function of the peel angle  for different values of dimensionless parameter hE'/~.
Accordingly, the necessary force increases with the film stiffness £'A and decreases
with angle ¢.

It should be mentioned that there exists a different interpretation of the energy
criterion which is based upon the generalized force concept. Here, G is understood as
a force which acts to drive the crack (= crack extension force). Crack propagation is
counteracted by the material resistance G, (= crack resistance force). A quasi-static
crack growth can only take place if the “equilibrium condition” (4.99) is fulfilled.
The latter can also be reformulated in terms of the (generalized) principle of vir-
tual displacements. For this purpose, a virtual (i.e., only thought and infinitesimal)
crack advance 0A is considered. Then the crack extension force does the virtual
work G dA = —dII and the crack resistance force the work G.0A = 2v6A = 01,
respectively. Thus equation (4.99) leads to

S(IT+T)=0. (4.106)

Finally, a simple model (analogy) of crack propagation shall be discussed. It
consists of Coulomb’s dry friction of a body on a rough support (Fig. 4.34) where
movement of the body is identified with crack propagation. The body remains at
rest as long as the acting driving force is less than the limiting adhesive force (= no

F
roug{l FAMAN——

Fig. 4.34 Coulomb’s friction as a model of crack propagation



106 4 Linear fracture mechanics

crack propagation for G < G..). If the driving force is equal to the limiting adhesive
or frictional force, respectively, movement is initiated and further movement under
equilibrium conditions takes place (= crack initiation and propagation for G = G..).

The energy balance (4.93) is also valid when large inelastic regions are present.
In this case, however, the entire plastic region cannot be regarded as the process
zone. It is then necessary to separate clearly the energy needed for the fracture pro-
cess (f) and that consumed by inelastic deformations outside the process zone. This
can be done, for example, within the framework of a cohesive zone model (see Sec-
tion 5.3). In such a model, the volume of the process zone is neglected and the latter
is regarded as a "process surface” Ap. Outside of the process zone A p, the material
behaves inelastic (e.g., elastic-plastic). The fracture process (separation) takes place
along the surface A p where a material-specific separation law governs the cohesive
stresses. According to this separation law, the cohesive stresses accomplish a certain
fracture work.

4.6.5 J—integral

With the K -factors and the energy release rate G, we have already introduced pa-
rameters which can be used to describe the fracture behavior. Another very useful
quantity is the J-integral. Although this parameter in linear fracture mechanics is
equivalent to K or G, respectively, it is of outstanding importance. One reason for
this is that J in contrast to K and G, can be applied also to inelastic materials
(cf. Chapter 5, elastic-plastic fracture mechanics).

4.6.5.1 Conservation integrals of J type

We consider a homogeneous, elastic body with strain energy density U(e;;) and
suppose that no volume forces act onto the body (f; = 0). The material can be
arbitrarily nonlinear and anisotropic. For simplicity, we further assume small defor-
mations (infinitesimal strains). Then, the J-integral vector is defined as

Jk = /bkj n; dA = /(U 5jk — Oij ui’k) n; dA (4107)
ov oV

where OV is a closed surface with the outward unit normal vector n; (Fig. 4.35a).
The quantity
bkj = U5jk — 045 Uik (4.108)

is called configurational stress tensor or ESHELBY'S stress tensor, sometimes also
energy-momentum tensor of elastostatics. It has the remarkable property that its
divergence vanishes under the presumed circumstances. This can be shown by dif-
ferentiating it with respect to x; and incorporating (1.46), (1.19), (1.25):
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Fig. 4.35 J-Integral
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Ojk = Tijj Wik — Tij Wikj

brjj = 75—
Oemn  Ox; (4.109)

= Omn Um,nk — Oij Ui kj = 0.
Hence, according to the divergence theorem
Jp=0 (4.110)

for an arbitrary closed surface OV containing a defect-free material without singu-
larities or discontinuities of by;. If the material is inhomogeneous or if V' contains
discontinuities or singularities as, for example, a crack or point defect, then Ji in
general is not zero. Equation (4.110) can be regarded as a special conservation law
of elastostatics which advantageously can be applied in various situations.

If we apply (4.110), as an example of elementary strength of materials, to a beam
which is solely loaded at its supports A and B by bending moments M and shear
forces V', we obtain

M2 M?Z
—ﬁ+ﬁ+VAw'A+Vng:O
Here, E1 is the bending stiffness and w’ is the derivative of the beam deflection.
There exist two further surface integrals with similar properties as J:

Ly = / Eklm(xl bm]‘ =+ uy Umj) n; dA

v ! (4.111)
M—/[bijxi+§aij(2a)ui njdA.
oV

Here, Ly, is a vector and M is a scalar quantity, ey, is the permutation tensor and
o = 3 in the three-dimensional and o = 2 in the two-dimensional case. Analogous
to (4.110), the divergence theorem yields

Ly =0 4.112)
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for an arbitrary closed surface 9V including a defect-free, isotropic, homogeneous
material. It can be shown that J;, = 0 and Ly, = 0 apply also for finite deformations.
Contrary, the conservation law

M=0 (4.113)

is valid only in the special case of a linear elastic material and infinitesimal strains.

For plane problems, the field quantities depend only on x; and x2. In this
case, the surface integrals degenerate to contour integrals along a closed curve C'
(Fig. 4.35b). The J-integral vector is then given by

Jo = /(U dap — 0ig Ui ) ng de (4.114)
C

where Greek subscripts attain the values 1, 2.

4.6.5.2 Generalized forces

We will now discuss the mechanical meaning of the J-integral (4.107) when a dis-
continuity surface Ap is embedded within V' (Fig. 4.36a). Such a discontinuity is
present if by; or one of the terms U, o;;, or u; i, respectively, experiences a jump
across the surface Ap. That is the case when, for instance, Ap is the boundary of
an elastic body which is loaded by the boundary tractions t; = oy;n;, i.e., there
is no material on the left-hand side of Ap in Fig. 4.36a. We now assume that the
boundary Ap is shifted by a constant increment ds;, (translation of Ap) while the
external load ¢; remains unchanged. Such a displacement can be visualized by ma-
terial being “taken away” or “added”. On account of dsy, the total energy of the
system changes by dI1. The latter consists of the strain energy

A7t = / U ds n, dA
Ap

stored in the layer of thickness dsxnjg and of the difference of the potentials of
external forces

Ap

Qi

N4 S A4

ov

a)
Fig. 4.36 Generalized forces
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dHezt:—/tiui(xk—Fdsk)dA—F/tiui(a:k)dA:—/aij u; ) dsknj dA
Ap Ap Ap

where u;(z + dsg) = w;(zg) + ui k dsy (Fig. 4.36b). Thus, we obtain

(HI:det+dH“t=da:/aj@k—ommkhydA.

Ap

According to (4.110), the corresponding integral over the closed surface A; + Ap
is equal to zero: fAl et fAD ... = 0. Consequently, since 0V = A; + As with
/ 4, - -- = 0, the energy change can be written as

dIl = —dSk /(U(Sjk —aijui,k)njdA = —dSk /(U(Sjk —a,;ju,;,k)njdA (4.115)
Ay ov

dIl = —Jkdsk . (4.116)

The result (4.116) applies not only for this specific example but it can be gen-
eralized to arbitrary discontinuity surfaces (surface defects) and singularities such
as dislocations (line defects) and point defects (Fig. 4.35¢). In other words, the en-
ergy change of an elastic system due to a translation of a discontinuity or singularity
(surface, line, or point defect) can be described by means of the “path-independent”
integral J; where the integration domain (surface V') must contain the defect but
otherwise is arbitrary. In this energetic sense, .J;, can be interpreted as a force acting
on the defect. It is referred to as a generalized force, material force, or as configura-
tional force.

Analogous to Jj, the path-independent integral Lj, can be interpreted as a gener-
alized moment or configurational moment acting on the defect. It leads to the energy
change of the system when the defect experiences a rotation. Finally, the M -integral
characterizes the system’s energy change due to a self-similar growth of the defect
(e.g., the radial increase of a spherical cavity).

As a simple example, we consider a bi-material bar of constant cross section
A under tension (see Fig. 4.37) with Young’s modulus undergoing a jump at the
interface Ap. The configurational force acting at Ap can be determined by using
the dashed integration contour. With the strain energy density U = o2 /2F, the force
N = 0 A and Hooke’s law u1 ; = o/E we obtain

N? N?
Jl = (m — O'AU;l,l)@— (m — UAULl)@

_ANtT1 1 4.117)
24 | By Bl

or

Jo=J3=0
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Fig. 4.37 Bi-material bar under tension

where only surfaces perpendicular to x; provide a nonzero contribution. Thus, when
the interface Ap is shifted by ds, the system undergoes the energy change

N2T1 1
dll = —-Jids= — | = — = | ds. 4.118

16 2A[E2 EJS (4-118)
This example can be regarded as a simplified model of a phase transformation in a
single crystal. In this case, the interface between two phases (phase boundary) with
different elastic properties is displaced.

4.6.5.3 J-integral as a crack-tip loading parameter

In what follows, we apply the J-integral vector to the plane problem of a crack with
traction-free crack faces (Fig. 4.38a). For this purpose we choose an arbitrary open
contour C' which starts and ends at the opposite crack faces and encloses the crack
tip. Then, according to (4.115) and (4.116), J; and Jo, respectively, characterize the
energy change (energy release) of the system when the crack faces (= discontinuity
line) enclosed by the contour together with the crack tip (= singularity) are shifted in
x1- and zs-direction, respectively. While a displacement in x5-direction is only vir-
tually realizable, a displacement da in x;-direction corresponds to a kinematically
possible crack advance. The respective contour integral

J = Jl = /(Uém - 0'7;[3 ’U/Z"l)nﬁ dC = /(Udy — ti um dC) (4119)
C C

is denoted as J-integral where the subscript 1 usually is omitted.

G

9]
Fig. 4.38 J-integral

In its energetic interpretation, J corresponds the energy release rate during crack
growth in an elastic body:
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J:gz—g. (4.120)
da

Due to this relation, JJ can be applied as a fracture parameter. A fracture criterion

4.121)

is fully equivalent to the energy criterion (4.99). In case of a linear elastic material,
(4.120) with (4.86) yields

1

Tels (4.122)

1
J = 4 (Kf + Kip) +
where E' = E/(1—v?) for plane strain and E’ = E for plane stress. Hence, (4.121)
is equivalent also to the K -concept provided that a pure mode-I or a pure mode-II
or a pure mode-IIl prevails.

The relevance of J as a fracture parameter can be substantiated without utiliz-
ing the energy interpretation. For this purpose, we choose two different contours
C1 and Cj for the determination of J, see Fig. 4.38b. Then, according to (4.110),
for the closed contour C; + CT + Cs + C~, taking the contour directions into

account, [, ...+ [y o= Jo, -+ [o- ... =0 holds. The integrals [, ...and
/. c— - - - vanish under the made assumptions (straight traction-free crack faces) since
JUdy = 0andt; = 0.1t finally remains [, ... = [, .... Thus, the J-integral is

path independent. It is a characteristic parameter for the state in the vicinity of the
crack tip, no matter whether the contour runs through this area or not. It applies in
the linear as well as in the nonlinear elastic case.

The path independence of J can advantageously be utilized for the calculation
of the crack-tip loading for specific configurations. For instance, it is advisable to
choose for numerical calculations with finite elements or boundary elements inte-
gration paths sufficiently far away from the crack tip. A cumbersome and precise
computation of the field in the crack-tip region then is not necessary. In this manner,
the numerical determination of K -factors in many cases is accomplished by use of
the relation )

J =0 ==K} (4.123)

via the calculation of the J-integral.

The path independence of the J-integral is ensured only under the mentioned
circumstances. If the crack faces are loaded or the crack is curved, J is in general
path dependent. Incidentally, this applies to Js already for the traction-free straight
crack. A “path independent” crack-tip parameter, which characterizes the crack-tip
state, is obtained under such circumstances only when the contour is shrunk directly
to the crack tip (Fig. 4.38c):

J=J, = lim /(Udy — tiu; zde) . (4.124)
p—0 ’
C
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Then, equation (4.122) in the linear elastic case still is valid as before. This can be
proofed by choosing a circle as the contour in (4.124) and introducing the crack-tip
field solution according to Section 4.2.1. In the same manner, the y-component of
the generalized force at the crack tip can be determined:

Jo = —%K;KU . (4.125)

The J-integral can also be applied to three-dimensional problems where the
crack loading varies along the crack front. As an example, we consider the case
of a plane crack with a straight crack front as shown in Fig. 4.39. The general-
ized force component in x-direction, acting on an element Al of the crack front,
is determined appropriately by integrating (4.107) over the whole surface (includ-
ing the lateral surfaces) of the disc-shaped body, generated by the contour C in the
x1, x2-plane. In the limit case Al — 0, the integrals over the opposite lateral sur-
faces cancel each other and only the contour integral (4.119) remains. However, it
is now dependent on the position along the crack front: J = J(x3). With the same
arguments as in the plane case, the path independence of .J also can be shown here.

Fig. 4.39 J for three-dimensional crack problem

A necessary prerequisite for the applicability of the J-integral as a crack-tip pa-
rameter is an open contour which encloses solely the corresponding crack tip. Con-
trary, if a closed contour around the whole crack is chosen, then Jj, according to
Section 4.6.5.2, describes the energy change of the system on account of a trans-
lation of the entire crack. Analogous statements apply to L and M for a rotation
and a self-similar crack growth, respectively. Such crack “movements”, apart from
some exceptions, are kinematically impossible. Therefore these integrals are of mi-
nor importance in fracture mechanics.
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4.7 Small-scale yielding

4.7.1 Plastic zone size, Irwin’s crack length correction

In linear elastic fracture mechanics it is assumed that the plastic zone is small com-
pared to the K-dominated region (see Section 4.3). This condition is known as
small-scale yielding. Here, the plastic zone covers the whole region where the ma-
terial response deviates from a linear elastic behavior. The determination of the size
and shape of this zone in case of a “nonlinear” material is, in general, not an easy
task. Therefore, in a first step, we will provide only an estimate on the basis of the
elastic crack-tip field solution for mode-I with the material behavior in the plastic
zone assumed to be perfectly plastic.

A simple approximation for the extension of the plastic zone ahead of a crack tip
goes back to G. IRWIN. It can be obtained by replacing the elastic stress distribution
ahead of the crack by the elastic-plastic stress distribution, as depicted in Fig. 4.40a.
The latter is assumed to be constant within the plastic zone. In the elastic domain,
the stress is represented by the elastic crack-tip field solution which is shifted to the
right. We now require that Tresca’s yield condition 01 — 03 = o, is fulfilled at the
boundary between the elastic and plastic domain. With o1y = ¢, = K;/v/27x and
o3 = 2 v oy for plane strain and o3 = 0 for plane stress, respectively, this conditions
yields
1 —2v (plane strain)

1 (plane stress)

1 (K \?
1= — | — .
2 \ao,
The distance z2 can be found from the condition that the forces resulting from the

purely elastic stress distribution and from the elastic-plastic stress distribution must
be equal:

oy = a0, , 1/a{

and after substitution

Ty T fff
i
K
Q0o L —
—] 20 —»
1 \
fL"z T ‘ g
el
a) 27“,, b)

Fig. 4.40 Estimation of plastic zone size
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oo

K;
\2mx
0

dz = aoy, (z1 + 22

) K
) / V21 (z — xz2) de

z1+T2

From this condition it follows that x5 = z. Thus, the length 21, = 21 + 2 of the
plastic zone is given by

1 K 2 .
— | — (plane strain) ,
3

O—Y
o, = \ (4.126)
1 /K
— (—1) (plane stress)
T \ Oy

Here, for plane strain the value o = V3, i.e., v = 0.21 has been chosen. According
to (4.126), for the same crack loading (i.e., same K1) the plastic zone in plane strain
is significantly smaller than in plane stress. This is confirmed also experimentally.

Equation (4.126) provides the opportunity to rewrite the size condition (4.77),
which must be fulfilled for the determination of a valid fracture toughness K., in a
different form. Assuming a plane strain state, we obtain for the critical case at crack
initiation (K; = K.) by substituting (4.126):

Tpe < 0.02 {a, W—a, B} . (4.127)

This relation provides an impression of the admissible size of the plastic zone within
the framework of linear fracture mechanics. Thereby, the right-hand side can be
extended by possibly appearing further geometric parameters.

The length x5 = 7, characterizes the translation of the elastic crack-tip field
due to plastic deformation. Exactly the same crack-tip field occurs in the purely
elastic case if the crack is fictitiously extended by r;,. Having this in mind, G. IRWIN
suggested to account for yielding in the fracture criterion by using an effective crack
length which is corrected by 7

Qeff = a +Tp . (4.128)

This approach is called Irwin’s crack length correction. For example, when (4.128)
is applied to the crack shown in Fig. 4.40b, we obtain with K; = o0/7a and (4.126)

for a plane stress state
1 2
14 = (i) ] . (4.129)
2 \o,

1 (Kr\?
Qeff = a4+ — | — =a
2 \ o,
Introducing this result into the K -criterion, the critical stress follows as

_ KIC _ KIC
VTaet  /mla+ (1/27) (K)o, )?]

Oc

(4.130)
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4.7.2 Qualitative remarks on the plastic zone

Precise statements on the shape of the plastic zone as well as on the stresses and de-
formations appearing in it can be made only after the solution of the corresponding
elastic-plastic boundary value problem. Such a solution, even for simple material
models (e.g., elastic - perfectly plastic) and plane strain (or plane stress) problems,
is possible only by using numerical methods.

A rough impression of the shape of the plastic zone can be obtained when the
boundary of this zone is identified with the contour along which the stresses of
the elastic crack-tip field just fulfill the yield condition. In this manner, taking for
instance the von Mises yield condition (1.77b)

(01 — 02)* + (09 — 03)* + (03 — 01)? = 6k* = 20% |

and the principal stresses (4.23), (4.24) for mode I, the contour is determined as

K2 Lo [3 sin? % + (1 —=2v)?] plane strain
rp(ip) = 55 cos 4.131)
oy [3sin® & + 1] plane stress .

For comparison, the contours resulting from von Mises’ and from Tresca’s yield
condition are displayed in Fig. 4.41a where Poisson’s ratio » = 1/4 has been chosen
for plane strain. Both hypotheses show a distinct difference in size between plane
strain and plane stress.

plane stress <=

_,-" e 5 Tresca

plane strain

{_v.Mises

a) e

Fig. 4.41 Plastic zone

The result (4.131) forms the basis of the dog bone model for the shape of the
plastic zone in “thick” plates (B >> r},) which is depicted in Fig. 4.41b. Here, it is
assumed that in the surrounding of the crack front, approximately a plane strain state
dominates in the interior (¢33 ~ 0), whereas the state at the surface approaches the
plane stress state (o3; ~ 0). But three-dimensional numerical investigations show
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that the size of the plastic zone at the surface generally is overestimated by this
model.

In plane strain, according to (4.25), the maximum shear stresses occur predomi-
nantly in cross sections with the normal vector perpendicular to 3. This suggests a
slip mechanism for plastic deformation as shown in Fig. 4.42a. Corresponding slip
processes lead to a blunting of an originally sharp crack tip and as a consequence
to a “crack opening”. Contrary to plane strain, Tmax in plane stress occurs in cross
sections under 45° to the x;, x2-plane. Accordingly, the slip mechanism as shown
in Fig. 4.42b will take place in “thin” plates (r, > B). This mechanism restricts
the extension of the plastic zone in zs-direction to the size of the plate thickness
and promotes its strip-like evolution in z;-direction (Fig. 4.42¢). This mechanism
is also responsible for the necking ahead of the crack tip which can be observed in
this case.

f

-
[y

e

b) 9]

Fig. 4.42 Slip mechanism: a) plane strain, b) and c) plane stress

As has been discussed in Section 4.6, the fracture toughness K. is directly con-
nected with the energy needed for the fracture process: K7, ~ G.. The latter in-
cludes the entire energy needed for the deformation process within the plastic zone.
Herewith, the dependency of the fracture toughness on the thickness B, as shown
in Fig. 4.23a, qualitatively can be explained. For B > r,, (thick samples), approxi-
mately plane strain dominates along the crack front which allows only a constrained
plastic deformation. This corresponds to a low energy dissipation and consequently
to a low K7.. In contrast, for B < 7, (thin samples), plane stress dominates with
a larger plastic zone and lower deformation constraint. As a consequence, a higher
plastic energy dissipation and therefore also a higher K.-value occurs.

4.8 Stable crack growth

We consider a straight crack under pure mode-I conditions. At crack initiation and
subsequent crack growth the fracture criterion must be fulfilled which, according to
(4.99), may be expressed as G = G... The crack resistance G, is rarely constant, but
in most cases, as shown in Fig. 4.43a, a monotonously increasing function of the
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crack advance Aa = a — ag:
G = R(Aa) . (4.132)

The function R(Aa) is known as the crack-resistance curve or the so-called R-
curve. For instance, the crack resistance of a metal, starting from the initiation value
G at initial crack length ag, may increase up to a multiple of G.; during crack
growth of one or two millimeters. One of the reasons for this is the “motion” of
the plastic zone in the course of crack advance. During this process, the material
particles experience quite complex stress histories (loading, unloading) and the size
and shape of the plastic zone change. A detailed description of this process can be
omitted when determining the R(Aa)-curve from experiments. The R-curve then
is regarded as a material-specific function which uniquely characterizes quasi-static
crack growth.

Ge
R(Aa)
gci T
Aa 210 21* a
a) b) ——

Fig. 4.43 Stable crack growth

Due to the rise of R, it is possible to increase the crack load beyond its initiation
value. As a consequence, the crack growth is determined through the equilibrium
condition

G(F,a) = R(Aa) (4.133)

between crack extension force and crack resistance force (Fig. 4.43b). Here, the
parameter F' denotes the dependence of the crack extension force on the external
load. The equilibrium state is stable under fixed loading condition, provided that the
crack resistance increases more rapidly with increasing crack length than the crack
extension force:

g dR

— <=

Oa da
Under these circumstances, the external load must be increased to drive the crack
forward. This is indicated in Fig. 4.43b by the family of G-curves for different ex-

ternal loads (F; < Fy < ...). The limit of stable crack growth is reached when the
critical condition
0g

da

(4.134)

F=const

_dR

=5 (4.135)

F=const
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is met. When the load is further increased, the equilibrium condition (4.133) is no
longer fulfilled and the crack starts to propagate dynamically. The critical load F.
and the corresponding value G* depend on the crack geometry and the loading type
as well as on the R-curve.

The statements made above, can also be derived in a more formal manner. For this
purpose we assume that the system’s “total energy” I7* consist of the total potential
IT and the fracture surface energy I', i.e., IT*(a) = II(a)+ I'(a) (cf. Section 4.6.4).
The equilibrium state of the system is characterized by the condition dI7*/da = 0.
With G = —dIl/da and R = dI'/da this corresponds to equation (4.133). Informa-
tion about the stability is provided by the second derivative. The equilibrium state
of the system is stable for d2IT* /da® > 0 while at d*IT* /da? = 0 the transition to
instability occurs. These are exactly the statements (4.134) and (4.135).

Stable crack growth can not only be investigated on the basis of the energy con-
cept. Because of the equivalence of K, G, and J in linear fracture mechanics, it can
be done on the basis of any of these parameters.

In what follows, we will determine dG/da for the body depicted in Fig. 4.44
which contains a crack and is loaded via a spring by a given displacement ur.
With the compliances C'(a) and Cr of the body and spring, the following relations
between the acting force and the displacements hold:

ug C
F=—- =CF = . 4.136
Cla)+Cp up Cior Up ( )
Therefore, the potential is
IT =~ Fup + S F( oLl
TP TP TR TS Cla) + OF
and by differentiation we obtain
dir - u% c’
= =—_" —— 4.137
R N (GEYAER (4.1372)
F
’u,Fi
/CF'
u r
rl s
—
l— q —
C(a)

Fig. 4.44 Stability of crack growth
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dg _ _d2H B ﬁ C"(C + Cp) — 20" B F_2 " _ 2072
da  da2 = 2 (C+Cr)? T2 C+Cp

where C’ = dC'/da. Thus, not solely the properties of the body but also the type of
the loading (C'r) enter the quantity dG /da which essentially determines the stability
of crack growth.

From (4.137b), we can derive results for the special cases Cr = 0 and Cp — co.
According to (4.136), the former corresponds to a loading by a displacement u g
prescribed in point P while the latter is related to a load which is independent of
C(a) (i.e., dead loading). We obtain

} . (4.137b)

2 012

'’ — for Cp =0
dg F2 F )

c” for Cr — o0 .

Thus, for an increasing dead load of the body in point P (i.e., C'r — 00), the insta-
bility point is always reached earlier than for a loading by a prescribed displacement
(i.e., Cr = 0).

As an example, the DCB specimen shown in Fig. 4.29 shall be considered. In-
troducing the compliance C(a) = 8a®/EBh3 (cf. Section 4.6.3), from (4.138) we

obtain
48F2q

— = L for Cp =0
g EBK O T
< (4.139)
@ LA
B or Cp — 0.

Hence, for loading by prescribed displacements (Cr = 0), crack growth is always
stable.

4.9 Mixed-mode loading

Until now, essentially fracture criteria and crack problems for pure mode-I loading
have been considered. In such a case, we could assume that crack advance occurs
in tangential direction at the crack tip, i.e., a straight crack propagates in its longi-
tudinal direction. Now we want to discuss fracture criteria for mixed-mode loading
where mode-I and mode-II are superimposed while mode II should not be present.
Under such circumstances the critical state (onset of crack growth) is determined by
the influence of both modes and crack propagation starts under a certain angle to the
tangent at the crack tip (Fig. 4.45). For brittle materials, in most cases a propagation
direction is observed where the new crack faces open as under pure mode-I loading.

If mode-I and mode-II prevail, the state at the crack tip can, within the scope
of linear fracture mechanics, be characterized by the stress intensity factors Ky
and K. A mixed-mode fracture criterion then can generally be expressed as (cf.
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\4—800

Fig. 4.45 Crack growth under mixed-mode loading

(4.29)):
f(K1,Kp)=0. (4.140)

Similar to the failure hypotheses in Chapter 2, it is possible to formulate arbitrarily
many fracture criteria of the type (4.140). In fact, there exist a number of hypothe-
ses which, depending on the material class and the dominating micro-mechanism,
respectively, are more or less in good agreement with experimental results. In what
follows, some frequently used fracture criteria are discussed which also make state-
ments about the crack growth direction.

Energy criterion
According to (4.87) or (4.99), crack growth is initiated at

g=0. (4.141)

where G = (K? + K?%)/E'. If we introduce the fracture toughness for mode I by
means of G. = K7,/E’, equation (4.141) can be written as

K? + K4 = K2, . (4.142)

This criterion is based on the assumption that crack propagation in any case occurs
in tangential direction, independently of the magnitude of mode-II. For an isotropic
material this is acceptable with sufficient accuracy only for Ky < K7 or if the
crack growth direction is prescribed by a “weakened zone” as for instance an inter-
face. Thus, the criterion (4.142) is restricted to very special applications.

Criterion of maximum circumferential stress

This criterion dates back to F. ERDOGAN and G.C. S1H (1963) and is based on two
assumptions: (a) the crack propagates in radial direction (g, perpendicular to the
maximum circumferential stress o max and (b) crack advance is initiated when the
near field stress oumax = 0, (o) at a distance r. in front of the crack tip reaches
the same critical value as in pure mode I. As a consequence, for the circumferential
stress (see Section 4.2.1 and 4.2.2)
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1 3 3
o, = 4\/7_” [KI <3cos§ —&—cos%p) — Kpr (38111% +3sin7@>} ,

the following conditions apply:

9o,

I

=0 ) ng(@()) = .
%o V2T,

They lead to the equations

Krsinpg+ K (3cosgpg—1) =0,

o 30 o 30 (4.143)
K (3(:0370 + cos TO> — K (3sin70 —|—3sin70) =4Ky. .

From the first one the deflexion angle g is obtained. Introducing this, the second
equation determines when failure occurs. The corresponding results for K7, K >
0 are shown in Fig. 4.46a,b. For example, the deflexion angle for pure mode Il (K =

0) results as cosg = 1/3 ,i.e.,, o = —70.6° and the critical load is given by
Ky =+/3/4 K;. =0.866 K.

L (4.142) —¥o
(4.146) 90° { (4.146)v=1/3
Ky v=1/3 \
o @147
KI(: T 60° 1 \ ) N\
1(4.143) (4.143)
(4.147) 300
2) Ki/Kp. b) Ky/(Ki+Ky) 1

Fig. 4.46 Mixed-mode loading: a) fracture criteria, b) crack deflexion angle

S—criterion

The strain energy density in the vicinity of the crack tip for plane strain can be
expressed with the crack-tip field solution (4.14) and (4.15) as

1

U:G

(1—v)(o2 + 05) — 2vo,0y + 2T£y]
(4.144)

S e

S
(auK? +2a12K1 K + a22K?I) -
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where
167Gay; = (3 — 4v — cosp)(1 + cos ) ,
167Gaje = 2sinp (cosp — 1+ 2v) | (4.145)
167Gags = 4(1 — v)(1 — cos) + (1 +cosp)(3cosp — 1) .

G.C. SIH (1973) assumed that (a) the crack grows into that radial direction g
where the strength S of the singular strain energy density has a minimum and (b) the
crack starts growing when S(pg) reaches a material specific critical value S.. The
latter can be replaced by the fracture toughness K. of pure mode I (then ¢y = 0):
Se = a11(po=0)K ?C. Hence, the directional criterion and the fracture criterion read

ds dzs
i - (4.146)
R S 2

I:ClllK? + 2(112K]K][ +a22K%I:| o m Ic -

The deflexion angle and the failure curve are depicted in Fig. 4.46. If we choose
v = 1/3, from this hypothesis for pure mode I the deflexion angle cos ¢y = 1/9 ,
ie., po = —83.62° results, and the critical loading is Ky = /9/11 K;. =
0.905 K.

The S-criterion can be modified in various ways. For instance, it might be appro-
priate to start not from the strain energy density U but from the volumetric strain
energy density Uy or from the distortional energy density Ug. But we will not go
into this in more detail.

Kink model

This model starts from the assumption that the crack tip under mixed mode load-
ing in the initial phase forms a small kink within the K, Kj-dominated region
(Fig. 4.47). In the second phase, when the kink becomes critical under a certain
load, crack propagation starts in tangential direction from the kink tip. Physically,
the kink can be regarded as a simplified model for possible radial micro cracks in the
vicinity of the macroscopic crack tip. At the tip of the kink the field is again singular
and it can be characterized by the stress intensity factors ky, k;y. M.A. HUSSAIN,
S.L. PU, and I. UNDERWOOD (1972) assumed that (a) the kink is formed at an an-
gle o for which the respective energy release rate G = (k% + k% )/E’ is maximum
and (b) the crack starts to grow when this energy release rate reaches a critical value
G.. Thus, the directional condition and the failure condition read

dg

A — — g, 4.147
3o, G(po) =G ( )
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Fig. 4.47 Kink model

where G. = K?2,/E'. The solution of these equations requires the determination
of k1(¢), kir(¢) from the solution of the corresponding boundary value problem.
This is possible only with numerical methods. Figure 4.46 shows the results for the
deflexion angle and the failure curve. An approximate solution for k;(¢), ki (p)
can be written as

kr ~ Ci1K1 + CroKp + Diory/me , ki ~ Co1 K1 + CooKpp + Daor/7e

(4.148a)
where € denotes the length of the kink and
Ci1 = l(3cos£ +cos3£) Cis = —3cos? Pein?
4 2 27 2 2’
1 3
Cag = 1 (cos% + 3cos 74'0) , (a1 =sin g cos? % , (4.148b)
Dy =sin’ ¢, Dy = —sinpcosp .

The terms in (4.148a) which represent the contribution of the T-stress o7 in many
cases can be neglected. But they play a role in situations where the terms related to
K7, K7 more or less cancel each other.

The fracture criteria discussed above do not account for the microscopic failure
mechanisms. These microscopic mechanisms can be quite different, depending on
whether mode I or mode I dominates, which in turn may significantly affect the
macroscopic fracture behavior. Therefore, the applicability of these criteria is re-
stricted and they may not be overstrained regarding their physical interpretation.
For instance, the mentioned criteria often fail for a pure mode-1II loading. Due to the
missing crack opening, the microscopic asperities of the opposite crack surfaces get
in contact, which changes the state at the crack-tip. The actual crack-tip loading is
then smaller than that expressed by K j; which is determined under the assumption
of traction-free crack faces. In order to ensure traction-free crack surfaces, a certain
minimum crack opening hence should always exist (K; > 0). That means that all
mentioned fracture criteria basically are physically meaningful only for K; > 0. If
crack closure occurs, a mode-I crack-tip field no longer exists and a pure mode-II
crack-tip loading (K; = 0) then is present. A typical example for this are cracks
under a combined pressure and shear loading (i.e., shear cracks). Due to the men-
tioned friction effects, the fracture criteria are hardly applicable but the directional
criteria for the crack deflexion angle under pure mode-1I still remain valid.
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Because the agreement of the various hypotheses with experimental results may
be quite different for different materials, it has been proposed not to insist on a
physically motivated fracture hypothesis, but to simply adopt a formal approach.
One possibility for this is the following representation of the fracture criterion:

i) ()
+ —1 4.149
(KIC Kire ( )

where the four parameters K., K., i, and v must be determined from experi-
ments.

It should be noted that the different hypotheses differ only slightly from one
another as long as the mode-1I part is small (K < K7). This applies especially for
the deflexion angle ¢q. The criteria (4.143), (4.146), and (4.147) then all lead to the
same result:

K
~ -2 —. 4.150
©o K; ( )

As a simple example of a mixed mode loading, we consider an inclined crack
under uniaxial tension (Fig. 4.48a). In this case the stress intensity factors are

K =ov/Ta cos® v , K =o0v/ma sinycosvy . (4.151)

If the criterion of maximum circumferential stress according to (4.143) is applied
one obtains for the deflexion angle ¢ and the critical stress o, the results shown in
Fig. 4.48b,c. It is remarkable that o varies only a little for sufficiently small ~.

o./Ta 0
K]c
341 71'/2 T
21
14
t %2 ~
b) /2 0 /2

Fig. 4.48 Inclined crack under uniaxial tension

4.10 Crack initiation at cavities and notches

At stress concentrators like cavities, notches or corners, generally high stresses oc-
cur that frequently lead to the formation of a crack. When the maximum stresses
are finite, as e.g. at an elliptic cavity (cf. Section 4.4.5) or at a blunt notch with fi-
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nite notch radius, i.e. when no stress singularities are present, it seems reasonable to
treat crack initiation by applying a classical failure hypothesis, see Chapter 2. How-
ever, the applicability of classical failure hypotheses turns out to be limited since
they cannot describe the size effect which experimentally can be observed. Here,
under size effect the dependence of the failure stress on the absolute size of the
stress concentrator is understood. For example, it is well known that the maximum
stress omax at the boundary of a circular cavity in an infinite plate under uniaxial
tension ¢ is three times the applied stress: omax = 30. According to the maximum
stress hypothesis (2.2) failure should occur, independent on the size of the cavity,
if the condition op,ax = oy is fulfilled, i.e. for an applied stress 0 = o4/3, where
oy is the tensile strength of the material. In a good approximation this is in fact the
case for sufficiently large cavities. But when the cavity gets smaller and smaller, the
tensile stress o necessary for failure increases more and more until it reaches in the
limit case of a microscopic cavity exactly the tensile strength ;. The reason for this
apparently paradox is found in the microstructure of the material which generates
local fluctuations of the stress state on the microscale, see also Chapter 8. When
the characteristic size of the stress concentrators gets smaller and finally attains the
characteristic size of the microstructure, the stress concentrator itself becomes an el-
ement of the microstructure. Then, from a macroscopic point of view, the difference
gets lost between the stress fluctuations due to the microstructure and the distur-
bance of the stress state on account of the stress concentrator. In other words, the
stress concentration at the microscopic cavity disappears in the microscopic “noise”
of the stress state - the microscopic cavity is macroscopically no longer visible. This
analogously applies for blunt notches whose absolute size is self-similarly reduced.

At V-shaped sharp notches or sharp corners, in any case stress singularities are
present whose strength is characterized by a generalized stress intensity factor, i.e.
for example in mode I by a K factor, see Section 4.2.1. Here, the direct applica-
tion of classical failure hypotheses is not practical. They predict, on account of the
stress singularity, failure even for the smallest external loading which contradicts
experimental evidence. For this reason, in analogy to crack initiation, the usage of
failure criteria of the type K7 = K7_ have been proposed. It is a considerable dis-
advantage of such an approach that the fracture toughness K7, when generalized
in this manner, depends on the opening angle of the notch and therefore represents
no intrinsic material parameter. An additional disadvantage is, that in contrast to a
crack, no relation between such a generalized K *-concept and an energy criterion
exists. In fact, it can be shown that the energy release rate G at crack initiation van-
ishes for a sharp as well as for a blunt notch. For this purpose we assume, similar to
Section 4.6.2, that a small crack of length Aa evolves from the notch. We can deter-
mine the induced energy change from (4.83) simply by replacing the stresses ahead
of a crack by the corresponding stresses ahead of the sharp notch (i.e. in mode I by
(4.20)) or the blunt notch. For Aa — 0 this leads in any case (except for a crack) to
G=0.

A crack initiation criterion, that does not show the mentioned disadvantages,
was proposed by D. LEGUILLON. It starts from the assumption that at initiation
a crack of finite length Aa,. spontaneous develops. This happens if two necessary
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conditions are fulfilled. First, a stress criterion F'(o;;) > 0 must be satisfied over
the entire length Aa,. for which usually the maximum stress criterion (2.2) in form
of

o1 > 0y (4.152a)

is taken. Additionally, the energy criterion

G =g, (4.152b)

must be fulfilled where ALl
* = — 4.153
g Aa. ( )

and G, are the incremental energy release rate and the crack resistance, respectively.

The so-called hybrid criterion (4.152a,b) correctly describes failure in the two
limit cases of a crack and of a homogeneous stress state. In case of a crack the
stress criterion (4.152a) is always satisfied and crack initiation is controlled by the
energy criterion (4.152b). In the other limit case of a homogeneous stress state in a
sufficiently large body, failure is controlled solely by the stress criterion (4.152a).
An advantage of LEGUILLON’S criterion is, that only the two well-known material
parameters o; and G, are involved. It also has been shown that the criterion can de-
scribe size effects in a satisfying manner. However, the practical application is not as
simple as it looks at first glance and in most cases is only possible by using numer-
ical methods like the FEM. The reason is that the initially unknown magnitude and
direction of Aa, as well as the critical external load must be iteratively determined
for a certain notch configuration.

On account of the two involved material parameters, LEGUILLON’S criterion
belongs to the class of two-parameter criteria. Furthermore, because it assumes a
finite crack advance at initiation, the term finite fracture mechanics is sometimes
used. There exist a number of other two-parameter criteria. Also the cohesive zone
models can be regarded as two-parameter models if the cohesive law is characterized
by solely two parameters. This model will be discussed in more detail in Section 5.3.

4.11 Fatigue crack growth

When a component containing a crack is loaded statically, no crack growth takes
place as long as the crack length or the loading, respectively, remains below a criti-
cal value. In contrast, when the loading is oscillating, crack growth in “small steps”
can be observed already for loading amplitudes far below the critical static load
(cf. Section 3.2.1). Such a crack growth is called fatigue crack growth. Usually, fa-
tigue crack growth is characterized by the crack growth rate da/dN where N is the
number of load cycles. The physical reasons for fatigue crack growth are the com-
plex inelastic processes occurring during periodic loading inside the process zone
(plastic zone). In metals, a material particle in this zone experiences cyclic plastic
deformation under tension and compression (plastic hysteresis). With the deforma-
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tion also the eigenstress fields vary and the damage of the material increases, e.g.,
by void formation and growth, until total separation takes place.

In what follows, we restrict the attention to a cyclic mode-I loading. If the condi-
tions of linear fracture mechanics are fulfilled (small-scale yielding), fatigue crack
growth can be described by use of the K-concept. A periodic loading then is char-
acterized by a periodically varying stress intensity factor with the difference AK
between maximum and minimum K -factor (Fig. 4.49a) denoted as the cyclic stress
intensity factor. Measurements of the crack growth rate for a material in dependence
of AK lead to results as qualitatively shown in Fig. 4.49b. Below a threshold value
AK, the crack does not propagate. This value usually is smaller than K;./10. The
middle part of the curve between AK and K., in a logarithmic representation,
can be approximated by a straight line with slope m. Accordingly, crack growth is
empirically described by the equation

da

— =C(AK)™ 4.154

& = C(AK) @154
which after P.C. PARIS (1963) is called Paris’ law. The constants C' and m depend
on the material and various influence factors such as temperature, environmental
medium, or the mean stress intensity factor. For metals, exponents within the range
m =~ 2...4 are typical.

da
dN
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K .
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Fig. 4.49 Fatigue crack growth

There are many different approaches which allow to fit experimental data better
than (4.154). Among others, R.G. FOREMAN’s representation (1967)

da C(AK)™

AN ~ 1 - R)K;. - AK (4.135)

sometimes is applied where R = K i/ Kmax- Furthermore, there exist a number of
models for a simplified description of the fatigue crack propagation process which in
detail is very complex. One of these models, for example, starts from the assumption
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that the crack advance during each cycle is proportional to the size of the plastic
zone. Since r, o< K? (see (4.126)), this leads to da/dN « (AK)?, i.e., to an
exponent of m = 2.

Knowledge of the crack growth rate da/dN allows to predict the life time of a
component containing a crack. For this purpose, the number N, of cycles is deter-
mined until the crack reaches its critical length a.. As an example of the procedure,
we consider a component which is periodically loaded by a constant cyclic stress
Ao This leads to a cyclic stress intensity factor AK = Acg+/7a F'(a) where F(a)
depends on the geometry of the component including the actual crack configuration
(cf. Section 4.4.1, Table 4.1). If Paris’ law (4.154) is used, we obtain by integration
the number of cycles necessary for a crack growth from the initial length a; to the
length a:

a

1 : da
N(a) = C (Ao)m / [Vra F@)]" (4136

The critical number of cycles N, finally follows by introducing the critical crack
length a..

a;

4.12 Interface cracks

Up to now, we have considered only cracks in homogeneous materials. But also
cracks in the interface between two materials with different elastic constants are of
considerable practical interest. They are called interface cracks or bimaterial cracks.
Typical examples are cracks in material compounds, in adhesive joints or cracks in
the interfaces of composite materials (laminates, fiber-matrix materials, etc.). The
K -concept cannot be directly applied to such cracks because the crack-tip field in
this case has not the same form as for a homogeneous material. Furthermore, it is
not a priori clear to what extent parameters such as G or J can be used in fracture
criteria for such cracks.

To begin with, we consider the field at the tip of a bimaterial crack which lies
in the interface between two materials with the elastic constants F/, 11 and E5, v»

Fig. 4.50 Tip of a bimaterial crack
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(Fig. 4.50). Here, we can restrict our attention to plane strain since a plane stress
state can hardly be realized in the vicinity of the tip of an interface crack. In order to
determine the crack-tip field, we use again the complex method (cf. Section 4.2.1)
which now must be applied separately for the upper (1) and the lower (2) half planes.
For the solution we use the functions

D1(2) = A1z, W (2) = B2, Dy(2) = Agz®,  Wy(z) = Boz® (4.157)

where in contrast to the homogeneous material (see Section 4.2.1) the exponent \
can now be complex. Since the displacements at the crack tip must be non-singular
and the strain energy shall be limited, we consider Re A\ > 0. The boundary and
transition conditions

. 1 . 1 . 2
(0p + 1Tr<p)s(al7r =0, (op + lTrsa)g(olo = (op + ITT¢>(¢i0 )
(0p +ime) 2 =0,  (utiv)ly=(utiv),

lead to a homogeneous system of equations for the four complex constants A; . .. By
(four real and four imaginary parts). From the condition that the 8 x 8 determinant
of the coefficients must be zero, one obtains the equation for the eigenvalues which

has the solution
1/24+n+ie
/\:{ / n=20,1,2,... (4.158)
n

where
1 L + 1
prevt T

oL (4.159
27 pikg + o )

with p; = F;/2(1 +v;) and k; = 3 — 4v;. The constant ¢ is known as the so-called
bimaterial constant. At the crack tip » — 0, the field dominates which corresponds
to the eigenvalue with the lowest real part, i.e.

A=1/2+ie. (4.160)

Hence, gccording to Kolosov’s formulae (1.118a) or (1.119) and taking into account
ri€ = el€In7 the stresses and the displacements show a behavior of the type

oij ~ 1 /2 cos(elnr) , u; ~ r'/? cos(eInr) (4.161)

where the cosine may be also replaced by the sine. Thus, the typical 1/./r-type
singular behavior of the stresses and the /r-behavior of the displacements is present
also at the bimaterial crack tip. But now these quantities oscillate increasingly when
approaching the crack tip (oscillating singularity).

We will not derive the complete crack-tip field but restrict the analysis to the
stresses in the interface and to the crack opening:
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. K (r/2a)ie
(oy +1Tay)p=0 = M )
27r
) (4.162a)
b Vot _—y o Gate K(r/2a)c [T
(W =) i’ —ur) 2coshme 1+ 2ie 2n
Here, 2a is an arbitrary reference length (e.g., the crack length),
K=K +iK> (4.162b)
is the complex stress intensity factor and
c1 = (1+f$1)/,u1 s Coy = (1+/€2)//12 . (4162C)

Accordingly, the crack-tip field is uniquely characterized by the modified complex
stress intensity factor K = K (2a)~'¢. If we introduce through

|K|=/K2+ K2, tant = K,/K; (4.163)

its absolute value | K| and phase angle v, it can also be written as
K =|K|e'Y (2a)7'¢ . (4.164)

In addition to the stress intensity factors K; and K, also the reference length 2a
occurs which is weighted by the bimaterial constant . For this reason, a decompo-
sition into pure mode I and mode I is impossible. Consequently, the stress intensity
factors Ky and K also cannot simply be related to these modes. This can clearly
be recognized when representing the stresses in the interface according to (4.162a)
in real form:

{ oy } o {K1 cosleIn (r/2a)] — Kasinfe In (r/2a)] } 165
Vorr | K, sinfe In (r/2a)] + K3 cos[e In (r/2a)] . .

Txy

The stress intensity factor K is not only associated with the normal stresses in the
interface but also with the shear stresses. In the same manner, both the shear and
normal stresses are associated with K. Thus, at a bimaterial crack tip, both modes
are (strictly speaking) inseparably connected to each other. Only in the limit case of
the homogeneous material (¢; = co, € = 0), K7 and K> reduce to K; and K7 and
both modes then are separable.

From (4.162a) it can be seen that the crack opening oscillates increasingly when
approaching the crack tip. Since a penetration of the crack faces is physically im-
possible, they must get into contact behind the crack tip. As a consequence, the
presented solution is meaningful to describe the crack-tip field only outside the con-
tact region.

We now will determine the energy release rate G = —dII/da during crack
growth in the interface (see also Section 4.6.2, equation (4.83)). It can be obtained
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from
Aa

drr [oy (vt —v7) + Tay (ut —u7)]de

= lim —
da Aa—0 2Aa
0

in conjunction with (4.162a) and (4.162c). We get

(c1 + c2) (KT + K3)
16 cosh? (7e) '

G= (4.166)

Thus, G is uniquely determined by both stress intensity factors. Hence, only the
“absolute value” (K7 + K2)'/? and not the separate components K; and K5 can
be determined from G.

It can be show that the energy release rate of a bimaterial crack can be determined
from the J-integral

J=0g= / (U dy — tiu; zde) (4.167)
C

as it is valid for a crack in a homogeneous material. The integral is path independent
as long as the crack is straight, has traction-free crack faces, and the elastic constants
do not vary in z-direction.

As a simple example of an interface crack for which a closed form solution can
be found, we consider a crack in an infinite domain under internal pressure, see
Fig. 4.51a. Since the complex potentials are rather involved, only @] is exemplarily

given here:
z+a\'" z—2ica 1
Z—a V22 —a? ’

The stress intensity factors at the right crack tip are

g

r_
@1_ 1 4 e2me

Ki=o0+ma,
K= (142ie)o/ma or (4.168)
Ky =2ec0/ma .

If homogeneous fields in both materials are superimposed, with tension ¢ in y-
direction and appropriate constant stresses o1, oo in z-direction, the loading case
shown in Fig. 4.51b is obtained. Here, the same stress intensity factors (4.168) ap-
ply as for internal pressure. If the shear stress 7 acts at infinity instead of tension
(Fig. 4.51c¢), one obtains

K1 =—-2e7+/ma, Ko=71+ma. (4.169)

It should be noted that in this case, because of K; < 0 and K5 > 0 and according
to (4.165), pressure prevails in the interface. Therefore the crack tip will be closed.
Finally, for the configuration shown in Fig. 4.51d, the stress intensity factors are
(see also Table 4.1, No. 4)
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Fig. 4.51 Interface cracks

coshme , Ky = @ cosh e . (4.170)

P

VTa VTa

By means of the examples in Fig. 4.51a,b, we can estimate the length of the con-
tact zone at the crack tip. For this purpose, we identify the contact length with the
maximum distance r. where the crack opening § = v — v~ due to the oscillation
becomes zero for the first time. This leads, according to (4.162a), to the condi-
tion Re[K (r./2a)'¢/(1 + 2ie)] = 0. Introducing (4.168) gives Re [r./2a]'¢ =
cosle In(r¢/2a)] = 0 and from that we obtain

Ky =

re/2a = exp (—m/2¢€) . (4.171)

An extreme value which ¢ attains for uo — oo and 1 = 0, is €pax = 0.175.
But in most cases of practical interest, the bimaterial constant is far lower: ¢ < 1.
For example, ¢ = 0.039 for the material combination Ti/Al3O3, ¢ = 0.028 for the
combination Cu/AlxO3 and ¢ = 0.004 for Au/MgO. If we insert ¢ = 0.05 into
(4.171), we obtain 7./2a ~ 2 - 1074, i.e., the contact zone is negligibly small.
As already mentioned, this is not the case for a pure shear loading. But if a small
amount of tension is superimposed which leads to crack opening, the contact zone
becomes small again.

The crack-tip field of a bimaterial crack is uniquely determined by the modified
complex K -factor (4.164) or by its real and imaginary parts, respectively. Therefore
it seems obvious to formulate a fracture criterion formally as: K = K. However,
in doing so some difficulties arise. For instance, the transfer of K -factors is not an
easy task. This can be recognized when two cracks with different lengths 2a* and
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2a but with the same ¢ are considered. The crack-tip fields, and by this the crack-tip
loadings, of both cracks are equal only if the conditions

|K*[e'?" (2a*)71¢ = |K|e'? (2a)7'¢ (4.172a)

or
K| =|K|, ¢*=1t¢—clna/a* (4.172b)

are fulfilled. Consequently, the phase angles (i.e., K2/ K1) for both configurations
must be different. Further difficulties consist in the transferability of experimentally
determined K .-values to situations which differ from the experimental one as well
as in their e-dependent dimension.

On account of the mentioned reasons, frequently a pragmatic approach is adopted.
In many cases of practical relevance, because of ¢ < 1, it is admissible to assume
K~KorK, ~ K;and Ky ~ K, respectively. The crack-tip state, in a good
approximation, is described by the usual mode-I and mode-1I stress intensity factors
as for a homogeneous material. Equivalent to this is a characterization of the crack
tip loading by K? + K% and K1/ K or by the energy release rate G and the phase
angle 1, respectively. The fracture criterion then can be expressed as

G() =6 ()  with  tany = — . (4.173)

Here, the interface fracture toughness gé’) generally shows a strong dependence
on . If we apply this fracture criterion to the examples in Fig. 4.51a,b, it leads
in conjunction with (4.166) and (4.168) for a given loading o to the critical crack
length

18 cosh?(me) gt (0)
(14 4e2)(c1 +co)0?

4.174)

Qe =

With ¢ < 1, it can be simplified to a. ~ 18 G{”(0) /7 (c1 + c3) 2.

As a typical example, relevant in applications, we consider the delamination of
two layers (1) and (2) which is accompanied by the propagation of an interface
crack (Fig. 4.52a). A similar problem has already been considered in Section 4.6.2.
As a generalization, now a finite thickness ho of layer (2) is assumed which, as
h1, shall be small compared with all other length parameters: hq, ho < a. Due
to an eigenstrain €, of layer (2), e.g., on account of heating, eigenstresses occur
in the system. They can be characterized by the forces N and moments M; and
Ms = My + (hy + ha)N/2 resulting in both layers. Here, the eigenstrain & de-
scribes the strain difference of both layers if each of them can deform freely and un-
constrained. The energy release rate G can be determined exactly by using elemen-
tary beam theory. From this, the following expressions are obtained for = > hy, ho
in a first step
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(4.175)
(1+H)6H3 (1+H)
My=——"""_hyN My = ———hyN
! 214 eH3) 2 2T 2(1+eH?) TV
where B is the width of the layers and the abbreviations e = F;/FE> and
H = hy/ho have been used. With
, 1 M? M2 N2 N2
dIl =dIl' = —= |12 =2~ +12 =2 Bd
2 | B T B T T w0
and the reference stress o = Ej €, one finally obtains
1—v})a?h
g= f & (4.176)

2F

In the limit case hi/ho — 0 this result reflects with f — 1 just the result (4.89)
of Section 4.6.2 while the limit case of two equal layers (e = 1, H = 1) leads to
f=0.2
The stress intensity factors cannot be determined in such a simple manner. For
this purpose, in fact the solution of the elastic boundary value problem in the sur-
rounding of the crack tip is necessary. In general, the solution can be represented
as
K;=F; Nh, Kiy=FyNyh (4.177)

where F; and Fy are dependent on H = hy/hy and the elastic constants. For the
special case of a thin layer on a thick substrate (h1/he — 0) and v; = vs, the
functions F7 and F; are shown in Fig. 4.52b.

Due to the different material properties, a mixed-mode loading through K; and
K is present at a bimaterial crack even if the geometric configuration and exter-
nal loading is symmetric. This might lead to the effect that a possible crack growth
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does not take place in the interface but that instead the crack deflects into one of the
two materials. The particular behavior of the crack depends on the phase angle i
as well as on the different fracture toughnesses of the interface and the individual
materials. By means of the example in Fig. 4.53a, this briefly shall be discussed
using qualitative considerations. For this purpose we assume p1 < p2 and v = va,
i.e., that material (1) is “softer” than material (2). Under these circumstances, exter-
nal tension causes shear stresses in the interface which lead to a negative K and
consequently to a negative phase angle v at the right crack tip (Fig. 4.53b). If we
now assume that as a result of a disturbance, the crack has slightly grown into mate-
rial (1), we can apply the crack deflection hypotheses from Section 4.9. All of them
predict a positive deflexion angle ¢, for the corresponding situation, i.e., a crack
propagation away from the interface into the softer material (1) (cf. (4.150)). If we
apply the same consideration to a hypothetic small crack advance into material (2),
we again obtain a positive deflection angle ¢ which drives the crack back to the in-
terface. All in all, the crack tends to deflect out of the interface and to propagate into
the softer material (Fig. 4.53c). However, this occurs only if the fracture toughness

of the soft material is not higher than that of the interface: Qél) < gé“.

JE——
——
)
—
—

(2

ol 1ot

Fig. 4.53 Crack deflection

A different behavior can be observed for the bimaterial crack shown in
Fig. 4.53d where the same material properties are assumed as before. In this case
the external tension causes a shear stress distribution in the interface which leads to
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a positive K (Fig. 4.53e). Accordingly, the crack will tend to propagate into the
“stiffer” material as long as the fracture toughness there is not higher than in the
interface (Fig. 4.53f).

4.13 Piezoelectric materials

4.13.1 Basic principles

Piezoelectric materials are characterized by the property that deformations occur not
only as a result of mechanical forces but also due to applied electric fields. This phe-
nomenon is called electrostriction . Conversely, deformations induce electric fields
in such materials which is denoted the piezoelectric effect . Due to their wide ap-
plication as actuating elements or sensors, especially ferroelectric ceramics are of
significant technical importance. In ferroelectric materials a macroscopic piezoelec-
tric effect occurs only after a polarization through a sufficiently high electric field.
Therefore, they then behave transversely isotropic, i.e., there exists a principal direc-
tion which coincides with the direction of polarization. Without going into details,
the fundamental equations shall briefly be discussed which are necessary for the
solution of fracture mechanics problems. We will restrict our attention to the small
signal range which in good approximation can be characterized by a linear material
behavior with a constant polarization. In this case, all relevant relations are fully
analogous to those we have already discussed for usual, purely elastic materials.
However, auxiliary terms now appear due to the coupling of the mechanical and the
electrical problem. Moreover, the anisotropic material behavior leads to a certain
inflation of the equations.

The linear coupled electromechanical behavior of the piezoelectric materials can
be described by the constitutive equations (cf. (1.35a))

0ij = Cijri €11 — erij By , D= e €1 + €1 By, . (4.178)

Here, D; is the dielectric displacement, EJ, is the electrical field strength, and ey;;
and ¢;; are the tensors of the piezoelectric and dielectric material constants (one
should not mix up the strains ¢;; with the material constants ¢;;, and e;;;, with the
permutation symbol!). In case of transversely isotropic ferroelectrics whose polar-
ization direction coincides with the x3-direction, the material law can also be written
in the matrix form

o11 ciicizeiz3 0 0 0 €11 0 0 es

022 ci2c11ci3 0 0 0 €22 0 0 es B

033| |cizcizesz3 0 0 0 || e33 0 0 es3

g923 - 0 0 0 C44 0 0 2523 0 €15 0 gz (4179&)
031 00 0 0cu 0265 e15 0 0 3

g12 00 0 0 0066 2812 0 0 0
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€11
Dy 00 0 0eps0 |52 en 0 01 [F
Dy|l=]0 0 0ey5 00 2533 +10 €1 0]|E, (4.179b)
D3 €31 €31 €33 0 00 c23 0 0 €33 E3

2831

2812

where Ceg = (011 — 612)/2.

According to (1.25) the strains €;; are related to the mechanical displacements.
Furthermore, the electrical field strength can be derived from the electric potential
¢. The respective equations are

1
gij = 5 (uij +u5) Ei=—¢,;. (4.180)

In addition, the field equations
0ij,; =0, D;; =0 (4.181)

hold where we have assumed that no volume forces and distributed charges are
present. Finally, the mechanical and electrical boundary conditions complete the
description of a boundary value problem. The electrical boundary conditions in-
volve a statement on the potential ¢ or the normal component D,, of the dielectric
displacement at the boundary.

As a generalization of the strain energy density (cf. Section 1.3.1.2), the specific
electro-mechanical potential (electric enthalpy density)

1 1
W = 5 ijkl €ij€kL — €kij Ek Eij — § €ij EiEj (4.182)

can be introduced. Then there exists the surface integral

Ji = /(W(sjk — 04Uk + DjEk)TLjdA (4.183)
ov

with basically the same properties as the J-integral vector (4.107). If OV contains
a defect, Jj, characterizes the configurational force acting on the defect. It causes a
change of the total energy II of the piezoelectric system when the defect is displaced
by dsg: dII = —Jg dsg.

The basic equations of transversely isotropic piezoelectricity can be simplified in
various cases. A plane strain state is present for a polarization in x3-direction when
the mechanical and electrical fields are independent, e.g., of x2. With ugs = 0, €92 =
€32 = €12 = 0, 5 = 0, the constitutive law (4.179a,b) then reduces to



138 4 Linear fracture mechanics

o11 circz 0 0 —es €11
033 ci3csz 0 0 —ess €33
g31 = 0 0 C44 —€15 0 2531 (4184)
D1 0 0 €15 €11 0 E1
D3 esrezs 0 0 €33 Es

and the field equations can be summarized as follows:
cr1u1 11 + (€13 + caa)us 13 + caaun 33 + (e31 + €15)P13 =0,
caatiz 11 + (€13 + Caa)u1,31 + C33u3 33 + €15¢.11 + €33¢33 =0, (4.185)
e1s5us11 + (e15 + e31)u1,13 + e33us 33 — €11$,11 — €33 33 =0 .

In particular, the longitudinal (out of plane) shear stress state, where u; = ug =
0, E3 = 0 applies, proves to be relatively simple. Assuming again a polarization in
xs-direction, the constitutive law simplifies to

023 caa 0 0 —ei5| |2e23
r w150
Ds e;s 0 0 en E,
and the field equations reduce to
caqaAus + e15A4¢ =0, e1sAuz —e11 Ap =0 (4.187)

where A(.) = 9%(.)/0x2 + 9%(.)/0x3

4.13.2 The crack in a ferroelectric material

In the following we consider a crack in a ferroelectric material, initially with an ar-
bitrary polarization direction (Fig. 4.54). Without going into the analysis, under the
assumption that the dielectric displacement along the crack faces vanishes (imper-
meable boundaries: D; = D3 = 0), the crack-tip field (r — 0) displays a behavior

Fig. 4.54 Crack in a ferroelectric material
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of the same type as for the purely elastic material:
o~ V2 w2 DTV g2 (4.188)

Accordingly, at the crack front (crack tip), the dielectric displacement, exactly as
the stresses, has a singularity of the type r—1/2. The field can be fully described
by means of the henceforth four “stress intensity factors” Ky, K7, K, and Kp.
For simplicity, only field quantities in front of the crack tip (¢ = 0) are given here,
where reference is made to the coordinate system shown in Fig. 4.54:

o3y = 1 gy = B K _ _Kp
22 \2mr ’ 12 orr 1 Vomrr’ 2 \2mr '
(4.189)

It can be recognized that Kp describes the strength of the singular dielectric
displacement. With the K -factors, the energy release rate (crack extension force)
for straight crack propagation, can be represented as

g:J:—i—IZ:C’MNKMKN (M,N =1,1I,1II, D) (4.190)
where the summation has to be taken over M and N. Here, J = J; is the x1-
component of the configurational force Jj according to (4.183) and C);y are ma-
terial constants which depend on the polarization.

A technically important special case is a polarization perpendicular to the crack
faces as shown in Fig. 4.55a. It should be noted that contrary to the previous sections,
the x3-axis now is perpendicular to the crack face. In case of plane strain, when the
fields are independent on x5 and, moreover, the configuration is symmetric with
respect to the x;-axis, K and K vanish. Then a mode-I crack opening is present
and the following quantities behind the crack tip (¢ = +7) can be obtained for
r—0:

K K Kp K
ub =ty — (=L 22 gt o g (22 2L @9
2m \ cr e 2T € e

Fig. 4.55 Electromechanical crack loading
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Here, cr, €, and e denote combined elastic, dielectric, and piezoelectric material
properties which can be expressed by means of the material constants (4.184). The
energy release rate herewith results as

G = Gun +G. - {Kf <ﬁ+%>} " {KD (—%+%>}

. o (4.192)
_Kf _Kp ,KiKp

cr € e

The two parts G,,, and G, can be interpreted as mechanical and electrical parts of the
energy release rate.

Due to the electromechanical coupling, in general both stress intensity factors
K and Kp occur under a purely mechanical or purely electrical loading. Specific
loading conditions in a few special cases can involve only one K-factor. One ex-
ample is an impermeable finite crack in an infinite domain (see Fig. 4.55b). Due
to a loading solely by oq or solely by Dy, the following stress intensity factors are
obtained:

K; =o9vma , Ky = Dovra . (4.193)

The state at the crack tip which is loaded symmetrically, is uniquely characterized
by K and K p. Therefore, a fracture criterion for this case can formally be written
as

f(Kr, Krv) =0. (4.194)

Among others, the following criteria have been proposed:
(4) G=0c,
(B)  Gm =Gme, (4.195)
(C) K=Ky,

where criterion (A) often is preferred. But independently of the chosen criterion, the
determination of both sides of (4.195), i.e., the acting crack-tip load and the critical
values are afflicted with uncertainties. One reason for this is the electric boundary
condition which often is not known sufficiently accurate along crack faces in real
materials.

4.14 Problems
Problem 4.1 A crack tip field is given by the complex functions
1 —
D(z) = Az, V(z) = —(§A — AWz, A purely imaginary.

a) Determine the stresses 0, 0y, Tzy -
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b) Which type of opening mode is present and how is A related to the stress intensity
factor?

Solution: Pure mode Il with K; = 0and K7 = —v/27 ImA.

Problem 4.2 A crack in an infinite region is loaded by a remote linearly vary-
ing stress 0,° = oo(b/a — z/a).
o™ a) Determine the K -factors by using the basic

solution for a crack subjected to point forces.

b) What is the condition for K;r = 0, and what
does this mean?

Solution:
1

b
a) KIjE = ooV Ta (E F 5)

oo b) K =0 for b = a/2. Under this loading
condition there exists no stress singularity at
Fig. 4.56 the right crack tip.

Problem 4.3 A crack grows along the interface in a bi-material bar of width B
under tension.

-

- b > a) Determine the energy release rate by

oA F using simple bar theory.

1, 1

******* ':‘t_> b) Calculate K ; for the case F/'y = F»
under the assumption that pure mode II
and plane stress is present.

F2A2E2 F2A2

Solution: a = , b)) Kp=4{/——m+—"——
) ¢ 2BA E1(ALE; + AyEy) ) Ko 2BA; (A1 + Ay)

Problem 4.4 Calculate for both configurations, shown in Fig. 4.58, the energy
release rates and the K7-factors. In case a) use beam theory and assume plane stress,
in case b) assume h < a and plane strain.

) 3uEh? V3u Eh3/?
Solution: a) G = T K;= —
2uE 2h
b = Kr=uEB( —— =~
) 9= Ay F=95\ 50— h)(1 — 17
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Problem 4.5 The configuration shown in Fig. 4.59 contains an interface crack
between the thin elastic layer and the sub-
strate (coefficients of thermal expansion k;
and k). The initially stress-free system ex-
periences a temperature change AT

Determine the energy release rate under the

X
— T assumptions that the thin layer is in a plane
ki, E, v f strain state and does not influence the ther-
mal strains of the substrate.
Fig. 4.59
Et

Solution: G = 5

307 (ks — ky)? AT?.

Problem 4.6 Calculate the crack deflection angle ¢ for the two configurations
shown in Fig. 4.60. Use the criterion of maximum circumferential stress and assume
To = 09 / 2.

=== ===t
. b ! b=

Fig. 4.60
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Solution: a) ¢ = 40.2° b) ¢=-70.6° .
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Chapter 5
Elastic-plastic fracture mechanics

5.1 Introduction

When a test specimen or a structural component consisting of a ductile material and
containing a crack is loaded, plastic flow starts in the vicinity of the crack tip. As a
consequence, the crack tip becomes increasingly blunted with increasing load and
the crack opens. At the same time the plastic zone grows and may, depending on
the material and geometry, extend over large regions or the entire specimen until
at some critical load crack initiation takes place. In such a situation of large-scale
vielding linear elastic fracture mechanics can no longer be applied and parameters
and fracture concepts such as the K—concept based on linear elastic material behav-
ior become meaningless. Fracture parameters and concepts then are needed which
account for plastic flow of the material in larger regions outside the process zone.

Two alternative parameters characterizing the state at a crack tip are well estab-
lished in elastic-plastic fracture mechanics. The first one is the J—integral proposed
by J.R. RICE (1968) which in the present context represents the intensity of stress
or strain rather than the energy release rate. The second one is the crack-tip open-
ing displacement (CTOD) ¢; as a measure of the state of deformation at a crack
tip, which dates back to A.H. COTTRELL and A.A. WELLS (1963). While J is
essentially based on the deformation theory of plasticity (total strain theory, Sec-
tion 1.3.3.3), the use of J; is experimentally motivated. It will, however, be shown
that both quantities are directly related to each other.

In order to investigate problems of elastic-plastic fracture mechanics we will con-
sider simple material models of rate-independent plasticity such as perfect plasticity
or total strain theory. Furthermore, monotonic loading is assumed which means that
global unloading or cyclic loading is precluded. Only under these restrictions do a
few special cases of simple geometry allow for analytical solutions which form the
basis for the above-mentioned fracture concepts. More involved material models or
the analysis of real structures instead require the application of numerical methods.
Analogous to linear elastic fracture mechanics we will focus here mainly on plane
problems with straight cracks subjected to mode-I loading.

D. Gross and T. Seelig, Fracture Mechanics: With an Introduction to Micromechanics, 145
Mechanical Engineering Series, DOI 10.1007/978-3-642-19240-1 5,
© Springer-Verlag Berlin Heidelberg 2011
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5.2 Dugdale model

Plastic zones ahead of a crack tip in thin plates of a ductile material typically dis-
play an elongated shape (Fig. 5.1a). Such a plastic zone results from through-the-
thickness slip in planes inclined at 45° to the plane of the plate which leads to an
extension of the zone in y-direction of the order of the plate thickness (see Sec-
tion 4.7.2).

Y l , plastic zone

a)

W ATk
x 5 ﬁz? 1 1%

Fig. 5.1 Dugdale model

A simple model for the respective mode-I problem has been proposed by D.S. DUG-
DALE (1960). It is based on the assumptions that the material behavior inside the
plastic zone is perfectly plastic and that the extension of the plastic zone in y-
direction is small compared to its length d. The plastic zone then may be idealized as
a line (strip) along which under plane stress conditions and according to the Tresca
yield criterion the yield stress o, prevails. The problem thus is reduced to that of an
elastic medium containing a crack with its length fictitiously increased by the dis-
tance d along which the crack faces are subjected to the stress o, (Fig. 5.1b). The
unknown length d is determined from the condition that the stress must not exceed
the yield stress o,.. Hence the stress singularity (/—factor) at the tip of the fictitious
crack, i.e., at the tip of the plastic zone, must vanish. It has to be emphasized that
the length of the plastic zone in this model is not restricted; it may be of the order
of the crack length or any other characteristic length of the problem.

The relative displacement of the crack faces (i.e., the crack opening displace-
ment) along the fictitious extension of the crack is denoted 6 = v — v ™. It attains
a value 0; at the physical crack tip and vanishes at the tip of the plastic zone. If §
is interpreted to result from plastic deformations, §; may be taken as a measure of
the state of deformation at the crack tip. An elastic-plastic criterion for the onset of
crack growth then can be postulated in the form

-

where the critical crack opening displacement 6, is a material parameter.
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To determine the value of the J—integral a contour C along the lower and upper
faces of the yield strip is considered (Fig. 5.1b). Employing (4.119) with dy = 0
and 7, = 0 we get

(H»da
_ v + .- _ a+d
J = Uy/ax[ﬂ v ] dz o, [6],

a

from which, using 6(a+d) = 0 and §(a) = J;, the simple expression
J =0, 6 (5.2)
is obtained. Within the framework of the Dugdale model therefore a fracture crite-

rion
g

is equivalent to the d;—criterion (5.1). Here, J. = o, J;. is a material parameter
characterizing the onset of crack growth.

bt

Fig. 5.2 Dugdale model of a crack subjected to uniaxial tension

Figure 5.2 illustrates the application of the Dugdale model to the situation of a
crack of length 2a in an infinite domain subjected to uniaxial tension. The solution
can be constructed by superposition of the two loading cases (1) “uniaxial tension”
and (2) “crack face loading”. According to the notation in Fig. 5.2 the respective
stress intensity factors are (see Section 4.4.1)

2
K}l) =ovVmb, K}Q) =——o0,V7b arccos%
T

and the displacements in y-direction at the physical crack tip (x = a) can be written

as
vM(a) = 20 /b2 — a2 |

E/

4 b
v®(a) = % | —v/b2 — a2 arccos = + aln -
TE’ b a
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2)

From the condition K §1) +K } = 0 the length of the plastic zone is determined as

—1
d:b—a:a[(cosﬂ) —1] . 5.4)
20,

Using this result one obtains the following expression for the crack-tip opening

displacement (note that v~ = —v™ due to symmetry):
8o o\
5, =2 [U(l)(a) +0® (a)] - WEP; aln <COSE> . (5.5)
Correspondingly, the J—integral reads
802 o\
J=0,0; = WEY/ aln (cos E) . (5.6)

The size of the plastic zone according to (5.4) which is in good agreement with
experimental findings for ©<0.9 o, is depicted in Fig. 5.3a. The limit o — o, cor-
responds to d — oo which means a plastification of the entire ligament. At this limit
load failure takes place by plastic collapse.

g Ky
brittle
il 1,
14 i
ductile
I 2 . i
2) % b JE[o) ©) o

Fig. 5.3 a) plastic zone size, b) failure load, c) failure assessment curve

For sufficiently low loading (¢ < o, ) the plastic zone remains small. Then
small-scale yielding conditions prevail and linear elastic fracture mechanics is valid.
In this case

-1 2
1
<cos ;—0> ~14+ = ( 9 > with ovrma = K

oy 2\20,

and from (5.4) the size of the plastic zone follows as

a(wo\° « Ky 2
d=oP =22 ) =2 (22 . 5.7
"p 2(20—Y> 8<a ) .7)

Y
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The letter D here indicates its derivation from the Dugdale model. Analogously, d;
and J reduce to

K7 K7
- FEo,’ B
That means that in case of small-scale yielding the fracture criteria (5.1) and (5.3)
of elastic-plastic fracture mechanics reduce to the fracture criteria of linear elastic
fracture mechanics (K -concept). The size of the plastic zone according to (5.7) then
is of the same order of magnitude as Irwin’s approximation (4.126) for plane stress.

In the general case of arbitrarily large plastic zones insertion of (5.6) into the
fracture criterion (5.3) yields

—1
B 1
8 In (cos ;—U> = Jeb 1 ) (5.9)

0t J

(5.8)

T oy

For the special case of linear elastic fracture mechanics (o < o, ) this reduces to

2
in cE 1
7r<"1 ) :‘]2 - (5.10)

oy ol a

For given material parameters J., E, o, these relations describe the dependence of
the failure load o on the crack length a in the general elastic-plastic case and the
linear elastic case, respectively. Figure 5.3b shows that for small a ductile failure
prevails; the failure load is close to the plastic limit load. In case of large a, on the
other hand, failure takes place in a brittle manner according to linear elastic fracture
mechanics.

A representation of the failure condition which is independent of the crack length
is obtained by inserting (5.9) into (5.10). Using the notation o /oy, = K1/ K. =
Kpg and o/0, = Sg the failure assessment curve (Fig 5.3¢) is given by

8 T 1 —1/2
Kp=Sg {F In (cosgSR) } . (5.11)

It may be interpreted as a failure criterion in the elastic-plastic range between the
two limit cases of brittle fracture (Kzr = 1) and plastic collapse (S = 1). By
virtue of the proportionality of K; and ¢ a loading process corresponds to the radial
outward motion of a point in the diagram of Fig. 5.3c. The distance between the
point and the limit curve then is a measure of the safety against failure.

Although, strictly speaking, being valid only for the example of Fig. 5.2, the
relation (5.11), because of its simplicity, is frequently applied also to other crack
configurations and technical components. Thereby o and o, are replaced by some
load P and the plastic limit load Py, respectively, and (5.11) is assumed to be uni-
versally valid.

Despite its simplicity the Dugdale model is capable of describing the essential
phenomena of elastic-plastic fracture. Although originally developed for the situa-
tion of thin plates in plane stress, it is frequently applied also to plane strain or, in
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modified form, to three-dimensional problems (e.g., penny-shaped cracks) where it
yields practically reasonable results. The basic idea of modeling a plastic zone by
a yield strip is suitable for various modifications. One may, for instance, consider
multiple yield strips inclined against each other or take into account a hardening
material behavior by a nonuniform stress distribution along the yield strip.

5.3 Cohesive zone models

In the Dugdale model, the plastic zone is reduced to a strip in which the opposite
crack faces act on each other via the constant stress o, . The basic idea of an in-
teraction of the crack faces by distributed forces can be generalized to many other
fracture processes where the debonding process is localized in a narrow band, the
so-called cohesive zone. The corresponding models are known as cohesive zone
models. Over the past years they have found wide acceptance because they allow an
appropriate description of many fracture processes that have a strip-shaped process
zone. Examples of their fields of application are ductile metals, fiber reinforced ma-
terials, ceramics, concrete and fracture processes along the interface between two
materials.

The first cohesive model was proposed in 1959 by G.I. BARENBLATT for the
description of perfect brittle fracture of a linear elastic body. Even though the model
offers no advantages compared with the K -concept, it shall be briefly discussed here
because it exemplifies the general approach. In Barenblatt’s model, the process zone
ahead of the physical crack tip is regarded as a cohesive zone of length d where
the separation of the material, i.e. of the crack faces extended by d, takes place
(Fig. 5.4a). Along the distance d intermolecular cohesive stresses o°°"" are acting
which depend of the separation § and whose distribution is qualitatively depicted
in Fig. 5.4b (see also Fig. 3.1). Now the following three assumptions are made:
1. the cohesive zone is small compared with all other dimensions, i.e. d < a, 2.
the distribution of separation § and cohesive stress 0°°" in the cohesive zone is
for a given material always the same and independent of the external load, 3. the

a) b)

Fig. 5.4 Barenblatt model
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opposite crack faces smoothly join each other at the end of the cohesive zone. The
last condition is equivalent to the requirement of a vanishing stress intensity factor
at the fictitious crack tip, i.e. the stresses remain finite everywhere. This can be
expressed as K + K¢" = 0 where K; and K" are the K-factors due to the
external load and due to the cohesive stresses, respectively. Using load case 4 of
Table 4.1, K¢°" can be written as

) a+d _coh
K5Ok — V20 s T— 7 (2)

e a Vi
where T is the cohesive modulus, introduced by Barenblatt. It can be regarded as
a measure of the state of the process zone. Since d < a, the K-factors K(a) and
K;(a + d) due to the external load are equal, which leads with K + K¢°" = 0 to
the simple relation

V2

dx | (5.12)

T=—Kj. 5.13
N (5.13)
Therefore, the failure concept based on Barenblatt’s cohesive modulus (" = T)

and the K-concept (K; = Kj.) are fully equivalent. The equivalence to Griffith’s
energy release rate concept also can be easily shown. For this purpose it is practical
to determine the J-Integral where, as in the Dugdale model, the contour C' is chosen
along the crack faces of the cohesive zone. As a result we obtain from (4.119)

a+d d a+d a6 Ot
_ coh it — _ coh 2 — _ coh )
J= / o (x)dx [T —v7]dx / o (x) dxda: /a (6)dd
a a 0

(5.14)
Because of J = G, the energy release rate is uniquely given by the area below the
oo (§)-curve.

In contrast to Barenblatt’s model for brittle fracture, the length of the cohesive
process zone is not small in many other fracture processes. Furthermore, the ma-
terial not necessarily needs to be elastic, but, for instance, can be elastic-plastic or
viscoelastic. Figure 5.5 schematically shows the process zone for different materi-
als. This zone generally is characterized by bridges between the crack faces which
transfer the cohesive forces. Their dependence on the separation ¢ is expressed by
a material specific cohesive law ¢(d) where the cohesive stress here is denoted by
t (Fig. 5.5f). The cohesive law ¢(J) describes the local constitutive behavior inside
the cohesive zone in terms of a traction-separation relation. On account of the mi-
croscopic fracture processes, this constitutive law differs considerably from that of
the surrounding material. Through the cohesive law, the specific work of separation

de
QCZ/ t(6)dé (5.15)
0

is uniquely determined (see Fig. 5.5f). It represents the energy release rate and the
J-integral if the surrounding material behaves elastic (see also (5.14)).
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Fig. 5.5 Cohesive zones (schematic): a) metal-particle reinforced ceramics; b) fiber-matrix
composite; ¢) heterogeneous ceramics, concrete; d) ductile material with void formation; e) brittle
material with microcracks; f) cohesive zone model

Depending on the material and the characteristic fracture process, different ap-
proximations for the cohesive law are used. For example, for brittle metals or
particle-matrix composites an exponential law of the type

§
t=eo.— e /%  with  em2.72 (5.16)

0
has been proposed (Fig. 5.6a). It mimics the debonding process of atomic layers
according to Fig. 3.1. Here, o, is the ultimate stress and § the associated separation.
For this approach, the specific fracture-surface work according to (5.15) is given by
Ge. = eo.dp. It is a disadvantage of the exponential law that, strictly speaking,
the cohesive stress vanishes only for § — oo. Other cohesive laws are given, for
example, by the trapezoidal shaped or the bilinear function as shown in Figs. 5.6b-
d. They have been proposed for crack growth modeling in elastic-plastic materials
or in the interface of adhesive joints (Fig. 5.6b), for the delamination of layered
materials (Fig. 5.6c) and for the failure of concrete or cementitious materials (Fig.
5.6d).

The cohesive law is uniquely determined by a small number of parameters,
which, in best case (e.g. exponential law (5.16)), can be reduced to two. In the latter
case they can be experimentally determined relatively simple from two characteris-
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Fig. 5.6 Cohesive laws

tic material parameters: a) the ultimate stress (strength) o. and b) the specific work
of separation G..

In a general loading situation, not only a mode-I separation d,, normal to the
separation plane takes place. The material points opposite to each other also experi-
ence a relative displacement J; tangential to the separation plane as in mode II and
mode III. In such a case it is expedient to formulate the cohesive law in vectorial
form: t=f(8) where t= t,e, + t;e; and d= J,e, + d;e;. Yet, this shall not be
further discussed here.

Cohesive zone models are very well suited for the numerical treatment of frac-
ture processes within the framework of the finite element method. Here, the cohesive
zone is discretized by using so-called cohesive elements. These elements are char-
acterized by a vanishing initial thickness and their behavior is given by the material
specific traction-separation law.

Finally it shall be mentioned that cohesive laws may be derived from microme-
chanical damage models which are exemplarily discussed in Sections 9.3 and 9.4.

5.4 Crack-tip field

Similar to linear elastic fracture mechanics, the field in the vicinity of a crack tip
plays a key role also in elastic-plastic fracture mechanics. Crack-tip fields for dif-
ferent material models are investigated in the following. For simplicity we partly
restrict our attention to the simplest case of mode III.

5.4.1 Perfectly plastic material

5.4.1.1 Antiplane shear, mode III

A state of antiplane shear is characterized by the displacement w and stresses
Tzz, Ty- being the only nonvanishing components. For a perfectly plastic material
the stresses have to fulfill the yield condition

2, + sz = 7'Y2 with 7, = const. 5.17)
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According to Section 1.5.3 the curves along which 7, is attained (= «a-lines) are
always straight lines while in sections normal to these curves the shear stress van-
ishes. Therefore, a slip-line field as shown in Fig. 5.7 in the vicinity of a crack tip
satisfies the boundary conditions of traction-free crack faces. In polar coordinates
r, ¢ (note: ¢ coincides with the angle ¢ in Section 1.5.3) the stresses inside the fan
(lpl < 7/2) are

Toz =Ty » Try = 0. (5.18)

Along an a-line the displacement increment dw is constant which means that inside
the fan dw = dw(¢) holds and hence d~y,, = 9(dw)/Ir = 0. The strain increment
dve: = 0(dw)/rdy can be determined if we consider d,.(R) to be known along
the boundary R() of the plastic zone:

R
restr) = 2 o () 6.19

Assuming an undeformed initial state and setting w(¢ = 0) = 0 one obtains by
integration

10w R
o = LW _ ()

B P Yoz(R) , w = O/R(@)'yw [R(p)]de . (5.20)

The relations (5.17) through (5.20) are generally valid inside the fan, i.e., they apply
also for arbitrarily large plastic zones. They indicate that the stresses are bounded
by the yield stress whereas the strains display an 1/r— singularity at the crack tip.

r /E\T boundary of plastic zone

Fig. 5.7 a-lines in mode III

The stresses (5.18) may also be represented in a somewhat different way. In carte-
sian coordinates they are 7,, = —7, sinp and 7, = 7, cos ¢, and along a circle
with its center M located at a distance r* ahead of the crack tip (Fig. 5.8) the fol-
lowing representation in terms of the angle ¢* holds

* *

Tgz = —T, sin % , Tyz = T, COS % . (5.21)
Up to a factor these are exactly the stresses which according to the elastic crack-tip
solution (4.6) prevail along a circle around a crack tip at M if in (4.6) the distance

r and the angle ¢ are replaced by the quantities r* and ¢*. This correlation can
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be employed to construct an exact solution for the case of small-scale yielding.
The plastic zone then is embedded in an elastic domain inside which the elastic
near-field solution holds. Along the boundary between the two domains the stresses
from the elastic and plastic solution must coincide. This can be accomplished by
setting (5.21) equal to (4.6) and taking into account the different notations: 7, =
K /v/27r*. Hence the plastic zone is a circular domain ahead of the crack tip

with the radius )
1 /(K
ry =1 = — ( I”) . (5.22)
2 \ T,

Note that the same result for 7, is obtained by estimating the size of the plastic zone
from the elastic near-field solution according to Irwin (see Section 4.7.1).

elastic
K —dominated field

Fig. 5.8 Plastic zone inside elastic near tip field

Using (5.22) the boundary R(¢) of the plastic zone and the strain v, (R) pre-
vailing along it are

1/ Km\?
R(p) =2rpcosp = — ( IH) cosy , Yoz (R) = % ) (5.23)

s Ty

From (5.19) and (5.20) it thus follows that

1 Kj K3
Yoz = Wl cos w= % sin ¢ (5.24)

Y TGTy

holds inside the plastic zone. The crack-tip opening displacement d; is given by the
relative displacement of the two crack faces at the crack tip:
T 2 K

6 = w(3z) —w(-3) =

(5.25)

m GT,

5.4.1.2 Plane strain, mode I

The plastic crack-tip field under plane strain conditions can likewise be obtained
from slip line theory according to Section 1.5.3. Due to symmetry only the upper
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half plane (y > 0) needs to be considered (Fig. 5.9a). Along the traction-free crack
faces as well as along the x-axis ahead of the crack tip (mode-I symmetry) the
boundary condition 7, = 0 holds. Hence the slip lines there terminate at an angle
of 45°. The connection between the resulting regions A and C' is established by the
fan B (quarter circle). After L. PRANDTL (1875-1953), who presented this solution
for the first time, the corresponding slip line field is called a Prandtl—field. Using
(1.125) and the notation given in Fig. 5.9a the “starting” (boundary) value ¢,,, = k
is obtained at the crack face (¢ = 37/4,0, =0, 75, = 0). Along a 5-line passing
through A, B, and C (¢ =37/4, ¢® =y, ¢ =m/4) Hencky’s equations (1.126)
yield

o=k, oB=k(1+37/2-2p), oS =k(1+7). (5.26)

m T

From (1.125) therefore the stresses in the various regions are

region A region B region C
O 2 |1437/2—2p—sin2p| 7
o, | = % 0 [1+37/2—2p+sin2p[2+7 |, (5.27)
Tay 0 cos 2¢p 0

where k = o, /+/3 has been inserted. The angular variations of the components in
polar coordinates are depicted in Fig. 5.9b.

¢)
Fig. 5.9 Crack tip field in perfectly plastic material
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Because of 0, = 7,,, the crack-tip stress field is completely determined by (5.27)
and (5.26). Mohr’s circles corresponding to the three regions are shown in Fig. 5.9c.
Obviously, a high hydrostatic stress component prevails in the region C ahead of
the crack tip. This can be taken as an indication that microscopic void growth is
promoted there.

Along slip lines the variations of shear strain are maximum while length changes
of material elements in the direction of the slip lines vanish. It can be shown that
this behavior gives rise to a representation of the strain field inside the fan B of the

form
1

gij = gij () - (5.28)

Like in the corresponding mode-IIl case it contains an 1 /r—singularity. The complete
determination of ¢;; in the entire plastic zone and of the crack-opening displacement
requires the knowledge of €;; along one boundary (for instance, along the boundary
between the elastic and plastic region). This has not yet been found by analytical
methods.

The crack tip field (5.27) shall primarily describe the situation at a crack tip under
mode-I tensile loading. But the solution remains unaltered if in addition a possible
T-stress is taken into account. In such a case only the dimension of the region where
this solution dominates may change. This can qualitatively be understood when for
a fixed mode-I tensile load the stress state at a material point in the elastic region
at some distance ahead of the crack tip is considered along with the plastic zone
directly surrounding the crack tip. If now an increasing negative T-stress (pressure)
is superposed, the maximum shear stress at this point increases until plastic flow sets
in. This means that the size of the plastic zone increases when a negative T-stress is
present while a positive T-stress leads to a smaller plastic zone size.

The solution (5.27) allows to directly compute the plastic limit load Pr, for the
crack configuration depicted in Fig. 5.10. Corresponding to the shown slip line field
which is valid for b >> a the stress o, = a,. (2 + 7)/+/3 prevails between the two
crack tips. Therefore the limit load is

2247 o

PL = O'yQG,B = \/?_) v .

(5.29)

%\ B
o

&

Fig. 5.10 Plastic limit load
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It appears pertinent here to briefly discuss another important solution for a crack-
tip field in perfectly plastic material. The effect mentioned before that the high
hydrostatic stresses ahead of a crack tip cause void growth in a ductile material
becomes even more pronounced when the somewhat more realistic situation of a
blunted crack tip is considered (Fig. 5.11). The stress distribution in this case can
likewise be computed from slip-line theory and is in cartesian coordinates for y = 0
given by

ay:@[lﬂn(uf)} , ox:@m(uf). (5.30)

V3 r V3 r

The slip-lines now are logarithmic spirals which terminate from the traction-free
boundary at angles of 45°. In contrast to the corresponding purely elastic solution,
the vertical stress o, increases with increasing distance from the crack tip and the
maximum hydrostatic stress in the plastic region (bounded from outside by the elas-
tic field) is attained at some distance ahead of the crack tip. That means that void
growth can be expected to occur inside the material somewhere ahead of the crack
tip. The extension of the plastic region and the precise location of the peak hy-
drostatic stress can not be determined from slip-line theory (rigid-plastic material)
alone; therefore an elastic-plastic analysis is required.

Fig. 5.11 Blunted crack tip in a perfectly plastic material

The approximation of the material behavior as a perfectly plastic one is not fully
satisfactory. Though the analysis yields some information about the singular char-
acter of the strain field at the crack tip it does not provide a parameter to be used in
a fracture criterion. Furthermore, a hardening behavior as observed for many mate-
rials can not be described. A material model which overcomes these deficiencies is
discussed in the following Section.
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5.4.2 Total strain theory, HRR—field

In the framework of total strain theory (see Section 1.3.3.3) we consider a harden-
ing material with the uniaxial stress-strain behavior approximated by the Ramberg—

Osgood law (Fig. 5.12a)
<= i+a<i> . (5.31)
€0 0o 0o

For sufficiently small o the parameters €y and o can be understood as the strain and
stress at the onset of yield while n is the hardening exponent. The limit case n = 1
corresponds to a fully linear behavior, whereas an elastic perfectly plastic material
is obtained for n — oo. The two terms on the right-hand side can be interpreted as
the elastic and plastic parts of strain: €¢/eg = o /0g , € /e = a(o/00)™.

a/og o/o,

/ n— oo

a) b)
Fig. 5.12 Power law

In the vicinity of a crack tip the material is in the plastic range (£/eg > 1). Be-
cause of the strain singularity expected to prevail at the crack tip, the elastic strains

there can be neglected compared to the plastic strains, i.€., £;; = sf e Hence (5.31)
reduces to N

€

£ —a (i> (5.32)

€o oy
and the general constitutive law of total strain theory (1.86) can be written as

3 Ee
Ekk = 0 y €ij = 5 O'_e Sij - (533)

Using (5.32) as the relation between e and o¢ in (5.33) yields

3 Oe " Sij
Eij = €5 = 5 (6731 <0_—0> 0_—2 (534)

where the uniaxial equivalent strain and stress are defined as € = (%sij Eij)l/ 2
and oe = (25;;8i7)'/2, respectively.
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The constitutive law (5.34) may also be obtained from the stress-strain relation
(see Fig. 5.12b)

c o/o, for o<o,
— = (5.35)
& (0/o,)" for o>o,

where the power law £/, = (o/0, )™ holds in the plastic range. For the three-

dimensional generalization (5.34) one has to assume an incompressible material
behavior and set €, /0" = agq /0.

In the framework of total strain theory a plastic material behavior is described like
a nonlinear elastic material which in the present case is in addition incompressible.
This can be verified by comparing (5.31-5.34) with (1.55 ff). Correspondingly, all
relations from nonlinear elasticity are also valid for total strain theory. For instance,
from (1.58) the strain energy density in the vicinity of a crack tip is

14+n

U n n oo 2 2n
= ——— §ji€;; = —— ————— | —g;5€5
n+1 J ] n41 (an)l/” 3 J<]

_on o\ "
= n—|—1 (87300 1o)0) <O'_0> .

An important consequence of the equivalence of total strain theory and elasticity
theory is the path-independence of the J—integral (4.119) evaluated for a crack tip
with straight and traction-free crack faces (see Section 4.6.5.3). This property allows
to determine in a simple manner the asymptotic behavior of field quantities when
approaching the crack tip. Therefore we consider a circular integration contour C'

close to the crack tip (r — 0) as depicted in Fig. 5.13. With dc = rd¢ the J—integral
can be written as

(5.36)

—+
J = / [Uni — gigu; 1ng] rde . (5.37)

Path-independence, i.e., independence from r requires that the term in brackets be-
haves like 1/r for 7 — 0. Since both terms in brackets are of the type o;;c;; the
following relations must hold:

f(p)

, f(‘p)v U~ =

0;5E45 ~

Rl

Ulp) J

C

Fig. 5.13 Integration contour for J—integral
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From (5.34) and (5.36) one obtains for the stresses

T\

where C' is some constant. It is practical to replace C' by a new dimensionless con-
stant I chosen in such a way that 5;;(¢) as well as the .J/r term become dimen-
sionless: C' = o9 /(Taggog) ™Y, For » — 0 the field quantities then may be

represented as
J n«lkl B
Oij =00\ 7 ———— Gij ()

Tasggogr
J n+1
Eij = Qg (W) Eii(9) (5:39)
J T
U; — Uip = QEQT <m> ;i (p) ,

where u;q is some rigid body motion. Using 6 = (35;; :;)'/? and inserting into
(5.37) yields the relation

—+7

1
= / { [n:l- 1 7 1+n (61l + Trpty + frzﬂz)} cos ¢
B (5.40)

+ [or (], — Typ) + Trp (T, + Ur) + Tr 0| sin w}dw .

The primes here denote derivatives with respect to ¢.

The dominating field at a crack tip (5.39) displays stress and strain singulari-
ties which depend on the hardening exponent n. For n = 1 the already known
1/+/r—singularity of linear elastic fracture mechanics occurs while n — oo leads to
nonsingular stresses and a strain singularity of the type 1/r. The angular variations
Oij» €ij» U in (5.39) can not be determined from these simple considerations. Sim-
ilar to linear elastic fracture mechanics they have to be computed from a boundary
value problem. In the present nonlinear case, however, this requires a numerical so-
lution (see below). The dominating crack-tip field then is fixed up to the parameter
J which characterizes the magnitude or “intensity” of the field. Using the initials of
J.W. HUTCHINSON, J.R. RICE, and G.F. ROSENGREN who investigated this field
for the first time it is called the HRR—field.

It has to be emphasized that although the derivation of the HRR-field (5.39) is
based on total strain theory it is also valid in the framework of the incremental theory
of plasticity. This follows from the fact that the crack-tip field is solely determined
by the single parameter J so that the power law (5.32) leads to proportional load-
ing. In this case the total strain theory and the incremental theory are equivalent
(Section 1.3.3.3).
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Figure 5.14a shows the r—dependence of the stresses for various values of n. It
can be seen that the domain of high stress, i.e., the domain inside which the HRR-
field actually dominates, becomes smaller with increasing n. The deformation of
the crack tip is likewise dependent on the hardening parameter (Fig. 5.14b); with
increasing n the crack-opening profile becomes more and more blunted.

0,5 1 rlaggog/J
a) b)
Fig. 5.14 HRR-field: a) stress distribution, b) crack-opening profile

In the following it is briefly outlined for the case of plane strain how the complete
near tip solution can be obtained. For this purpose the problem is formulated in terms
of the stresses by elimination of the strains. Inserting the constitutive law (5.34) into
the compatibility condition

1 92 1 9%, 10z 2 0 [ Oepy
;w”%)*r—za—g@z‘zﬁ‘ﬁa( aga)—o (5.41)
yields
1 0%, 1 0% .
53 [’I‘O’ l(o'r 0'30)] + 2 3—902 [o’ 1(0'r - 0'90)]
10 4 071 0 042
-7 n—1 o - = Y (4n—1 _
L o= 0] = 5 o )| =0
where
3 , L 12
o= [Z(ar —0y)" + 37}4 . (5.43)

It is appropriate to introduce the Airy stress function ¢(r, @) from which the stresses
are derived according to

_10¢  10% _%9 _ ﬁ(l%

o= Y or r2 92’ e = Brz o Tre = Ty r Op

) . (544
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Equations (5.44) identically satisfy the equilibrium conditions. Now a separation
ansatz is chosen for ¢ of the type

2n +1
n+1

= Arsgi;(go) where s= (5.45)

such that the asymptotic character of the crack-tip field (5.39) is accounted for. Then
(5.42) leads to the following nonlinear ordinary differential equation for the function

¢
nn+2) , [ 2n+1 - - [ 2041 o "
12’ {(n+1) o ¢] { {("21) o ¢]} (5.46)
n ~n—171/ /7
e 77 =0
where 1/2
_ 3| 2n+1 " n ~/2
J:{Z{(TL—FD ¢+¢} +3{n+1¢] } . (5.47)

The mode-I crack-tip field is symmetric with respect to ¢ = 0, i.e.: 7,,(0) = 0,
00,/0¢|p=0 =0, 0o,/0p|,=0 = 0. Furthermore, the crack faces are assumed
to be traction-free: o, (1) = 0, 7.,(7) = 0. For ¢ this leads to the boundary
conditions

P)=0, ¢"0)=0, ¢(m)=0, Jm)=0. (5.48)

A solution of (5.46)—(5.48) in closed form is not known, yet it may be obtained
with high accuracy by numerical integration. In Fig. 5.15 the angular variation of
the stresses is depicted for two different values of n. Comparison with Fig. 4.6b and
Fig. 5.9b shows that for n = 2 it is still close to that of a linear elastic material while
for n = 10 a strong similarity to that of a perfectly material can be seen. From the
now known functions 7, %, the factor [ finally can be computed from (5.40); some

&y yh
Glllax (p
x
21 5 n=2
1 4
| Tre | ,\
/2 T ¥ ®

Fig. 5.15 HRR-field: angular variation of stresses
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values are given in Table 5.1. It has to be mentioned that analogous analyses can be
performed for mode-II loading as well as for plane stress.

n 2 3 5 10 00

1 5.94 5.51 5.02 4.54 3.72

D 1.72 1.33 1.08 0.93 0.79

Table 5.1 Values of I(n) and D(n) for plane strain

5.5 Fracture criterion

In order to formulate a fracture criterion of elastic-plastic fracture mechanics the
same fundamental ideas can be adopted as in case of the K—concept (Section 4.3).
According to (5.39) the parameter J describes the intensity of the otherwise com-
pletely determined crack-tip field. The latter dominates inside a domain with an
outer boundary schematically by denoted R in Fig. 5.16a. From inside the crack-tip
region the validity of the field (5.39) is limited by a domain of radius r which can
not be described by total strain theory. For instance, large deformations and local
unloading may occur inside this region. It furthermore contains the process zone
(radius p) where the fracture process with its material specific micromechanisms
(e.g., void growth) takes place. Figure 5.16b schematically shows the correspon-
dence of the different regions with respective ranges of the o-e-diagram. Now, if the
J—determined domain I7 is large compared to the enclosed region 1] (R > ry, p)
then the state inside the process zone is controlled by the surrounding field, i.e.,
by J. Therefore J can be regarded as a measure of the “loading” of the crack-tip
region. Crack propagation initiates once this loading attains a material-dependent

J—controlled field
1l 1 g

UO T T T

4
T

€0 =2
a) b)

Fig. 5.16 Different crack-tip regions and deformation regimes
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critical value J.:
J=J.|. (5.49)

Basis of the fracture criterion (5.49) are the total strain theory of plasticity as
well as the assumption of existence of a dominating crack-tip field. This has im-
portant consequences to be emphasized here. The total strain theory is equivalent to
the incremental theory of plasticity only in case of monotonically increasing load-
ing (Section 1.3.3.3); it can not properly describe unloading processes. Numerical
simulations have confirmed that the respective situation is in fact found with good
approximation in the vicinity of a stationary crack tip. Crack propagation, in con-
trast, always gives rise to unloading processes. Therefore, the condition (5.49) is
first of all valid only for crack initiation. Circumstances under which it may also be
applied to crack propagation are discussed in Section 5.8.

The dominance of the crack-tip field (5.39) is guaranteed only if the material dis-
plays sufficient hardening (see Fig. 5.14a). With decreasing hardening the domain
of dominance becomes smaller and it vanishes for a perfectly plastic material. Then
J can no longer be regarded as a parameter which controls the crack-tip state.

The use of J as a fracture parameter is not directly tied to the HRR—field since
elastic-plastic material behavior in the framework of total strain theory may also be
approximated by a bilinear stress-strain dependence instead of a power law. This
results in a dominating singular crack-tip field which is different from the HRR-
field, yet with an intensity again determined by .J.

As already mentioned the crack-opening displacement & is, besides .J, occasion-
ally used as a fracture parameter. This approach is based on the idea that ¢; is a
measure of plastic strain at the crack tip which in turn controls the fracture pro-
cess. Accordingly, crack propagation initiates once the crack-opening displacement

attains a critical value d;..:
el 5

If one assumes that the state of deformation at the crack tip may be sufficiently
well described by the HRR—field then §; and J are equivalent parameters and can
transformed into each other. This can be seen from equations (5.39) where the
strains and displacements are directly connected to .J. Ignoring the rigid body mo-
tion, the displacement of some point P on the upper crack face is (Fig. 5.17)

J nil B J nil 5
vp = agorp | ————— (), up = aggrp | ———— a(m) .
Taggogrp Taggogrp

If one defines J; by the intersection of two straight lines inclined by 45° to the
x—axis with the crack-opening profile it follows that
Ot

— =Tp —up.
2

vp

From these three equations one obtains by elimination of rp the relation
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Fig. 5.17 Crack-opening displacement

6 = (ag)V/™ D g (5.51)
00
where 5
D= [o(m) + a(m)]M ™ o () . (5.52)

Some values of D are given in Table 5.1. For a perfectly plastic material (n — co)
this yields 6, = 0.79 J/oo which is quite close to equation (5.2) based on the
Dugdale model. One has, however, to note that this equation has been derived for
plane stress. Furthermore, in this case (5.51) is strictly speaking no longer valid
since it assumes the dominance of the HRR—field at least for » < rp or r < §;. For
a perfectly plastic material this dominance is not given.

Though J and §; are equivalent parameters the use of J and hence the fracture
criterion (5.49) offer several advantages. Firstly, the crack-tip loading J is easier to
compute than ;. Secondly, the experimental determination of the material parame-
ter dy. is, in contrast to J., connected with difficulties. Another disadvantage of the
crack-tip opening displacement is that its definition suffers from some arbitrariness.
In the following we will therefore focus only on J.

5.6 Determination of .J

The computation of J for a technical component that contains a crack and large
plastic zones generally requires numerical methods. Especially the Finite Element
Method (FEM) and to some extend also the Boundary Element Method (BEM) are
employed for the solution of respective elastic-plastic boundary value problems. In
doing so, several properties of .J are exploited (see Section 4.6.5.3). For instance,
J can be computed from a path-independent integral if the integration contour lies
inside a region where the material behaves either purely elastic or according to the
total strain theory of plasticity (i.e., no local unloding). Then it is often advantageous
to choose a contour far away from the crack tip, possibly in a purely elastic region.
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This circumvents the costly determination of field quantities in the vicinity of the
crack tip with high accuracy which would require a rather fine discretization.

Another possibility is based on the meaning of J as an energy release rate. The
latter can be determined from simulating crack advance by the release of a finite
element node and computing the work done by the nodal force. Of course, the ma-
terial then has to be described as nonlinear elastic. For further details the reader is
referred to the extensive literature.

Besides the purely numerical calculation of .J it is in some cases possible to de-
rive approximate analytical solutions or to determine J by experimental methods.
The latter approach is discussed in the following section. Approximate solutions
may be found especially in the Ductile Fracture Handbook (see literature list, Sec-
tion 5.11).

5.7 Determination of .J.

The determination of J.. is performed in standardized experiments. For this purpose
specimens containing a crack of definite length a (e.g., CT-specimens, Fig. 4.22)
are loaded until crack initiation (or often beyond) and the load-displacement curve
is measured (Fig. 5.18a). The area below the curve F'(up,a) then is the work W*
done by the force F' where the parameter a indicates that ' depends on the chosen
crack length a. The work W is equal to the strain energy IT? if one assumes that
under monotonic loading (i.e., no local unloading) the elastic-plastic material can
be described as a nonlinear elastic one:

up
Hi(uF,a):W“:/F(ﬂF,a)dﬂF. (5.53)
0

Then J can be defined as J = —dII/da where IT = IT¢ + II°. If the crack length
is changed by da for fixed displacement ur = const. one has dI/* = 0 and dI] =
dIT? such that

F F F a
’U,FI | | {)jda ~
— . Oa
We= [Tt a+da
—— -
le— 1 —! . 8’”1\F —dII'=dlIl
we=11 oa
;§7 Up Up
a) b)

Fig. 5.18 Definition and determination of J
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Cdmi|aIr __73_1«“
da ~ Oda da

uf

J:

diip . (5.54)

ufp

The subscript here emphasizes which quantity is kept constant during differentia-
tion. As illustrated in Fig. 5.18b J can formally be determined according to (5.54)
from the load-displacement curves for two specimens differing by the crack lengths
a and a + da.

A method for the determination of J. which is based on the above result has been
proposed by J.A. BEGLEY and J.D. LANDES (1972). Thereby, load-displacement
curves F'(up, a;) are measured for a series of specimens with different crack lengths
ai, az, as, ... (Fig. 5.19a). From these curves stepwise approximations for
II'(a,ur) and for J(up,a;) = —AII*/Aa can be obtained (Fig. 5.19b,c). From
the known crack initiation value u . for a particular crack length (e.g., for as) then
J. is found. The disadvantage of this so-called multi-specimen technique is its large
experimental expense and the lack of accuracy.

F JIg J
a; ax \// ~aqy
/
A /
]{ / /.
as
as
t t t t } t
Ur ) .
Up, Up, Up, F a ay az © up, UF
a) b) c)

Fig. 5.19 Determination of J. from the multi-specimen technique

An alternative method which requires testing only of a single specimen dates
back to J.R. RICE. For its derivation we start from the complementary energy (see
Section 1.4 and Fig. 5.18a)

F

I'(F,a) = W* = / up(F,a)dF  where  II'+II' =upF . (5.55)
0

Differentiating _ ~.
II'(up,a) =upF — II'(F, a)

and using (911 /OF), = up and F = F(up, a) yields

OIT'
OF

ur

oIl
Oa

B OF
TurF Oa

8_F
da

a uFr

da da

ﬁi ﬁi
— 0 ‘ = —8 ‘ (5.56)
F

ufr

such that from (5.54) the representation
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r 0
= / da
F 0
is obtained. This relation can be illustrated also from the area increment in Fig. 5.18b.
It is, of course, not only valid for loading of a specimen or component by a single
force but holds in corresponding form also for loading by some bending moment.
In the following we consider a specimen as depicted in Fig. 5.20a with its ends

subjected to a bending moment and experiencing a relative rotation by an angle 6.
In this case (5.57) reads
J =
/ Oa

The rotation angle # generally depends on the loading M, the geometric parameters
a, b, ! and the material behavior. If, by neglecting the linear elastic range, the latter
is characterized solely by o, and a hardening parameter n (see Fig. 5.12) normal-
ization of all quantities yields

dF (5.57)
F

J=+

Oa

(5.58)

M

M a l o, b?
0=106 < b b) where My = 1 (5.59)

Here, the reference moment M is the limit moment for a perfectly plastic material.
For a > band [ > b and if by n > 1 the hardening is not very pronounced, 6 is
within a first approximation independent of the latter three parameters:

M
9~9<ﬁ0> . (5.60)
With a = W — b and da = —db one obtains
9\ __ o9 ___dd AM [ 2
da |y bl dFE) o \ B
0| _ 00| o aum
oM|, Cd(Ff) o b?

M

—T M —
(L lv)) e
b2 —d—12 2 i
a) b)

Fig. 5.20 Determination of J. with a single specimen
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and after elimination of d6/d( MMO)

a0
da

e
M b aMa

Insertion into (5.58) finally yields

@‘II\D

0
/Mé )dg = 2 S 5.61)
0

That means that up to a factor of 2/b the current loading J of the crack is given
by the work W done by the moment. If bending of a specimen of thickness B is
instead of a moment M produced by some force F' (see Fig. 5.20b) it follows from
(5.61) that
o f
J = m /F(ap)dap (5.62)
0
where it has to be noted that in (5.61) J was given per unit specimen thickness.
From the known initiation value u ., therefore J. can easily be determined from
the area below the load-displacement curve.

As already mentioned, the approximation (5.62) is only valid for deeply cracked
specimens (a >> b) subjected to bending loading. The negligence of the elastic
range of the material behavior furthermore requires that over the major part of the
remaining specimen cross section the plastic strains are large compared to the elastic
strains. Hence the remaining cross section has to be sufficiently plastified prior to
the onset of crack growth.

In order to obtain geometry-independent .J.-values from measurements certain
size requirements have to be fulfilled, similar to linear elastic fracture mechanics.
For CT-specimens and 3-point-bending specimens the following conditions have to

be satisfied:

W —a, B> (5.63)

Oy

Because of the direct proportionality of J../o, and d;. (see (5.2), (5.51)) that means
that all relevant dimensions need to be large compared to the crack-tip opening
displacement at the instant of crack initiation. In addition to (5.63) the material must
display a sufficient hardening to assure the dominance of a J-controlled crack-tip
field (see Section 5.5).
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5.8 Crack propagation
5.8.1 J—controlled crack growth

The loading of a crack in ductile metals under large-scale yielding conditions can
be increased to a multitude of the initiation value and this increase is accompanied
by a crack advance of a few millimeters (see also Section 4.8). Due to this crack
advance unloading processes take place, especially in parts of the plastic zone be-
hind the crack tip, which can not be properly described by the deformation theory
of plasticity. Hence also the requirements for the application of .J are not fulfilled.
For small amounts of crack advance, however, J can, under certain conditions, nev-
ertheless represent a meaningful measure of the crack-tip loading state. In such a
case the fracture criterion

J = Jr(Aa) (5.64)

holds also in the course of crack growth. Here, Jr is the crack resistance (subscript
R) which depends on the amount of crack advance Aa. Jr(Aa) is called the J—
resistance curve of a material and its typical shape is schematically depicted in
Fig. 5.21a. The steep initial increase for J < .J. is solely due to blunting of the
crack tip by plastic deformations; it is called the blunting line. If we assume that
the crack extension caused by blunting is approximately half the crack-tip opening
displacement (Aa = §;/2), the use of J = 0,0, (see (5.2) and (5.51)) yields the
coarse estimate for the blunting line

Jr J—controlled region

CdJ
da

/ ~blunting line

1 Aa unloading zone
— b)

— 1 —
a) )
Fig. 5.21 J—controlled crack growth
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J ~ 20, Aa . (5.65)

For J > J. the blunting line is followed by the actual Jr—curve where crack exten-
sion takes place by material separation.

Figure 5.21b illustrates the situation at the crack tip for a crack extension by Aa.
A J—controlled state can obviously prevail if the essential character of the crack-tip
field found at a stationary crack is only slightly disturbed by the crack advance. For
this to hold it is necessary that the characteristic size of the unloading zone, i.e.,
the crack extension itself, is small compared to the dimension of the J—controlled
region: Aa < R. More specific results concerning the requirement of nearly pro-
portional loading can be obtained if the change of the crack-tip field is estimated
from the HRR-field. Therefore we assume that the stress field (5.38)

J\™T
i) =€ (1) ay(e)

moves with the propagating crack tip (Fig. 5.21c). Due to an increase of the load-
ing by dJ and a crack-tip translation by da a material point experiences the stress

change

anj anj
57 dJ g da .

dO'Z'j =
Using

— = oSy — — sinyp —
ox Y or v rop
this can be written in the from

1

o J\ " (dJ &U(go) da &LJ((,O) 8&1] .
dazj—C(r> {J [n—i—l + el eures cosp + ap sinp| . (5.66)

The first term in the braces characterizes a stress increase proportional to the load
increment dJ, i.e., proportional loading. This does not apply for the second term
which is caused by crack growth. If we note that the two terms are of the same order
of magnitude the second term can be neglected for those values of  for which the
condition

da dJ

r < J
holds. Then (5.66) describes nearly proportion loading. By J/I = dJ/da we in-
troduce a loading-dependent length [ which for sufficiently steep increase d.J/da
is of the same order of magnitude as the crack advance (Fig. 5.21a). Therefore, J—
dominance and proportional loading hold inside the annular region given by (see
Fig. 5.21b)

(5.67)

l<r<R. (5.68)

Hence J—controlled crack growth can be expected as long as [ < R. Since the
spatial extension R of the dominant crack-tip field has to be small compared to any
relevant geometric dimension b of a specimen (e.g., the remaining cross section in
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Fig. 5.20) and (5.64) must hold during crack propagation the above condition may
also be expressed by

l<b or — —>1. (5.69)

5.8.2 Stable crack growth

Considerations concerning the stability of J—controlled crack growth are analogous
to those in Section 4.8. According to (5.64) the amount of crack advance is deter-
mined from the “equilibrium condition”

J(F,a) = Jp(Aa) .
The equilibrium state is stable if the condition

oJ dJgr

o < (5.70)

holds. Then the increase of crack resistance with increasing crack length exceeds
the change of the crack driving force caused by crack propagation. To maintain
crack growth in such a case it is necessary to increase J (Fig. 5.22a). Typically this
requires an increase of the external load F'. With prescribed load the limit for stable
crack growth is reached at

dJ dJgr
— = —. 5.71
da|p da ( )
If the dimensionless tearing modulus
E dJ
T=— — 5.72
02 da ( )

according to P.C. PARIS is introduced, the stability condition (5.70) can be written
in the form
T<Tg. (5.73)

Now we want to derive d.J/da for the configuration given in Fig. 5.22b where
loading of the cracked body takes place via a linear spring with prescribed end
displacement u . In contrast to the respective example in Section 4.8 here the body
can not be assumed to be linear elastic. It is appropriate to start from (5.57) and with

auF - (9UP

ur(F,a) = CrF +up(F,a) and B Ba

we get
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F
J “Fﬁ
J* A /OF
”ll,pt r P
ch —
(-
s
a) = Aa b)

dF . (5.74)

Differentiation yields
dJ 0J dF  9J

— = — — 4+ —. 5.75
da OF da + Oa ( )
If the condition (fixed displacement u )
dur Oup dF N Oourp 0 dF Our/0a dup/da
_—  — — _— = ~> _— = — = —
da OF da Oa da Oup/OF Cr + Oup/OF
and the relation following from (5.74)
o _ our
OF  da
are inserted into (5.75) this finally leads to
8up 2
i _oJ) - \@a) (5.76)
dal,,. da | Cr + %12_1’3

For the special cases of a prescribed displacement ur in P (C'r =0) or dead loading
(Cr — o0) one obtains

0J 8up/8a -
4J %F—iaup/aFforCF—O,

-
%%F for Cp — 0.

(5.77)

The actual determination of d.J/da for particular geometries is in general pos-
sible only with numerical methods. In case of the deeply cracked 3-point-bending
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specimen, as shown in Fig. 5.20b, subjected to prescribed displacement vz, how-
ever, a simple relation can be found. Starting point is the approximation (5.62)
uUR

2
J(uF,a) = W_a/F<ﬂF,a)dﬂF,

0

where J is taken per unit specimen thickness. Using (5.54) it follows that

ufp

2 2 for _ J

=— = | F(u du —d .
(W—a)2/ (i a) e ) a W —a
0 0

(5.78)
Because of dJ/da < 0 crack growth under these circumstances is always stable.

y
da

up

5.8.3 Steady-state crack growth

5.8.3.1 Crack opening angle

The extension of a crack with large plastic zones is often possible far beyond the lim-
its of J-controlled growth. Even steady-state conditions may develop in the vicinity
of the crack tip after a sufficient amount of crack advance. Neither during the tran-
sition between J-controlled and steady-state crack growth nor in the steady-state
regime can the crack-tip loading be characterized by J. Other control parameters
of the crack-tip state then have to be used which are supposed to remain constant
for steady-state crack growth. Based on experimental results it has been proposed to
employ the crack opening angle. This measure of deformation can be introduced in
two different ways:

1) The crack-tip opening angle CTOA is the current opening angle between
the crack faces in the vicinity of the crack tip (Fig. 5.23a). This definition bears
the advantage that C'T'OA and J are equivalent as long as a J—controlled state
prevails because then the displacement and correspondingly the angle are uniquely
determined by J. A disadvantage of C'T'O A, however, is that this quantity is difficult
to measure.

0+ A5
croal =

a) b)
Fig. 5.23 Crack opening angle

Aa
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2) The crack opening angle COA according to Fig. 5.23b is the change Ad of
the crack opening displacement at the original crack tip related to the crack advance

Aa: AS
COA=—. (5.79)
Aa

This parameter is easy to measure but its physical significance is questionable.

5.8.3.2 Crack-tip field

So far it has not been accomplished to a satisfactory extent to describe the entire
evolution of the elastic-plastic crack-tip field, starting from the situation at a sta-
tionary crack tip via the transition regime until steady-state crack propagation. For
the steady-state case, however, solutions can be found which are based on simple
material models.

As an example we consider a crack which propagates at constant speed ¢ in a
perfectly plastic material. For simplicity we restrict the analysis to the mode-III
case. Furthermore, we assume that the crack-tip motion is slow enough (quasistatic)
for inertia forces to be neglected. The basic equations with respect to a fixed x, y—
coordinate system are given in Section 1.5.3. It is appropriate to transform these
equations to a x’,yy'—coordinate system which moves together with the crack tip

(Fig. 5.24).
y Y r
| A

Fig. 5.24 Crack growth: moving coordinate system

The relation between moving and fixed coordinates is given by
¥ =x—alt), v =y (5.80)

where a(t) is the crack length which depends on time ¢. For some arbitrary field
quantity F(z,y,t) = F(2'[z, a(t)],y'[y], t) it follows that

—a 8_F . (5.81)

o _oF oF _or . or| _or
oxr oz’ oy oy’ ot ey O ox’

7o
',y

If we assume steady-state conditions the time derivative in the moving system van-

ishes and OF
F=—a—. 5.82
@ (5.82)
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Since from (5.81) the spatial derivatives are equal in both systems the yield condi-
tion and the equilibrium condition (1.127) maintain their form in the moving system.
Only z and ¥ have to be replaced by x’ and 3/, respectively. As a consequence, the
slip lines and the stress distribution can be adopted unaltered from the respective
boundary value problem for a stationary crack in Section 5.4.1.1. Therefore, also
for the moving crack

Toz =Ty Try = 0 (5.83)

hold inside the fan (see Fig. 5.7). The corresponding strain increments (see (5.19))
can also be adopted; here they are related to the time increment dt¢:

. dyez _ R(p) . :
L RV B M B EF %

Therein 4,.(R) is regarded to be known along R(y), e.g., from the outer elastic
field. For the integration of (5.84) use is made of (5.82). To simplify the analysis
we assume R(p) = Ro and ¥,,,(Rg) = Céa/Ry. The cartesian components of the
strain rate then are

. Ca . . Ca
'ym:—Tsmcp, ’yyz:—i—Tcoscp.

With
sing =19y'/r, cosp=2a[r, r? =g 4+ y?
and (5.82) it follows that

NVaz Cy Oy Cx'

or x/2+y/2 ’ oz __x/2 +y/2

and after integration
r
Yoz = C(ﬂ-/Q - QO) + fl(y/) y o Tyz = —C'ln % + fQ(y/) ) (5.85)

where f1, fo, 7o remain undetermined. If we consider only the logarithmic term in
Yy~ which dominates for » — 0 the near tip strains can be represented as

Yz = —C'lnrsing , Yoz = —Clnrcosep. (5.86)

At a moving crack tip they display a logarithmic singularity which is weaker than
the 1/r—singularity at a stationary crack.

The respective analysis for a moving mode I crack is much more compli-
cated. Analogous to mode-III it yields a logarithmic strain singularity and bounded
stresses. It turns out, however, that the Prandtl-field according to Section 5.4.1.2
is not valid in the entire crack-tip region. In contrast to the stationary crack here
a wedge—shaped unloading region occurs in which the material behaves elastically
(Fig. 5.25). Similar unloading regions are obtained if the material is described by a
modified Ramberg-Osgood law with elastic unloading. Then not only the strains but
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A\

elastic unloadin

LN\

— x

y/
g

Fig. 5.25 Mode-I crack propagation in perfectly plastic material

also the stresses display a logarithmic crack-tip singularity which depends on the
hardening exponent.

5.8.3.3 Energy flux and J—-integral

If inertia forces are neglected and only mechanical energy terms are considered,
then from (4.94) - (4.96) the energy flux — P* across the boundary Ap into the
process zone is

AW,

—P* = n =P —F where P:/tiuidA, E:/U*dV. (5.87)

oV |4

Here, OV denotes the total surface of the material volume V' except the surface Ap
which is the boundary of the process zone. The specific work of deformation is
described by

€kl t a t
(]>k = /Uij dEij = /Uij 6571'] dr = /O’ij ﬁi,j dr . (588)
0 0 0

Only for an elastic material it is independent of the deformation path and equal to
the strain energy density U (see Section 1.3.1.2).

In the following we consider the plane mode-I problem of a propagating straight
crack with traction-free crack faces and a process zone represented by a point at
the crack tip (Fig. 5.26). If the energy flux rate G* is introduced via dW,, /dt =

adW,/da = —a G* and if the notation is changed according to Ap — Cp, A —
C + C*T + C~,V — A then one obtains from (5.87) for the energy flux across the
boundary Cp
d
dg*:/timdc—&/U*dA. (5.89)
c A

Here it has already been taken into account that the crack faces C'* are traction-free.
The contour C'p with radius p is in the limit taken to be vanishingly small (p — 0).
The star at the energy flux rate G* indicates that in contrast to the energy release rate
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G the energy flux is not necessarily connected with a change of the potential energy
of an elastic system because here the material behavior is arbitrary, e.g., inelastic.

Fig. 5.26 Integration contours for energy flux into crack tip

Since the contour C'p moves with the crack tip (whereas C' is fixed) the area A
changes with time. In the temporal derivative of the work of deformation therefore
the flux across C'p has to be accounted for (Reynold’s transport theorem):

d dUu~

— [ U*dA = dA+ad [ U'nide. 5.90

1 / 1 +a / ny dc ( )
A Cp

Using dU*/dt = 0y Ui j = (045 Wi),j—04j,; Ui, the equilibrium condition ;5 ; = 0

and the divergence theorem (where the crack faces C* yield no contribution since

t; = 0) this can be written as follows:

% U*dAz/(aij ai)JdA—FéL/U*nldc
A A Cp
z/aijdinjdc—i—/Uijitinjdc—l—d/U*nldc.
c Cp Cp

Insertion into (5.89) yields

0gh— /(@U*m b i) de . (5.91)
Cp

In order to obtain a more appropriate representation we employ a transformation
to the moving z, z5—coordinate system and consider from now on the contour C
and the area A likewise to move with the crack tip. The velocity ; in (5.91) then has
to be computed according to (5.81). Thereby we may assume that the displacement
u; (7, p, t) is regular (bounded) at the crack tip (r — 0) while its spatial derivatives
(strains) are singular. Hence the second “convective” term (see right-hand side of
(5.81)) locally always dominates and 1t; = —a u;,1 like in the stationary case (“local
stationarity””). The energy flux rate thus reads
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g* = — /(U*nl — ti 1Li,1)d0 . (592)

Cp

If we now apply the divergence theorem to the area A with boundary C' + Cp +
C* + C~ (C* again yields no contribution) and if we introduce by

J* = /(U*n1 — ti Ui,l) de = /(U*(Slg — 0ip uq;,l) ng de (593)
C C

the modified J—integral, it follows that

g* = J* — /(U:kl — Oij ui,jl) dA . (594)
A

According to (5.94) the energy flux rate can in general not be represented by a
path-independent contour integral J*; an additional area integral rather has to be
considered. If, however, the contour C' is shrunk to the crack tip the area integral
vanishes and
g* = lim (U*nl — tl' U¢71) dec . (595)
p—0
c

This coincides with (5.92); the difference in sign is due to the different orientation
of the integration paths.

In the special case of stationary conditions the area integral in (5.94) always
vanishes. This is so because from (5.82) and (5.88) it follows that U} = —U*/a =
—045 U;,5/0 = 045 u; ;1 and hence we get

g =J. (5.96)

Irrespective of the material behavior the energy flux rate can then be expressed by
the J*—integral (5.93) where the contour C' is arbitrary (path-independence). This
integral differs from the J—integral (4.119) in that J* contains the specific work of
deformation U* instead of the strain energy density U.

As an example we consider crack propagation in a perfectly plastic material. In
this case the stresses in the vicinity of the crack tip (r — 0) are bounded while
the strains display a logarithmic singularity: ;g ~ o,, u;1 ~ Inr (see Sec-
tion 5.8.3.2). If the contour C'is chosen according to Fig. 5.27 one obtains the fol-
lowing result from (5.95)

+e
* : / /AT / o te _
G* ~ 51_1}(1) 20, /ln |z'|dz" = gl_{% 20, [2'(Inz’ —1)]°_=0. (5.97)
—€
That means that in a perfectly plastic material no energy flux takes place into the

crack tip. Hence no energy is available for some dissipative process of material
separation in the process zone. The source of this “paradox” obviously is the too
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Fig. 5.27 Determination of G*

strong simplification of the process zone being only a point in conjunction with a
perfectly plastic material behavior.

5.9 Essential work of fracture

Under large scale yielding conditions, size requirements such as (5.69) for the char-
acterization of a material’s fracture resistance in terms of J. are often difficult to
fulfill. This is especially so when tests (for practical reasons) are performed on thin
sheets and when the material is very ductile and displays not much hardening. The
definition and measurement of the crack tip opening displacement (Section 5.5)
or the crack (tip) opening angle (Section 5.8.3.1), on the other hand, suffer from
some arbitrariness. In contrast to these local quantities, the essential work of fracture
(EWF) concept is based on global energetic considerations and tackles the problem
of fracture toughness characterization not from initiation (and some period beyond)
but from the other extreme of a completely fractured specimen. It has been devel-
oped by K.B. BROBERG, B. COTTERELL, J.K. REDDELL and Y.-W. MATI and is
mainly used as a pragmatic approach of obtaining fracture toughness data for thin
ductile metal sheets or ductile polymers.

The work expended during complete fracture of a specimen, i.e., the total frac-
ture work Wy, is given by the area under the recorded load displacement curves
in Fig. 5.28a. It depends on the specimen geometry (e.g., the ligament length 1)
and hence cannot be taken as a measure of the material’s fracture toughness. The
key assumption underlying the essential work of fracture concept is that Wy can
be partitioned into two parts which scale differently with the ligament length [. A
prerequisite for this is that prior to fracture the whole ligament has yielded and that
the plastic zone (bright grey in Fig. 5.28b) fully comprises the fracture process zone
(dark grey in Fig. 5.28b). The total work of fracture for a specimen of thickness B
then can be written as

Wi =w.Bl+ Bw,BI? (5.98)

where the first term on the right hand side is the work dissipated in the fracture
process zone (Bl = area of fracture surface) and the second term is the work not
directly associated with fracture but dissipated in the surrounding plastic zone. The
size of the latter in the specimen plane is proportional to [2, and 3 is a shape factor.
In (5.98) wy,, is the specific (per volume) plastic work while we is called the specific
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Fig. 5.28 a) Self-similar load displacement curves for ductile fracture, b) plastic zone and fracture
ligament in double-edge notch tension (DENT) specimen

(per area) essential work of fracture since it is consumed per unit fracture area in
the immediate fracture process (Fig. 5.28b).

In thin specimens of ductile materials yielding and fracture take place approx-
imately under plane stress conditions and the situation sketched in Fig. 5.28b is
typically met. The in-plane width of the fracture process zone then is of the order of
the specimen thickness B since the fracture process involves through-thickness-slip
and necking down of the ligament (see also Fig. 4.42b). That means that w, depends
on the specimen thickness. For a given thickness, however, it is approximately con-
stant and independent of the specimen geometry. In order to determine w, a series
of geometrically similar specimens of different size, i.e. different ligament lengths,
but fixed thickness have to be tested which leads to self-similar load displacement
curves as sketched in Fig. 5.28a. If the resulting values of the total fracture work
Wy are divided by the fracture area I and are plotted against the ligament length [

Wi
Bl

We

l

Fig. 5.29 Determination of essential work of fracture w, from measured data (o)



5.10 Problems 183

(see Fig. 5.29) an approximately linear relation is obtained according to

Wy
E:we—&-ﬁw,}l. (599)

The specific essential work of fracture w, hence is found as the ordinate intercept
for! — 0.

5.10 Problems

Problem 5.1 The stresses for the depicted Dugdale crack can be derived from
Westergaard’s stress function

Z(z) = Ll tan ! (c/a)” — 1

v 1—(c/2)?"

Determine the stresses along the z-axis and show
that there are no stress singularities at x = =+c.

Fig. 5.30

2 21
Solution: T,,(x,0) = % tan”! %

Problem 5.2 Evaluate the Dugdale model (yield stress o) for the semi-infinite
crack shown in Figure 5.31a under an external load given by the applied stress in-
tensity factor K777.

Determine a) the length d of the yield strip,
b) the crack tip opening (CTOD) 6,
c) the J-integral.

Fig. 5.31
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Remark: Use Westergaard’s stress function for a semi-infinite crack under a constant
strip load according to Figure 5.31b:

Z(z)zé"l\@_m—l\@ , zz%"d[\/g—a“/d)tan—l\/g].

ome a— T (KN _ sy (B
Solution: d_§<ap) , 6t_E/70Y’ J_T'
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Chapter 6
Creep fracture

6.1 Introduction

Various materials display a time-dependent behavior which is the source of phe-
nomena such as creep or relaxation. These processes typically take place quasistat-
ically, i.e., so slow that inertia forces do not play any role. If a component made of
such a material contains a crack and is loaded, time-dependent deformations occur
especially in the vicinity of the crack tip due to the locally high stresses. This may
cause a delay of crack initiation until some critical crack-tip deformation is attained.
Creep of the material at the crack tip, however, may also lead directly to creep crack
growth.

Typical examples for materials showing such a behavior are polymers at room
temperature or steels above approximately 30% of their melting temperature. De-
spite similar macroscopic phenomena the micromechanisms underlying fracture of
these materials are distinctly different. Thermally induced creep of metals is con-
nected with void growth at grain boundaries. In the vicinity of a macroscopic crack
tip this leads to the formation of microcracks and ultimate fracture takes plays by
their coalescence. Fracture of glassy polymers (e.g., PMMA) in contrast, is preceded
by the formation of an elongated craze zone ahead of the crack tip. This thin and
porous layer of about a micron thickness and up to several millimeters length consist
of fibrils of highly stretched macromolecules in the direction of maximum princi-
pal stress (perpendicular to the craze zone). Fracture then takes place by scission of
the macromolecules or their pull-out from the bulk material. While the macroscopic
behavior of polymers outside the process zone can usually be described as linear
viscoelastic the adequate modeling of the creep of metals generally requires nonlin-
ear constitutive laws. As in case of plasticity, we will keep the description as simple
as possible (see Section 1.3.2.1).

As already mentioned, creep is especially pronounced at a crack tip. In certain
cases the time-dependent inelastic behavior is restricted even to the immediate vicin-
ity of the crack tip, whereas the material can otherwise be regarded as linear elas-
tic. Small-scale creep conditions prevail if the creep zone is sufficiently small; the

D. Gross and T. Seelig, Fracture Mechanics: With an Introduction to Micromechanics, 185
Mechanical Engineering Series, DOI 10.1007/978-3-642-19240-1_6,
© Springer-Verlag Berlin Heidelberg 2011
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crack-tip state then can be characterized by parameters of linear elastic fracture me-
chanics such as K. These parameters, however, may now be time-dependent. Pa-
rameters of linear elastic fracture mechanics can also be employed in case of creep
in larger regions (e.g., creep of a whole component) provided that the material can
be described as linear viscoelastic. In case of nonlinear material behavior parameters
based on integral quantities are useful and frequently applied, for instance the C—
or C*—integral, which are closely related to the J—integral of elastic-plastic fracture
mechanics.

6.2 Fracture of linear viscoelastic materials

6.2.1 Crack-tip field, elastic-viscoelastic analogy

To begin with, in the present section we focus our attention on stationary cracks
in linear viscoelastic media. Solutions of respective boundary value problems can
often be directly derived from the solution of the corresponding elastic problem.
The Laplace-transformed solution of a viscoelastic boundary value problems is ob-
tained when in the elastic solution the elastic constants are replaced by Laplace-
transformed creep or relaxation functions (see Section 1.3.2.1). If the solution of
the elastic problem does not contain any elastic constants then the viscoelastic so-
lution likewise does not depend on creep or relaxation functions, hence it entirely
coincides with the elastic solution.

This holds, for instance, for the stress field at the tip of a stationary crack. The
respective equations in (4.6), (4.14), and (4.15) from linear elastic fracture mechan-
ics are also valid in the viscolelastic case where the stress intensity factors may now
depend on time according to the external loading. The displacements at the crack
tip, however, which in the elastic solution depend on elastic constants can not be
directly transferred to the viscoelastic case. Another example are bodies subjected
to prescribed tractions along their entire boundary. Also in this case the viscoelas-
tic and elastic stress distributions are equal. For multiply connected domains (e.g.,
containing internal cracks) one has to ensure in addition that the loading on inte-
rior boundaries is in equilibrium. K —factors for cracked viscoelastic bodies under
prescribed loading hence can be directly adopted from the elastic case.

The determination of viscoelastic stresses and deformations is strongly facilitated
if one assumes that Poisson’s ratio v is constant (like in elasticity) which approxi-
mately applies to many polymers. Two important situations then are distinguished:

1.) If a body is subjected to prescribed forces of the type F; = F, f(t) where
the temporal variation is the same for all forces, then the viscoelastic and elastic
stresses are equal: 0;; = &;; f(t). This also holds for the stress intensity factors.
The viscoelastic deformations are obtained from the elastic ones by replacing the
shear modulus according to:
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t

1 df(r)
5—>/Jd(t—7') = dr . (6.1)

— 00

(Note, that in this section J4(¢) and J(¢) denote creep functions and are not to be
confused with the J-integral!)

2.) If a body is subjected to prescribed displacements of the type ulR = aﬁ u(t)
along part of its boundary while the remaining part of the boundary is traction-
free then the viscoelastic and elastic deformations are equal: u; = 4; u(t). The
viscoelastic stresses and stress intensity factors follow from the respective elastic
quantities by replacing the shear modulus according to:

t
G — / Gt — ) dl;(:) dr . 6.2)

If (6.1) is applied to the crack-tip field (see (4.6), (4.14), (4.15)) it turns out that
the viscoelastic and elastic displacements differ only by their temporal variation; the
spatial distribution remains the same.

In the special case where the loading (forces or displacements) is applied at time
t = 0 and kept constant afterwards it follows from (6.1) or (6.2), respectively, that

1/G = Ju(t), G—G(t). (6.3)

The relaxation function G(t) then varies between the instantaneous modulus G(0) =
G and the equilibrium modulus G(o0) = G. (see Fig. 1.6). The same holds for the
creep function Jy(t). Hence the upper and lower limits of the stresses and deforma-
tions are readily obtained.

As an example, we consider the configuration depicted in Fig. 6.1a (see also
DCB-specimen, Section 4.6.3) with the viscoelastic behavior approximated by the
linear standard material. The latter can be illustrated by the rheological (“spring-
dashpot“) model in Fig. 6.1b. If we assume J, = 3J; and G, = G4/3 with J; =
1/G, the creep and relaxation functions are

J@t)=J,(3—27Y7) G(t) = %(1 + 2 t/7e) (6.4)

Here, 7¢ and 75 = 7¢G4/Ge = 37¢ denote the relaxation time and the retardation
time of the material. The elastic solution of the problem in plane stress yields for the
stress intensity factor K and the crack opening displacement (CTOD) § = v — v~
the results

Fa V3 upG(1 4 v)h3/? 4K r
Ki=2V3 —0 = Y2 2 TR =L /. .
1=2v3 Bh32 2 a? 9 GaroyVam ©

If the viscoelastic body is loaded by a constant force F' at time ¢ = 0 the K—factor
is constant as well. The temporal variation of the CTOD is obtained from (6.5) by
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Fig. 6.1 a) DCB-specimen, b) standard material, ¢) F' = const, d) up= const

replacing 1/G by J(t):

= Fa 65 T o o e
Ki=2V3 2o, 0= J0 =3 (6.6)
Accordingly, § increases with time and tends for ¢ — oo to three times its instanta-
neous value (Fig. 6.1c¢).
In contrast, if loading takes place by a constant displacement up at t = 0 the
CTOD remains constant and changes with time. Its variation follows from (6.5)
after replacing G by G(t):

B uph®? [r K(t) G(t) —t/re
§=2V3 — ,/% : m—@—l—k% ) 6.7)

In this case the K—factor decreases and tends for ¢ — oo to one third of its instan-
taneous value (Fig. 6.1d).

6.2.2 Fracture concept

The spatial structure of the stress and displacement field at a crack tip in a vis-
coelastic material is the same as in the elastic case but their temporal variation is
generally different. While the stresses are determined by K (¢) the displacements
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are controlled by 4(¢). In the example of the preceding section the displacements
and thus §(¢) were increasing at constant stress (i =const). Conversely, the stresses
and K (t) decreased with time at fixed displacements (§ =const). Hence the crack tip
and the actual loading of the crack tip are not solely governed by the stress intensity
factor but by the current values of K and §.

Moreover, because of the time-dependent material behavior it can not be ex-
pected that the state in the process zone is determined only by the current crack-tip
field. It rather depends on the history of the crack-tip loading as confirmed by ex-
perimental investigations. The latter show, for instance, a clear dependence of the
fracture load on the loading rate for many viscoelastic materials. The loading rate is
regarded to be high if the time 7" of load increase until failure is small compared to
the characteristic relaxation time: 7' < 7. In that case creep and relaxation effects
do not play any role and the material behaves according to instantaneous elasticity.
Damage mechanisms such as void growth at the crack tip hardly occur and fracture
takes place in a brittle manner. If, however, the loading rate is low (T' > 7¢) the
material in the process zone relaxes or creeps and the damage process at the crack
tip can take place as if it were temporally unrestricted.

Whether and when a critical state in the process zone is reached thus depends
on the temporal variation of the crack-tip loading. The fracture criterion then may
formally be written as

FIK(t),6(t)] =0 (6.8)

where the symbol F denotes the dependence on the loading history. Because of the
lack of experimental data this dependence is often ignored. It is then replaced by
the simplifying assumption that the state in the process zone is solely characterized
by the current crack tip deformation, i.e., by . This hypothesis is supported by the
observation that deformation is often also a suitable measure of the damage state in
a viscoelastic material. Instead of § which depends on the distance  from the crack
tip (see (6.5)) it is more appropriate to use a well-defined crack-tip opening displace-
ment J; (e.g., by 45° intersections with the crack opening profile, see Fig. 5.17. The
simplified fracture criterion then reads

=) )

It states that crack initiation takes place when d,(t) attains a material-dependent
critical value .

From the fracture criterion (6.9) the initiation time t; (time of failure) can be
determined at which crack propagation starts after the instant of loading. As an ex-
ample, we consider again the DCB—specimen subjected to constant load and with
the constitutive law of a linear standard material (Fig. 6.1a,c). The temporal varia-
tion of d; is given by (6.6). Insertion into (6.9) yields the initiation time

30:(0) — d¢e

i=-7s1
t Ty n 2(5,5(0)

(6.10)
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The use of the parameters ;(¢) or K (¢) in the fracture concept requires that the
size condition holds. That means that the region where the crack-tip field determined
by these parameters dominates must be large compared to the process zone (see
Section 4.3). Frequently the process zone is simply regarded as a plastic zone where
yielding takes place and the stresses are bounded. The term small-scale yielding
from linear elastic fracture mechanics then is also used in the viscoelastic case.

6.2.3 Crack propagation

Crack initiation in viscoelastic materials need not directly lead to failure of a com-
ponent. The reason is that the crack initially grows very slowly, i.e., it creeps. In
a component under fixed loading the crack growth rate subsequently increases and
only at some critical crack length the crack becomes “unstable” (unlimited crack
speed).

This process is investigated here for a crack in plane stress where similar to the
Dugdale model the process zone is modelled by a strip with yield stress o (Fig. 6.2).
Under the assumption of small-scale yielding the strip length d has to be small com-
pared to all other dimensions, i.e., the crack length can be regarded to be infinitely
large compared to d. In case of an elastic material the following relations hold for
the strip length d, the crack opening ¢ inside the strip, and the crack-tip opening
displacement §; (see (5.7), (5.8))

2
i=T (ﬁ) , (6.11)
8 oo
. 40’0d r r r
) = [ Ce(-D) artanh\/g } , (6.12)
sy — — K
bt = 6(d) = 20+ 1)Goo 6.13)

With the crack-tip loading prescibed by K these quantities are uniquely deter-
mined.
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Fig. 6.2 Crack tip under small-scale yielding
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The corresponding viscoelastic solution for a stationary (i.e., noncreeping) crack
subjected at time ¢ = 0 to some load K; which is afterwards kept constant can
directly be derived from (6.11) through (6.13). According to (6.3) therefore only
1/G has to be replaced by the creep function Ju(t). This does not affect the strip
length d, whereas the crack opening displacement inside the strip and at the crack
tip now is time-dependent:

3(r,t) = %Jd(t) [\/ng (1 - 2) artanh\/g] . (6.14)

2
Bu(t) = =

S0t v)on Ja(t) . (6.15)

Crack initiation takes place when J; attains the critical value d;. after the initiation
time ¢;.

In the following we consider the quasistatically growing crack according to
Fig. 6.3 where during the time ¢; the whole yield strip moves through some point x.
Since small-scale yielding is assumed the strip length d and the crack growth rate a
can be taken constant during this time interval such that d = a¢;. The crack opening
displacement §(x, t) inside the strip is computed using (6.14) and by modelling the
motion of the strip in the time interval 0 < 7 < ¢ by a succession of infinitesimally
neighboring configurations:

g t=0 4
’ O :
il !
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Fig. 6.3 Crack propagation
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With §; = d(x,t1) and the new variable ¢ = 1 — a7/d the crack-tip opening
displacement is given by the representation

1
_ dogd [ (&N 1 _
&_WO+VL/h<d)[¢TTZ artanhy/1 — ¢ | d¢ . (6.17)
0

From this relation in conjunction with the fracture criterion (6.9) which must hold
during crack propagation the crack growth rate @ can be calculated. In many cases
it is sufficient to approximate the creep function by the power law

Ja(t) = Jy + Jnt" (6.18)

where Jj is the instantaneous compliance and J,, and n are constants. Insertion into
(6.17) together with (6.9) yields

01e(1 + v)

d n
40’0d :Jg+JnP7L (5) ) (6]9)

where )
/ [ — artanhy/1 ] (6.20)
0

is a constant. By solving (6.19) for a with (6.11) and

K12 2(1+v)

g = T(Stco'o (621)

one finally obtains

2(n+1)/n

piea

JnPn 1/nK%g KI!?
Jy o8 K \?
(%)

For some given loading K of the crack and known material parameters thereby
the crack growth rate & is determined. According to (6.22) it increases without limit
(@ — oo) when K tends to Ky4. The limit value K7, may be interpreted as the
“instantaneous fracture toughness”; according to (6.21) it depends only on the in-
stantaneous compliance J, and not on the whole creep function (6.18). Figure 6.4
shows ¢ as a function of K; forn = 1/2.

Equation (6.22) allows to compute the creep time . needed by a crack to grow
from its initial length ag to the critical length a4 at which @ tends to infinity. This
is illustrated from the simple example of an infinite plate with a crack under tensile
loading o depicted in Fig. 6.5. In this case K7 = o/ma and K1, = 0 /Ta,. Hence

v (6.22)

|3
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Fig. 6.4 Crack growth rate (n = 1/2)
the critical crack length is
K3,
and (6.22) yields
1/n 2 n+1l)/n
as© (JnPn> / Ki, [a/ag}( / _ (6.24)
S\ o % [1-afa,]""

Separation of variables and integration from the initial crack length ag to the critical
crack length a4 leads to

1
8 J 1/n o0 2 [1—@/@ ]l/n
=10 (Jﬁ%) () / /o o7 (/) (6:25)

aolay la/ag

According to (6.25) the creep time . decreases with increasing loading ¢ and initial
crack length ag; the result is shown in Fig. 6.5 forn = 1/2.

It has to be noted that creep crack growth here has been regarded to take place
quasistatically because of the low crack speed. However, for ¢ — oo the assumption

=
W
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Fig. 6.5 Creep time (n=1/2)
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of creep crack growth and the above results are no longer valid. One then has to
consider fast crack growth where inertia forces can not be neglected (see Chapter 7).

6.3 Creep fracture of nonlinear materials

6.3.1 Secondary creep, constitutive law

Creep of metals under constant load is divided into three stages (see Section 1.3.2.2).
Immediately upon loading primary creep sets in which is characterized by a de-
creasing strain rate. This regime is followed by secondary creep where steady-state
conditions prevail and the creep rate is constant. During tertiary creep the creep rate
then increases due to progressive damage of the material until ultimate failure.

Investigations in the present section focus on the initiation and growth of cracks
in bodies undergoing secondary creep. Depending on the situation the creep region
can be restricted to the vicinity of the crack tip (= small-scale creep) or it may
encompass the entire body.

The material behavior is approximated by a nonlinear Maxwell model with the
uniaxial constitutive law given by

£ = % + Bo™ . (6.26)

According to the spring-dashpot model shown in Fig. 6.6a the strain rate is addi-
tively composed by the elastic part € = &/ F and the nonlinear viscous part (creep
rate) €V = Bo"™ where B and n > 1 are constant material parameters. The creep
curve corresponding to a constant stress o applied at time ¢ = 0 is depicted in
Fig. 6.6b. In this case stationary conditions prevail with ¢ = 0 and € = 0 and
(6.26) reduces to Norton’s creep law

g =¢"=Bo" (6.27)

(see (1.65)). The instantaneous behavior (¢ — 0) is purely elastic. Subsequently
the creep strain increases linearly with ¢ and at time ¢ = 1/(EBo"~!) the creep

9
B
~ ! e’=Bo"t
<—o—'\N\NW\—E—o—>
7 7 e¢=0/E
t
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Fig. 6.6 Material behavior at secondary creep
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strain equals the elastic strain (¢ = &€¢). After a sufficient amount of time we
have €” > ¢° and the elastic strain can be neglected; for larger stress o this state
is reached earlier. The constitutive law (6.26) reduces to (6.27) even in case of a
temporally varying stress provided that Bo™ > ¢/E. This holds when o is very
large (e.g., at a crack tip) and does not change too fast.

Using (1.38) and (1.71) the three-dimensional generalization of (6.26) reads

. e v v, 1+v. 3
Eij = &€ T & = *Egkk(sz‘j + —g Vi + §B Oe 157;j (6.28)

where s;; = 04 — 36,04, and oe = (3555:;)"/%. Here it has been assumed
that the creep strain can be derived from a flow potential and that creep takes place

incompressibly (7, = 0). If the elastic strains are negligible (6.28) reduces to
gij = =Bol s . (6.29)

In this case the analogy between nonlinear elastic behavior and creep according
to Section 1.3.2.2 holds. That means that all relations and solutions obtained for a
nonlinear elastic material with (1.57) or (5.34), respectively, can be transferred to
creep processes with the constitutive law (6.29) simply by replacing the strains by
strain rates.

It should be mentioned here that a nonlinear material behavior of the type (6.26)
or (6.28) is in the literature often referred to as a viscoplastic behavior.

6.3.2 Stationary crack, crack-tip field, loading parameters

We consider a stationary crack in a component with the material behavior accord-
ing to (6.28). The loading is arbitrary, i.e., it may be time-dependent or constant.
The stress field at the crack tip (r — 0) is expected to be singular of the type
0ii(r,¢,t) = 15;;(p,t) where the exponent A < 0 is unknown. By insertion
into (6.28) one realizes that the elastic strain is negligible compared to the creep
strain. Hence the material behavior in the vicinity of the crack tip can be described
by (6.29) and the solution for the crack-tip field is analogous to the corresponding
elastic solution. The latter is given by the HRR-field discussed in Section 5.4.2. By
changing the notation acgoy — B, €;; — €5, u; — U3, J — C(t) one thus obtains

from (5.39):
1
C(t)\ n+l _
oij = (H(?D i ()

. O(t)\ i1
6ij:B<IBr> gij(e)

(6.30a)




196 6 Creep fracture

it; — 1o = Br (fgz) ") | (6.30b)

The parameter I(n) and the angular functions &;;(¢) are given by the respective
quantities in Section 5.4.2 and the structure of the field (6.30a,b) corresponds exactly
to the HRR-field. Here, the time-dependent loading parameter is C'(¢); in analogy
to (5.37) it can be expressed by the contour integral

—+m
C(t) = lim / [Dni — 0ig ;1 ng) rde (6.31)

r—0
-7

(see Fig. 5.13) where the specific strain energy rate D is given by (1.72). The in-
tegration contour has to lie entirely inside the crack-tip field since only there the
constitutive law (6.29) is valid. Hence the C(t)-integral is in general not path-
independent. The determination of C(t) for a particular crack configuration and
given loading requires the solution of the time-dependent boundary value problem
for the complete component with the constitutive law (6.28). Generally, this is pos-
sible only by numerical methods. The field quantities in the vicinity of the crack tip
then allow the computation of the crack-tip loading parameter from (6.31).

In the following we assume that the loading of the component is constant in
time. As a consequence, a state of stationary creep develops in the component after
sufficiently long time (6;; = 0 for ¢ — oo) and the elastic strains can be neglected.
Then (6.29) and the analogy with the elastic case hold not only at the crack tip but
throughout the entire body. Hence the crack-tip field is again given by (6.30a,b)
where the loading parameter is now time-dependent:

C*"=C(t— ). (6.32)
It can be computed from the contour integral
C* = / [Dny — 0ip ;1 nglde (6.33)
c

which in contrast to (6.31) is path-independent like the .J-integral. Some further
relation can be transferred from the elastic problem. For instance, from the repre-
sentation (5.54) for J the analogous representation for C'*

B dIr
da

Ccr = (6.34)

Up
is obtained where

7' = / Fdup . (6.35)
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Moreover, all solutions for specific crack problems can of course be adopted (see
Section 5.7).

Now the evolution of the crack-tip field in a component subjected to some con-
stant load at time ¢ = 0 is investigated. The instantaneous behavior is purely elastic
and at the crack tip hence a K-controlled field initially prevails with a region of
dominance characterized by Ry in Fig. 6.7a. Inside this elastic crack-tip field a
creep zone develops for ¢ > 0 with a characteristic radius p and a C(t)-controlled
field with a radius of dominance R¢ (Fig. 6.7b). Both p and R¢ increase with time.
Outside the creep zone the creep strains are so small that they can be neglected com-
pared to the elastic strains. Small-scale creep conditions prevail as long as p < R,
for instance, up to some time t;. During this short period the crack-tip loading can
be characterized by the constant K -factor. For ¢ > ¢; and an increasing creep zone
the situation turns into large-scale creep and the crack-tip state is controlled by the
field governed by C(t); see Fig. 6.7c. For t — oo a state of stationary creep de-
velops throughout the whole component and the crack-tip loading is given by C*
(Fig. 6.7d).

K—controlled field t<t<t K—controlled field

creep zone
C'(t)—controlled
b)

t> 1 C'(t)—controlled field C*—controlled field

Fig. 6.7 Temporal evolution of the crack-tip field

The evolution of the creep zone during the short period of small-scale creep can
easily be estimated. We assume for this purpose that the boundary p of the creep
zone is approximately determined from the condition g = & for the equivalent
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strain on the ligament and that outside the creep zone the temporally constant stress
distribution of the K -controlled field prevails. From the constitutive law (see Sec-
tion 6.3.1) then the characteristic time

1

EBog

(6.36)

follows. At this time the creep zone reaches some point where the so far constant
equivalent stress e is given by the K -field. In the following we neglect the tran-
sition region in Fig. 6.7b between the K -controlled and the C'-controlled field by
setting R = p. The stresses then are given by (4.22) outside the creep zone and by
(6.30a) inside the creep zone:

K

fniall r>p

\/7_,.

At the boundary » = p between the two regions they must be of the same order of

magnitude:

1

K C(t)\ ntt

LY (ﬁ) . (6.38)
VP Bp

Using (6.36) and (6.37) this leads to the following time dependencies of the size

p(t) of the creep zone and of C(t)

oe(r) ~ (6.37)

2 K2
p(t) = oy K*(EBt)n—1 | C(t) = Q- (6.39)

where «; are dimensionless constants of order unity. A rough estimate of the time
t1 until which small-scale creep prevails may be obtained by setting C'(¢1) =~ C*:

K2

EC*

tl = (g (640)

Finally, we briefly investigate the onset of crack growth. Therefore, we make use
of the simple fracture criterion (6.9) §; = J;. where d; denotes the crack opening
displacement at some distance 7. from the crack tip. For sufficiently high loading
crack initiation takes place already in the initial stage of small-scale creep. From
(6.30a,b) and (6.39) then

K2 HLH
a2 ) (6.41)

5 = 2Br g () (EIBr ;

Time integration and insertion into the fracture criterion yields the initiation time
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Ste " EIBro\"
fo= [0t fe (6.42)
2Br g () g K2
which is inversely proportional to K2". For sufficiently low loading, in contrast,

crack initiation takes place when a state of stationary creep has developed in the
component and the crack-tip loading parameter is C*. Equation (630b) then yields

. * n+1
0t = 2Br.ug(m) (Igr ) , (6.43)

and time integration in conjunction with the fracture criterion leads to the initiation

time "
5,50 IBr.\ nt1
t; = . 6.44

" 2Br.iis(r) ( C* ) (©44)

n
In this case it is inversely proportional to C"n+1

6.3.3 Creep crack growth

6.3.3.1 Hui-Riedel field

After initiation crack propagation proceeds by creep. In order to describe this pro-
cess we first analyze the crack-tip field. Steady-state conditions and a plane stress
state are assumed. For the derivation which is similar to that of the HRR-field (see
Section 5.4.2) it is appropriate to employ a coordinate system moving with the crack
as depicted in Fig. 5.24. If the constitutive law (6.28) is inserted into the compati-
bility condition (5.41) and use is made of (5.81) one obtains

a 0O
B 97 (A0 +00)]
B ]. 62 n—1 ]' 82 n—1
1o, . o[ 0, .
~r or [J 1(20r - Uso)] T2 o [T%(U lTrcp)}} =0
where 1/2
o= (03 + afp — 0,0, + Tip) / (6.46)
and
0 H? 1 02 1 0
amll—cosgp——smgo%, 52 T_28—L,02+;§ (6.47)
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The Airy stress function ¢(r, ¢) with the definitions (5.44) is introduced which iden-
tically satisfies the equilibrium conditions. With the representation

¢ = Ar® ¢(p) (6.48)

for the crack-tip field it then follows from (6.45) that
% 3D (¢) + BA" 1m0 Dy(4) = 0 (6.49)
where
Dy = [(s = 4)cosp —sing 2] [(s - 22526 + &) + (s°6 + "] |

D = {n(s ~2)[1 + n(s ~ 26" [s(2s ~ 3)5 ~ &
HE" T (5(1 = 8)¢ +2¢7))" = n(s = 2)5"[s(1 — 5)¢ + 26"

+3[1+n(s - 2)(s = 1)E 1 F) |

1/2
o= [32(3 — 354 52)p2 + 5(3 — 5)pd + @2 + (s — 1)2q~5’2} /
(6.50)

The first term on the left-hand side of (6.49) describes the elastic part and the
second one represents the creep part of the crack-tip field. In order to determine the
unknown exponent s we proceed from the hypothesis that the first term, i.e., the
elastic strain, is negligible. This leads to exactly the same relations as in case of a
stationary (non-propagating) crack. According to (6.30) the corresponding crack-
tip field then is of the HRR-type with o;; ~ r~/("*1) and ¢ ~ r(2n+1/(n+1); the
exponent s in this case is s = % This is inserted into (6.49) in order to verify the
above hypothesis. The first term then is of the type r—("+2)/("+1) and the second
one is of the type r—™/("*+1)_ For r — 0 the first term dominates which contradicts
the assumption. In contrast to the situation of a stationary crack hence the elastic
strains can not be neglected in case of a propagating crack.

Conversely, we now assume that the creep part in (6.49) can be neglected com-
pared to the elastic part. This leads to an elastic crack-tip field with o;; ~ r1/2,
¢ ~r¥?ands =3 /2. If this again is inserted into (6.49) to check the hypothesis
it turns out that the first term is of the type /2 while the second one is of the
type 7~™/2. For n < 3 the first term indeed dominates at the crack tip (r — 0) in
agreement with the assumption. In this case hence the elastic crack-tip field prevails
which is given by (4.14) for mode I (see Section 4.2.2). However, n > 3 leads to
a contradiction to the assumption since then both terms are of the same order of
magnitude (n = 3) or, respectively, the second term dominates (n > 3).

From the preceding considerations it can be concluded that for n > 3 both terms
in (6.49) must have the same asymptotic behavior for » — 0. Therefore, it follows
that s —3 =n(s —2)ors = 27?%13 The amplitude A may now without loss of

generality be fixed by A = (a/EB)"/("~1). Thereby (6.49) reduces to the fifth
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order ordinary differential equation

D1(¢) + Da(¢) =0 6.51)

for the unknown function q?)(gp) Four boundary conditions are for mode I given by
(5.48); a further condition is the regularity of the solution at ¢ = 0. The solution
of (6.51) subject to these boundary conditions can be obtained by numerical inte-
gration. Then the stress function and hence the stresses and strains in the crack-tip
region (r — 0) are uniquely determined. They are of the general form

1
a n—1 _
(EBT> i () 5

_i a n—1 ~“( )
= E\EBr) UV

Named after C.Y. HUI and H. RIEDEL who intensively studied creep crack growth
this field is called Hui-Riedel field. In contrast to the situation of a stationary crack
(HRR-field) the stresses and strains of the Hui-Riedel field display the same asymp-
totic behavior.

In Fig. 6.8 the angular distribution of the stresses and strains is depicted for the
case n = 5. It should be noted that the quantities 7, €, €, are unbounded when
approaching the crack faces (¢ — =m). This has to be understood to result from
the strain history a material point close to the z-axis experiences during the passage
of the crack tip. Another important feature of the field (6.52) is that its amplitude is
determined solely by the crack-tip speed @ and the material parameter £ B. In con-
trast to the HRR-field here the amplitude does not explicitly depend on the external
loading or the geometry of the body.

Jij

(6.52)

Oij

2 -

-1 "

/2 T 9
Fig. 6.8 Hui-Riedel field, angular distribution of field quantities (plane stress, n = 5)
In deriving the crack-tip field we have assumed steady-state conditions, i.e., @ =

const. This is not strictly necessary; rather the results are valid also in the transient
case (a # const). This can be seen from the time derivative of (6.48) which is ac-
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cording to (5.81) in the general (transient) case given by ¢ = (9¢/dt) —a(d¢/dx}).
Using (6.47) the first term is of the type r* while the second one is of the type 1.
Correspondingly, the asymptotic behavior of ¢ for 7 — 0 is in the transient case as
well as under steady-state conditions solely governed by the second term, i.e., by
the relation (5.81) used above.

Analogous considerations can of course be performed for plane strain and for

mode II. The structure of the crack-tip field (6.52) then remains the same.

6.3.3.2 Small-scale creep

In the following we consider crack propagation under the condition of small-scale
creep. Furthermore, we assume n > 3 and, as in the preceding section, a plane stress
state. The situation which then prevails in the vicinity of a crack tip is schematically
sketched in Fig. 6.9. The creep zone with a characteristic radius p is embedded in
the K -controlled field with a radius of dominance Rx > p. Inside the creep zone,
close to the crack tip, the Hui-Riedel field is found with a radius of dominance Ry .

K -controlled field

creep zone

Hui-Riedel field

Fig. 6.9 Crack propagation in case of small-scale creep, n > 3

The exact determination of the field in the transition region between the K-
controlled field and the Hui-Riedel field is only possible by numerical methods.
Here we are satisfied with an approximate solution which nevertheless allows to
study all essential features. We proceed in a similar way as in case of small-scale
creep at a stationary crack (see Section 6.3.2). In order to compute the size p of the
creep region we first assume that this boundary is approximately determined from
the condition eg = ¢ for the equivalent strain on the ligament and that outside this
boundary the stress distribution of the K-controlled field is valid.

From the latter the equivalent stress on the ligament is in plane stress given by
oe = K/+/2mr. Using (6.26) and noting that (.)" = —ad(.)/dr (on the ligament
x1 = r) then leads to
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es = Je _ K
¢ E  EV2mr’
(6.53)
0=’ _ o . BE" 2BK"
“or T 7% T Qpryni2 ‘e T 2m)n2(n — 2)ar =72 -

The integration of ¢ here is performed in the limits from Rx — oo to r. Equating
the two equivalent strains at » = p yields

2 EBK" 1]n=3
= 6.54
¢ {(277)(71—1)/2(71 2 a (0%
and )
v e 1 a |3
Ee(p) = Ee([)) = E 7T(n — Q)W (655)

In the following we again neglect the transition region between the K -controlled
field and the Hui-Riedel field by setting p = Ry . From (6.53) and (6.52) the creep
strain then is given by

(B)T r>p
r

ee(r) = €d(p) (6.56)

(&) reo
T

In order to describe crack propagation a fracture criterion has to be employed.
We assume therefor that crack advance proceeds in such a way that the creep strain
ey at some distance r. ahead of the crack tip attains a critical value: eg(r.) = e.. It
should be noted that in this criterion only the creep strain appears and not the total
strain. Physically this can be motivated from the creep strain being a measure of
the accumulated void volume which in turn characterizes the state of damage of the
material. By inserting (6.56) together with (6.54), (6.55) in this fracture criterion
one obtains

1
7 - i (n 3) (6.57)
2(n—1
(&) s
Te
or B
. K" re>p
a= (6.58)
1 Te < p,
where 5 %
=" a K= (6.59)

2  EnBr.erl’ FEe A/ 27r,
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denote the dimensionless crack-tip speed and stress intensity factor, respectively.

100 +

10 +

Qmin = 1T

| | |
T T T

} } Il
Kuyin=1 2 3 456 K
Fig. 6.10 Crack-tip speed

Two solutions for the crack-tip speed are given by (6.59); they are depicted by
the solid and dashed lines in Fig. 6.10. In addition it can be seen from (6.57) that
the conditions 7. > p or r. < pin any case yield X > 1. The minimum K -factor
for which crack propagation is possible hence is K = 1 or

Knin = Feov2mre; . (6.60)
It corresponds to a minimum crack-tip speed @ = 1 or

Gmin = 2 E"Br.e" 1. (6.61)
n—2

We now consider the solution @ = 1 and assume that at constant K the crack-tip
speed a is slightly increased by some perturbation. According to (6.54) the creep
zone becomes smaller which may lead to . > p. But then the second solution for
@ is valid and the crack-tip speed “jumps” to the corresponding higher value. In this
sense the lower branch (¢ = 1) of the solution is unstable. The physically relevant
solution hence is given by the upper branch a = K™, i.e., by the relation

2 Br, K "
1= . 6.62
“ n—2 &g (\/27rrc> ( )

Thus, the crack-tip speed increases according to K.
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Chapter 7
Dynamic fracture mechanics

7.1 Introduction

So far, our investigations of crack initiation and propagation have always been based
on the assumption of quasistatic conditions. This is no longer justified when inertia
forces or high strain rates significantly affect the fracture behavior. It is, for instance,
well known that a material is more likely to fail under impulsive dynamic loading
than in case of a slowly applied load. One reason for this is the different material
behavior: plastic or viscous flow is increasingly suppressed at higher loading rates
and a material often behaves more brittle in the dynamic case than in the static case.
This and possibly different failure mechanisms in the process zone may lead to a
change of the fracture toughness. Another reason is due to the fact that the inertia
forces in case of dynamic loading can cause higher stresses in the vicinity of a crack
tip than in the corresponding quasistatic case.

If a crack propagates through a material it often reaches a very high speed
(e.g. more than 1000 m/s) after a short acceleration phase. In case of such a fast
crack advance the inertia forces and high strain rates play an important role and
strongly influence the fracture behavior. Various aspects of this behavior are well
known from the failure of technical components as well as from laboratory exper-
iments. For instance, a fast running crack typically does not exceed a certain limit
speed. Depending on the actual conditions it may branch, once or several times, or
it may become unstable with respect to the propagation direction. The latter means
that even under fully symmetric conditions the crack tends to deviate from a straight
path. Another (often desired) dynamic effect is the crack arrest, i.e., the crack may
slow down until it finally stops growing.

The understanding of the above-mentioned phenomena and their appropriate
quantitative description is only possible in the framework of a dynamic fracture the-
ory. Some foundations are presented in the following sections. In the spirit of linear
elastic fracture mechanics we thereby restrict the considerations to fracture of brit-
tle materials which can be described by linear elasticity theory. The investigations
focus on two typical problems: a) the stationary (i.e., nonpropagating) crack under

D. Gross and T. Seelig, Fracture Mechanics: With an Introduction to Micromechanics, 207
Mechanical Engineering Series, DOI 10.1007/978-3-642-19240-1 7,
© Springer-Verlag Berlin Heidelberg 2011
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dynamic loading and b) the fast running crack. With regard to the fracture concept
(criterion) we will employ already established quantities such as the K -factors or
the energy release rate.

7.2 Some foundations of elastodynamics

The basic equations of linear elastodynamics are given by the balance of momentum
(1.20), the kinematic relations (1.25), and the elasticity law (1.37). Inserting these
into each other yields in case of vanishing body forces (f; = 0) the Navier-Lamé
equations

A+ M)uj,ji + pg ;= piy (7.1)

The introduction of a scalar potential ¢ and a vector potential v, with

U =@ 1+v32—Y23, Uz =Po+P13—Y31, U3=¢3+Y21—Y12, (1.2)

leads to the Helmholtz wave equations

Ehiui=0¢, A brii = i (7.3)
where N4
02:ﬂ7 c2:ﬁ. (7.4)
1 2
p p

The scalar potential ¢ describes the volume change (dilatation) and the vector po-
tential ¢, characterizes pure distortions at constant volume. Correspondingly, ¢; is
the speed of dilatational (longitudinal) waves and co that of distortional (shear,
transversal) waves. Typical values for some materials are given in Table 7.1. By
these wave speeds signals (dilatations or distortions) propagate through a solid body
unless they impinge on some boundary.

Material | c1 [m/s] co [m/s] | cr [m/s]
steel 6000 3200 2940
aluminum 6300 3100 2850
glass 5800 3300 3033
PMMA 2400 1000 920

Table 7.1 Typical wave speeds

The representation simplifies in case of plane problems. For plane strain with
uz = 0 and ¢; = 12 = 0 and the notation ¥ = 13 equation (7.3) reduces to the
two wave equations

Soi=0¢, Gvu=1v. (7.5)
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The case of plane stress is governed by the same relations; only the elastic constants
in the wave speeds need to be changed (see Section 1.5.1).

Besides the transversal and longitudinal waves so-called Rayleigh waves or sur-
face waves play an important role in dynamic fracture. These are waves which prop-
agate along a free surface of a body and rapidly (exponentially) decay towards its
interior. In a body in plane strain that occupies the upper half plane with the bound-
ary xo = 0 they can be represented by

¢ = Aexp **?cosk(z1 — crt) , Y = Bexp P2 cosk(x; — cpt) . (7.6)

Here, cr denotes the unknown speed of the Rayleigh waves and k is the wave num-
ber. Inserting (7.6) into (7.5) yields the values of « and 5. From the boundary con-
ditions oa2(z1,0) = 0, o12(x1,0) = 0 then the ratio A/B of the amplitudes is
obtained as well as the governing relation for cp:

R(CR)=4\/1—(CC—T)2\/1—(Z—};>2— lz-(cc—’;fr:o. (1.7)

R(cp) is called the Rayleigh function. Equation (7.7) may also be written in the

form 6 . )
9 _
CRY _g(CR +M cRY __8 _,. (7.8)
Co Co 1—v Co 1—v

Like c; and co the Rayleigh wave speed cr depends only on material constants and
not on the wave number or wave length. For Poisson’s ratio in the range 0 < v < 0.5
it follows that 0.864 < cg/ca < 0.955. The data given in Table 7.1 are based on the
value v = 0.25 for which cg = 0.919 cs.

Particularly simple is the situation of antiplane shear where one may start directly
from (7.1). With u; = us = 0 and setting w = w3 one obtains

CRwgi = . (7.9)

Hence the motion of the continuum is described by a single equation with the char-
acteristic wave speed co; Rayleigh waves do not occur in this case.

7.3 Dynamic loading of a stationary crack

7.3.1 Crack-tip field, K-concept

The crack-tip field of a dynamically loaded stationary crack does not differ from that
in case of static loading. This can be shown directly from the field equations (7.1).
For this purpose we assume that the stresses are singular at the crack tip (r — 0)
while the displacements are nonsingular and can be represented by u; = rii; (¢, t)
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where 0 < A < 1. Because of the second spatial derivatives the terms on the left
hand side of (7.1) then are of the type r*~2 whereas the right-hand side is of the
type . Hence the inertia forces can be neglected for » — 0 and the crack-tip
field is in the dynamic case governed by the same equations as in the static case.
It therefore coincides with the static crack-tip field discussed in Section 4.2. As the
only difference the stress intensity factors now depend on time: K; = K (t) etc. In
general, they cannot be adopted from the static case but have to be computed from
the solution of the dynamic (initial) boundary value problem where inertia forces
are taken into account.

Since the crack-tip field is uniquely determined by the K -factors it is appropriate
to employ the K -concept also in case of dynamic loading of a crack. Accordingly,
mode-I crack initiation takes place when the condition

Ki(t) = Kj. (7.10)

is met. The application of this criterion, however, is complicated by two facts. As
already mentioned the fracture toughness K;. depends on the loading rate K or, re-
spectively, on some characteristic loading time 7: K;. = K;.(7). Its determination,
especially in case of impulsive loading, requires an enormous experimental effort
which is possible only in a few well-equipped laboratories. Hence only a rather lim-
ited amount of reliable material data is available up to now. On the other hand, (7.10)
is only valid if the dominance region of the K -field is sufficiently large compared
to all other characteristic dimensions. In the dynamic case this region of dominance
depends on time and it can be smaller than in the static case. Due to the finite wave
speed it takes some time after an impulsive loading of a crack until a sufficiently
large dominating crack-tip field has built up.

7.3.2 Energy release rate, energetic fracture criterion

The energy release rate is defined as the decrease of the total energy of a body due
to crack advance. Since in the dynamic case the kinetic energy K has to be taken

into account it reads ALK
G = _(74—) ] (7.11)
da

In the present situation of a stationary crack (& = 0) the crack advance is considered
to take place “quasistatically” (i.e., virtually).

Because of the kinetic energy which additionally appears in (7.11) the relations
for G cannot be adopted from the static case (Sections 4.6.2 — 4.6.5) in a straightfor-
ward manner. Instead of giving a detailed derivation here, we make use of the result
for the more general situation of a running crack presented in Section 7.4.3. Accord-
ingly, the relation (7.34) for the energy release rate reduces in the plane problem of
a straight stationary crack (¢ = 0) with traction-free crack faces to
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g = /(U(Slﬂ — 05 ui,1)nlg de + /Uij,j Us1 dA . (7.12)
C A

Here, A is the area enclosed by some arbitrary contour C' which encompasses the
crack tip from one crack face to the other (Fig. 7.1a). In contrast to the static case
the energy release rate (7.12) is no longer given solely by the path-independent .J-
integral but also contains an additional integral over the enclosed area A (see also
Section 4.6.5.3). The latter vanishes only if the contour is shrunk to the crack tip
(Fig. 7.1b):

g = lim /(U(sllg — 0B ui,l)ng de. (7.13)
C—0
C
T2 T2
E L>@
p—0

a)

Fig. 7.1 Contours around stationary crack tip related to the energy release rate

The above relations are also valid in the general nonlinear elastic case since no
particular elasticity law is employed. If linear elastic material behavior is assumed
the crack-tip fields for a stationary crack are equal in the static and the dynamic
case, as discussed above. From (7.13) it then follows immediately that the relation
known from statics

1
G =2 (K + Kip) + 55 Kiir (7.14)

2G
is valid also in the dynamic case. Correspondingly, for pure mode [ with G = K?/E’
the K -concept and the energetic criterion

g=0. (7.15)

are equivalent, like in statics. Here, G.(7) is the energy required for crack propa-
gation; it can depend on the loading rate or on the characteristic loading time 7,
respectively. It should be mentioned that (7.12) in conjunction with (7.14) are well
suited for the determination of dynamic K -factors by means of experimental me-
thods.

7.3.3 Examples

Various methods can be utilized for the determination of dynamic stress intensity
factors. Experimental and numerical techniques are of primary importance while
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analytical methods are applicable only in a few special cases. Experimental meth-
ods allow for the determination of the temporal variation K;(t) of the crack-tip
loading as well as the initiation value K.(7), and the so-called method of caustics
has proven to be particularly useful for this. The crack-tip loading K;(t) can be
computed with numerical methods where the boundary element method (BEM), the
finite element method (FEM), and the finite difference method (FDM) are success-
fully employed. Results for three examples are discussed in the following which
have been obtained with these methods.

As a first example we consider the rotational-symmetric problem of a circular
(penny-shaped) crack in an unbounded domain which is loaded by a stress wave.
The latter impinges perpendicularly on the crack and is characterized by the load-
ing time 7 and the amplitude o (Fig. 7.2). After arrival of the wave at time ¢t = 0
the stress intensity factor K (t) first increases monotonically until it attains a max-
imum and then tends to the corresponding static value K5%* = 20(+/7a/7 in an
oscillating manner. The decay can be explained from the fact that due to the re-
flection and scattering of waves energy is radiated into the unbounded domain (i.e.,
towards infinity). These waves do no longer contribute to the loading of the crack.
For 7 = 0 the peak value of K(t) is about 25 % higher than K5, It is attained
approximately at time tg = 2a/cr which is needed by Rayleigh waves to travel
across the diameter 2a of the crack. With increasing loading time 7 the maximum
K1 value becomes smaller. A noticable “dynamic overshoot” only occurs for load-
ing times in the range 7ca/a < 1. For instance, in a steel plate which contains a
crack of length 2a = 20 mm this takes place for 7 =~ 6-10~%s. Such a short loading
time is observed only in rare situations.

Ki(t)
K cor/a=0
e
1.7
34
1 +
: o(t)
! o0
i |
I t t
[&] T
- 7 -- : : %
wave front 2 4 6 eot/a

Fig. 7.2 Impulsive loading of a circular (penny-shaped) crack in an infinite domain

In the second example (Fig. 7.3) a straight crack is located in a rectangular plate
which is subjected to an ideal impact oo H (t) on the two opposite boundaries par-
allel to the crack. Here, H (t) denotes the Heaviside function. In the present case
the profile of the wave impinging on the crack is influenced also by the boundaries
of the plate. Furthermore, in contrast to the preceding example energy radiation to-
wards infinity here does not take place by virtue of the bounded domain. The K(t)
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Fig. 7.3 Impact loading of a crack in a rectangular plate (plane stress, v = 0.25; a : b:c =
9.5 : 100 : 60)

variation is qualitatively an oscillation with a period which is essentially determined
by the travel time of a wave over the distance 2c. Local peaks superimposed on this
oscillation can also be explained from travel times of waves propagating at differ-
ent speeds (c1, c2, cr). Since there is no damping (e.g., due to energy radiation) the
oscillation of K;(t) does not decay.

As a final example we consider an impact-loaded 3-point-bending specimen as
it is used for the determination of K. values (Fig. 7.4). For a prescribed value of
the impact velocity the variation F'(t) of the loading has been measured; the latter
gives rise to the depicted K () variation (Fig. 7.4). It can be seen that the temporal
variations F'(t) and K(t) are completely different, especially in the initial phase.
Hence the current value of K cannot be determined from the current value of F.
Also, it should be noted that for such a type of loading a repeated loss of contact
between the specimen and the impactor as well as between the specimen and the
support takes place due to the motion of the specimen.

K (t) F
V) o 3T Ki(t) 13
A~ 30 llOO 27T T2
HCH b_®
| | H 1!
\ 400 | F(t)
412 t t t

Fig. 7.4 Impact loading of 3-point-bending specimen
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7.4 Crack propagation

7.4.1 Crack-tip field

Now we consider a crack which propagates at some speed @ and acceleration G
(Fig. 7.5). The dynamic crack-tip field is investigated first for pure mode III (an-
tiplane shear) as the simplest case. The respective problem is described by the equa-
tion of motion (7.9) which for the present purpose is transformed to the coordinate
system z’, 3y’ that moves with the crack tip (cf. Section 5.8.3.2). Using 2’ = x —a(t),
y' = y one obtains for an arbitrary field quantity (here the displacement w)

Pw  Pw  Pw _ Pw ..782_11)72& 0w _da_w+.262w
a2 ox2 oyr  oy? . o “arat “ox " 0x?

(7.16)

At the crack tip (r — 0) a nonsingular displacement field of the type w(r, p,t) =
r (i, t) with 0 < X < 1 and a singular stress field is expected. Because of

— =cosp — —si

i = sin 2 + cos i
oz’ -y or v rdy

or e rdp oy’

the last term in @ dominates for » — O compared to the first three terms and we get
W = a20%w/0z". Thus the equation of motion governing the crack-tip field reads

Pw 1 0w 9 a2
w a—g w:O where a2:1—g. (717)

By introducing of the new coordinates (contraction of the y-coordinate)
Tog =T9COSp =T =7rcosy, Yo =rosings =asy = asrsing, (7.18)
equation (7.17) can be transformed into Laplace’s equation

Pw  Pw

The easiest way for its solution is the use of complex variables (see Sections 1.5.2
and 4.2.1) which leads to

Fig. 7.5 Running crack
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Gw = Re 2(z2) ,
(7.20)
Tow — 122 = (2'(29)
o

where 2o = x5 + iys = roe'?2. The subsequent steps are analogous to the static
case. The dominating part of the solution which satisfies the boundary conditions is

described by {2 = Az21/ 2 1f the stress intensity factor is defined (as in statics) by
K]]]: 1111(1)\/271’7“ Tyz((p:()) (721)
r—

one finally obtains the crack-tip field

. N SN}
Toz Krrr az S 2K ra . @2 (7.22)
— R w = — S1n — . .
.- V21 cos % Gasg \ 2w 2

Its general structure is similar to the static case with a stress singularity of the type
r=1/2 The angular distribution of the field quantities, however, depends on ax, i.e.,
on the crack-tip speed a. In the limit case of a stationary crack (¢ = 0) with g = 1
and ro = r, (2 = @ the static crack-tip field (cf. Eq. (4.6)) is recovered.

For mode I the procedure is fully analogous to the just described mode III case.
The transformation of (7.5) to the moving coordinate system yields for » — 0

2 2 2 2 -2

¢ L I¢_ 00 LW ghere a2=1-% . (723

2 T2 g2 T 0 2 T 2 92 2
Ox af Oy Oox as Oy c;

If in the first equation the coordinates
T1 = T1CO8 P = = 7 COS Y , Y1 =rysing; = ozly' = ayrsing (7.24)

are introduced and in the second one the coordinates (7.18) the two Laplace equa-
tions

¢ 9% 0%y 0%

—+—=5=0, =5+ 55 =0 7.25

0?2 * oy? dr3  Oy3 (7.25)
are obtained. Their solution for the symmetric (mode I) crack-tip field can be written

in the form ¢ = A Re zf/2, P = B Im z§/2 where z1 = 21 +iy; = riet®1,

2o = X9 + iys = 79€'?2 and the real constants A, B are determined from the
boundary conditions (traction-free crack faces). Introducing the definition of the
stress intensity factor

Kj = lim V2rr a,(p = 0) (7.26)

leads to
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2) 4 cos(p2/2)

n 149202 — o2 COS(SOI/ _ Ao

g (1+2af — a3) VT l—l—oz% VT2

oy b= Krf _(1+a%)cos(cp1/2) n daqas cos(p2/2) (7.272)

Vi t1lral Vl

sin(p1/2) _, , sin(e2/2)
Txy 20[1 \/ﬁ 20&1 \/E

201
\/ﬁcos \/_1_: %cossoz—2

K2
_ GIQf (7.27b)
V2T —q14/T1 sin %l + /T2 % sin %2
2
where ) )
1 1

R(a)  4dajas — (1 + a3)?

Here, R(a) denotes the Rayleigh function defined in (7.7). The stresses and dis-
placements display the same dependence on 7 as in the static case. Their magnitude
and angular distribution, however, depend on the crack-tip speed a; the acceleration
@ has no influence. Hence the crack-tip field is uniquely determined once the K-
factor and the crack-tip speed are known. This can also be seen from the results for
the stress o, ahead of the crack tip (¢ = 0) and the crack opening displacement

d=wv(m) —v(—m):

K[ KI 4041(1 - 042)
- §=—tf L 2" %) 7.29
T Jfomr G \Vor~ R@ (7.29)

While o, is solely determined by K7, the crack opening displacement ¢ at fixed K
increases with increasing crack speed and tends to infinity for @ — cr. One should,
however, note that for a specific crack configuration the dynamic stress intensity fac-
tor is itself a decreasing function of the crack speed. This issue is further discussed
at the end of Section 7.4.2.

From the crack-tip field several conclusions can be drawn with regard to the be-
havior of a fast running crack. Figure 7.6a indicates that the stress ratio o, /o, ahead
of the crack tip (¢ = 0) decreases with increasing crack speed. Correspondingly, the
propensity for material separation in planes perpendicular to the crack propagation
direction increases. When the crack speed approaches the Rayleigh wave speed the
stress ratio tends to zero and crack propagation in the direction ¢ = 0 becomes im-
possible. Therefore, the Rayleigh wave speed can be considered as an upper bound
for the crack-tip speed.

For various values of the crack-tip speed the angular distribution of the circumfer-
ential stress o, at the crack tip is depicted in Fig. 7.6b. While for a sufficiently low
crack speed the maximum stress prevails at ¢ = 0 this maximum shifts to p>7/3
for G>0.6 co. If one assumes that crack advance proceeds in the direction of maxi-
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Fig. 7.6 Influence of the crack speed on the crack-tip stress field (v = 1/4)
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mum circumferential stress this can be taken as an indication that for ¢>0.6 ¢, the
crack becomes unstable with regard to its original propagation direction. This stabil-
ity threshold, first emphasized by E.H. YOFFE (1951), can be regarded as another
upper bound for the crack-tip speed.

Finally, in the same manner as for mode I, the mode II crack-tip field can be
determined. It reads

1+2a? — a3 si 2 i 2
N NS BT BCTL P CTL
+ a3 Vit VT2
o _ Kif 20y sin(e1/2) 20ty sin(¢2/2)
Y V2r NG NG
4aqag cos 2 cos 2
Tay 102 A/D _ (14 o) /D
l+az 11 VT2
(7.30a)
200 . 1 . P2
U Ky2f vV T+al sin 5 T9 (g Sin 5
= — (7.30b)
v Gvam | T 20207 cos 2 + /12 cos 22
"1+a2 2 2 2

7.4.2 Energy release rate

The energy release rate G for the problem of a straight running crack with traction-
free crack faces shall be investigated now. We proceed exactly as in Section 5.8.3.3
except that here the kinetic energy has to be accounted for and the material is as-
sumed elastic. The energy flux —P* into the process zone at the crack tip then is
generally given by
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~P*=P-E-K (7.31)

where F is the strain energy and K the kinetic energy. When applied to the situation
sketched in Fig. 7.7 the energy flux —P* = aG across the contour C'p reads (cf.

riete U; U

C A A

Here, U is the strain energy density and pt;1;/2 is the specific kinetic energy; the
contour C'p is taken to be vanishingly small (Cp» — 0). Analogous to the procedure
in Section 5.8.3.3, applying Reynold’s transport theorem, the relation dU/dt =
0ijU; 5 = (045U;) j — 045, Ui, the equation of motion o;; ; = pii; and the divergence
theorem after some steps leads to

aG = — / [a(U + %puiui)m n tiuz} de . (1.33)
Cp

Fig. 7.7 Moving crack tip and contours considered in energy release rate calculation

Now we perform the transition to the moving coordinate system z , «, and con-
sider A and C' to be as well moving with the crack tip. Since it can be assumed that
u; is regular at the crack tip while w; 1 is singular (cf. (7.27b)) it follows from (5.81)
that at the crack tip 1; = —au; 1. Inserting this into (7.32) leads to

g=— / KU + %deui,lui,l)nl — tiui,l}dc . (7.34)

Cp

By applying the divergence theorem to the area A with boundary C+Cp+CT+C~
(C*,C~ yield no contribution) together with t; = o;5n; one finally obtains for the
energy release rate

1. .
g = /|:(U + §a2pui,1ui71)n1 — tiui,1:| dC —0—/‘(0'2'1‘,]"&2',1 — a2pui711ui,1)dl4 . (735)
C A
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The relation (7.35) simplifies in various special cases. For a crack which prop-
agates at constant speed ¢ under steady-state conditions the area integral vanishes
because of 055 ; = pii; and ii; = (z2ui,11 (see also (7.16)) and we get

G= / [(U + %dzpuiyluiﬁl)nl - tiui,l}dc . (7.36)
c

In the special case @ = 0 (7.35) reduces to (7.12). If, in addition, static conditions
prevail (055 ; = 0) the J-integral (4.119) is recovered from G.

The contour C in (7.35) can be chosen arbitrarily. If it is contracted to the crack
tip the area integral vanishes and we obtain

1
G = lim |:(U + —deUi 1U;4 1)711 — tiu; 1:| de . (7.37)
C—0 2 T ’
c

From this the interrelation between G and K for mode I can be established by
inserting (7.27a,b) and (7.28):

a(l—a3) .,  o(1—03) K;

9= 2GR(@) ! daas— (1+ad)? 2G

(7.38)

Hence the energy release rate is uniquely determined by the stress intensity fac-
tor and the crack-tip speed . According to (7.7) the function R(a) vanishes for the
Rayleigh wave speed. That means that for K; # O the energy release rate G appar-
ently tends to infinity when the crack speed approaches the Rayleigh wave speed.
Conversely, at finite G the stress intensity factor tends to zero for @ — cg.

However, the dynamic stress intensity factor K7 is itself a function of the crack
speed. If one compares for a given crack configuration, i.e. for the same geometry
and loading, the stress intensity factor at a stationary crack tip with that at a running
crack tip (& > 0), one obtains

K™ = k(a)K§™t . (7.39)

Here,
1-— d/CR

\/ 1-— d/Cl
is a universal function which is equal to 1 for @ = 0 and tends to zero for ¢ — cp.
Inserting (7.39) with (7.40) into (7.38) leads to the expression

k(a) ~ (7.40)

gdyn _ g(a) gstat (741)

for the energy release rate where g(@) decreases monotonically from g(a¢ = 0) = 1
to g(a = cg) = 0. That means that the energy release rate (and hence the energy flux
into the crack tip) decreases with increasing crack speed and vanishes for & — cg.
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The Rayleigh wave speed cy, therefore represents an upper bound for dynamic crack
propagation under mode I conditions.

In case of a running crack under mixed-mode loading by K, K;;, and Ky the
general relation

1 [(1=a3)(en K} +a2K}) | Kipg
- 2G 40[10[2 — (1 + Oé%)Q [(6%5)

g (7.42)

holds which for & = 0 reduces to (7.14).

7.4.3 Fracture concept, crack-tip speed, crack branching, crack
arrest

In the framework of linear fracture mechanics the K -concept can be applied also to
fast crack propagation. Accordingly, at any instant of crack advance under mode-I
conditions the fracture criterion

Ki(t) = K1a (7.43)

must be fulfilled. Here, K74 denotes the dynamic fracture toughness which is as-
sumed to be a material parameter that, in a first approximation, depends only on
the crack-tip speed: K4 = Kj4(a). This dependence is qualitatively depicted in
Fig. 7.8. Starting from the initiation value K. the fracture toughness in most cases
first shows only a weak dependence on the crack-tip speed while it rapidly increases
at higher values of @. One possible explanation for this behavior could be a change
in the micromechanisms of material separation in the process zone. This is sup-
ported by the well-known observation that the roughness of the fracture surface
strongly increases with increasing crack speed. Another reason lies in the fact that
(different from the static case) the crack-tip field or the state in the process zone,
respectively, is not uniquely characterized by the stress intensity factor; according

d/CQ

(max T

02 +

0,1 +

1 2 3 KI{Z/[/(I(:

Fig. 7.8 Typical dependence of fracture toughness on crack-tip speed
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to Section 7.4.1 the stresses and deformations depend also on the crack-tip speed.
During crack advance also the energetic fracture condition

G(t) = Ga(a) (7.44)

must be satisfied where G;(a) is the material specific fracture resistance which de-
pends on the crack-tip speed. Due to the relation (7.38) between G and K the
fracture conditions (7.43) and (7.44) are equivalent.

From measurements it is known that the crack-tip speed under mode I condi-
tions even in very brittle materials does not exceed a maximum value of about
amaz =~ 0.5 co. An exception are fracture experiments where via special devices
such as a laser beam, energy is directly supplied to the crack tip. Despite various
possible explanations the issue of this limit crack-tip speed is not yet fully under-
stood. One reason, for instance, could be the instability of the straight crack advance
at crack speeds above ¢ > 0.6¢5 (see Section 7.4.1). This is supported by the increas-
ing roughness (or waviness) of the fracture surface with increasing crack-tip speed
as well as by an enhanced tendency for the formation of secondary cracks. The latter
are microcracks which form in the neighborhood of the main crack or depart (branch
off) from it. The increasing roughness of the fracture surface and the formation of
secondary cracks also provide an explanation for the enhanced dynamic fracture
toughness since especially the formation of microcracks is a mechanism which may
strongly contribute to energy dissipation. An objection to the “instability hypothe-
sis”, however, arises from the fact that the measured maximum crack speeds are sig-
nificantly lower than the theoretical instability threshold. Another, more qualitative
attempt of explanation is based on the discrete nature of bond breaking. According
to this, a crack advances by “jumps” along discrete material elements of a character-
istic length /7. In order to transfer the entire information about the preceding jump
to the next element (maximum distance 2{;) a characteristic time 7 /2 2l5s/co of
wave propagation is required (one may also insert cg instead of c3). If one assumes
that after this time the next jump takes place one obtains, irrespective of the precise
value of the microstructural length [,;, an average (approximate) speed of crack
propagation of a = I /7 = c3/2.

A phenomenon frequently observed in conjunction with dynamic fracture is
crack branching (Fig. 7.9a). It is most likely to occur at a crack-tip speed close to
the limit speed @,,q4, but it may (depending on the material) take place also at lower
values of a. Crack branching is typically preceded by an increasing roughness of the
fracture surface and by the formation of secondary cracks which may be interpreted
as “branching attempts”. Likewise the issue of a limiting crack speed, a generally
accepted explanation for crack branching and a reliable branching criterion are still
lacking. Theoretical reasoning is mostly based on the analysis of the crack-tip field
of a single fast running crack or of a crack that has just branched. Crack branch-
ing has, for instance, also been related to the directional instability which occurs at
a =~ 0.6 co. Yet, this is not suitable to explain branching at lower crack speeds and
the observed significantly smaller branching angle of about v ~ 28°. The latter,
however, can be explained from the plausible hypothesis that upon branching both
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Fig. 7.9 Crack branching

crack tips propagate under pure mode-I conditions. Even for a quasistatic analysis
this hypothesis yields results which agree well with experimental observations.

A prerequisite for crack branching is a sufficient energy flux into the process
zone, i.e., a sufficiently large energy release rate G, which enables the formation
and subsequent propagation of two cracks. The determination of G typically is cum-
bersome since this quantity generally depends on the geometry of the specimen, on
time, on the current crack length, and the crack speed. A simple and coarse approx-
imation for G can be obtained from the corresponding static problem by neglecting
the inertia forces. For instance, in case of an edge-crack subjected to uniaxial load-
ing (see Table 4.1, No. 5) this leads to G ~ Gt = (K3§19)2/F' = 1.26 ro2a.
If, in addition, one assumes that branching of the crack takes place when G attains
integer multiples of the value G, required for crack initiation the result depicted in
Fig. 7.9b is obtained. This result, however, is only of qualitative nature.

Of great practical importance — since desired in technical components — is the
crack arrest. This takes place when in the course of crack propagation the stress
intensity factor decreases to such an extent that the fracture condition (7.43) is no
longer fulfilled; the crack then stops growing. The condition for arrest can be written
in the form

Ki(t) = K1, (7.45)

where K1, = min[Kr4(a)] is called the crack arrest toughness. Since crack arrest
in a component is a dynamic process its treatment generally requires the complete
dynamic analysis of the structure (including inertia forces and wave phenomena).
It has, however, turned out that in many practical cases a quasistatic analysis yields
sufficiently accurate results.

As outlined at the end of Section 7.4.2, mode-I cracks cannot grow faster than the
Rayleigh wave speed for energetic reasons since the energy release rate vanishes for
a > cp. This is not the case for mode-II shear cracks. While in this case the energy
release rate likewise goes to zero for & — cpg, it again attains a positive value for
@ = V/2cy. In the range cgp < @ < /2cy the crack tip singularity depends on
the crack speed and is weaker than 7—'/2 so that the energy release rate is zero.
That means that mode II shear cracks may propagate at a so-called intersonic speed,
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i.e. above cp and co and below c;. Recent experimental results and observations
from shallow crustal earthquakes provide evidence of intersonic crack propagation.

7.4.4 Examples

The investigation of fast crack propagation is generally quite laborious, irrespective
of whether experimental, numerical, or analytical methods are utilized. A significant
simplification, however, results when it can be assumed that the crack advance takes
place at constant speed ¢ and under steady-state conditions. The transformation of
the wave equations (7.5) for plane strain to the coordinate system z’, 3 that moves
at the speed @ = const then leads with 9(-)/0t = 0 and & = 0 to exactly the
Laplace equations (7.25) discussed in Section 7.4.1. Their solution can generally be
written in the form ¢ = Re @(z1), ¥ = Re ¥(z2).

As an example the classical Yoffe problem (E.H. YOFFE, 1951) is considered
first. It consists of a straight crack of constant length which moves at constant speed
in an unbounded domain subjected to uniaxial tension o (Fig. 7.10a). The crack
hence opens at the leading tip and (physical unrealistically) closes again at its end.
The corresponding static problem has been studied in Section 4.4.1. For ¢ and ¥
the representations

@/(21) = A“/z% —a? 4+ Ayzg R W/(ZQ) = iBly/Zg —a? +1Bsze , (7.46)

are chosen from which the displacements and stresses can be computed using (7.2)
and the elasticity law. The boundary conditions o, = 0, 7,,, = 0 for |2/| < a
(traction-free crack faces) and oy = o, 0, = 0 for z; — oo yield the constants

o1+ a3 o [2(a? —a3) 1
Al - = N 9 A2 - = N - P} 9
G R(a) G R(a) 1+ a3
(7.47)
o 2 o [(a? —ad)(1+a3) 1
By =545, By =< . - -
2 R(a) 2 agR(a) 20

The symmetry conditions v = 0, 75, = 0 for |2/| > a are automatically fulfilled.
Thus the stresses and displacements in the entire domain are uniquely determined.
In particular, the stress o, ahead of the crack tip and the displacements v of the
upper and lower crack faces are obtained as

/ 1— 2
% , vE = i%% a2 — /2 . (7.48)
—a a

x

Oy =0

While o, is independent of a (i.e., it shows the same behavior as in the static case)
the crack opening increases with increasing crack speed and tends to infinity for
a — cp. Correspondingly, the K -factor is given by the static value K; = o+/ma
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Fig. 7.10 Yoffe’s problem

whereas the energy release rate according to (7.38) shows an unlimited growth with
the crack speed (Fig. 7.10b).

As a second example the steady-state propagation of a semi-infinite crack in an
infinitely long strip as sketched in Fig. 7.11a is investigated. Loading is specified by
a prescribed constant relative displacement 2§ of the horizontal boundaries of the
strip. In this case the energy release rate can easily be computed from (7.36). For
this purpose a contour C' is chosen with its vertical parts located far away from the
crack tip in the undisturbed regions to the right and left, respectively (Fig. 7.11a).
There the stress and deformation states in plane strain are given by

o 2G6(1 —v)

> h: = — = 7
T > €22 o 022 (1 —20) )

Uil = 0

x'1 <L —h: 522:()'22:11@)1:0.

With U = %022 €22 only the vertical part of C' ahead of the crack tip yields a
contribution to G (the contributions from the horizontal parts of C' cancel each other)
and one obtains

v=0.3

t t t % i -
02 04 06 0.8 CR (1/(2

a) b)

Fig. 7.11 Steady-state crack propagation in an infinite strip
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~2(1—-v) Go?
“w>h T 2y h
Accordingly, the energy release rate is independent of the crack speed and the result

(7.49) hence is also valid for the stationary crack (¢ = 0). The stress intensity factor
follows from (7.38) and reads

G = 2hU| (7.49)

Ki(a) = 205\/ i (12;)1)1%25)% , (7.50)

It decreases with increasing crack speed and tends to zero for a — cr (Fig. 7.11b).
It should be noted that from similar considerations the energy release rate for fast
running cracks in long pipes can be computed which is an application of great prac-
tical importance.

The following example is concerned with the nonstationary growth of an edge-
crack in a rectangular plate loaded by an idealized impact o H (t). Figure 7.12 shows
results from numerical analyses in plane stress for three different fracture criteria.
In case (a) the K -criterion (7.43) has been employed where K4(a) is given by the
relation

K\ = Ko [1+425(a/c2)? +3.9 - 10%(a/c2) '] (7.51)

with K7, = 0.69 MPa,/m. This relation is an approximation to experimental data
for Araldite (a brittle amorphous material). Case (b) is also based on the K -criterion
where now, for simplicity, the fracture toughness is taken independent of the crack
speed: K ;Z) = K. Finally, in case (c) the energetic fracture criterion (7.44) has

been used where G, is assumed to be independent of the crack speed: gg") =G, =
K2 /E. Using (7.38) the energetic criterion can be transformed into the K -criterion;
the fracture toughness is in this case given by

ORI

Fig. 7.12 Dynamic propagation of an edge-crack; a(0)=29.5 mm
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(e) _ R(d)
K;, KIC\/(l—V)Oq(l—Oz%) . (7.52)

Hence the three cases differ only by the K,4(a)-dependence and in the entire range
of the crack speed we have K ;ZZ) <K }Z) <K }Z). Accordingly, crack propagation
through the plate is fastest for (c) and slowest for (a). The attained maximum crack
speeds are a(¢) ~ a(®) = 0.74 ¢ and a(*) = 0.37 ¢,. The first two are unrealistically
high while the last one is in the range of experimental observations. It should be
noted that the crack speed in the most realistic case (a) is almost constant despite
the strongly varying stress field.

It has already been mentioned that upon impact loading of a component which
contains a crack, stress waves may repeatedly interact with the crack tip due to their
multiple reflections. This leads to complex temporal variations of the stress inten-
sity factors (cf. Fig. 7.3) and a mixed-mode loading state according to Section 4.9
generally prevails at the crack tip. The crack path then typically displays a curvi-
linear trajectory which is determined by the characteristic details of the dynamic
loading which affect the crack-tip loading state at each current position of the crack
tip. This is illustrated here by means of a numerical example where crack advance
(including the direction) proceeds “freely”, i.e., only controlled by a fracture cri-
terion according to Section 4.9. We consider a rectangular plate (Fig. 7.13) with
the symmetry slightly disturbed by the location of the initial (edge-) crack. Loading
is specified by an ideal impact o H(t) on the vertical boundaries and by different
temporal variations o, (t) or o (t), respectively, on the horizontal boundaries. Fig-
ure 7.13 shows the crack trajectories determined from numerical simulations for
two different loading rates (¢4 (t) < 64(t) ). The incremental computation of the
crack path is based on the fracture criterion of maximum circumferential stress (Sec-
tion 4.9) and the relation (7.51) for the fracture toughness. Instead of the relations
(4.143) which are valid only in the static case, the evaluation of the fracture crite-
rion in the present situation of a fast running crack has to account for the dynamic
crack-tip field o, (K7, K71, @, o) according to (7.27).

oH(t) T cH(t) oH(t) 5 oH(t)

04 (7‘) Oy (f)
a) b)

Fig. 7.13 Crack paths resulting from repeated stress wave loading; ¢, < &y
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The two entirely different crack paths in Fig. 7.13 can be explained from the
superposition of stress waves emanating from the boundaries of the plate. These
superpositions cause sudden changes of the crack-tip stress field at distinct times.
Which stress state exactly results and to which crack propagation direction this leads
hence depends in a complicated manner on the type of the boundary loading (o, (t)
or 0y (t)) that determines the wave profile.

7.5 Fragmentation

In the absence of a macroscopic initial crack, a sufficiently high dynamic loading
often causes breaking of a solid body into a multitude of pieces (fragments). This
process, which takes place in very short time, is called fragmentation. It can qualita-
tively be explained by the conversion of kinetic energy into fracture surface energy.
In such a fracture process, the average size and number of resulting fragments are
sometimes an important issue. Its thorough analysis requires to take statistical as-
pects into account, such as the distribution of initial defects (e.g. microcracks) in the
material. Nevertheless, already a purely deterministic approach based on energetic
considerations (GRADY, 1982) provides some interesting insight. This is illustrated
in the following by means of a simple example.

We consider the axisymmetric problem of a thin-walled ring (or cylinder) which
is loaded by a sufficiently high internal pressure so that the material moves outward
in radial direction with velocity vg (Fig. 7.14). At a current radius r the strain rate
in circumferential direction is €9 = vg/r. We assume that the ring breaks into n
equal pieces of length [ with nl = 27r. Moreover, it can be assumed (supported
by experimental observations) that at the instant of fragmentation the kinetic energy
of the ring is significantly larger than the stored elastic energy and that the radial
velocity vy does not change much. The kinetic energy of the material’s motion in
tangential direction in each fragment relative to its center of mass is considered
as the source to supply the fracture energy. With the circumferential strain rate €
and the (circumferential) coordinate s measured from the fragment’s center of mass
(see Fig. 7.14) the respective relative velocity can be written as vy = €gs. The
corresponding portion 7™* of kinetic energy per fragment hence reads

Vo
» A p / \ Urel
~ Vo
>
¥ N * Urel
FoN

Fig. 7.14 Fragmentation of a ring subjected to internal pressure
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1/2
. 1 . 1 )
T = 3 QAE(% / s?ds = 21 QA5313 (7.53)
—1/2

where g is the mass density and A the cross section of the ring. With the specific
fracture surface energy ~ of the material, the fracture energy per fragment is I' =
~A. Setting this equal to the kinetic energy portion 7 yields the following relation
for the length [ of a fragment as a function of specific fracture energy, mass density

and circumferential strain rate:

24\ /3

I = (—Z) . (7.54)
0€p

According to this, the fragment size [ is directly proportional to v!/3 and inversely

proportional to ég/ S, Despite the simplifying assumptions this scaling law for the
fragment size agrees quite well with experimental findings. Similar considerations
can be worked out for other geometrical configurations.
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Chapter 8
Micromechanics and homogenization

8.1 Introduction

On close inspection, e.g., through a microscope, all real materials show a multitude
of heterogeneities even if they macroscopically appear to be homogeneous. These
deviations from homogeneity may exist in form of cracks, voids, particles, or regions
of a foreign material, layers or fibers in a laminate, grain boundaries, or irregularities
in a crystal lattice. Here they shall be referred to as defects in a generalized sense.
Subject of micromechanical investigations is the behavior of these heterogeneities or
defects as well as their effect on the overall properties and performance of a material.
For instance, heterogeneities of any kind can locally act as stress concentrators and
thereby lead to the formation and coalescence of microcracks or voids as a source
of progressive material damage (see Section 3.1.2 and Chapter 9).

Defects occur on different length scales which are characteristic for a certain
material and for the respective type of defect (Fig. 8.1). An important task of mi-
cromechanics hence is to link mechanical relations on different length scales. Start-
ing from a macroscopic level, defects and their spatial distribution prevailing on
a smaller length scale — the microscale — are regarded as the microstructure of a
material. What is meant by the macroscopic level and the microscopic level in a
certain case depends on the problem at hand and is an issue of modelling. As illus-
trated in Fig. 8.1, a microstructure in form of many cracks on the millimeter scale
may, for instance, be identified in a technical component. The apparently homo-
geneous material between the individual cracks, however, can itself be regarded as
the macroscopic level with respect to an even finer polycrystalline microstructure
with a characteristic length scale (grain size) in the range of microns. And a single
grain, on the other hand, can represent the macroscopic level when focusing on the
microstructure of the crystal lattice with numerous discrete dislocations. Such an
approach bears the advantage that a complex material behavior which is difficult
to describe in a purely phenomenological manner is traced back to elementary pro-
cesses on the microscale. Micromechanical problems can be treated in the frame-
work of continuum mechanics. Via the additional consideration of a finer length

D. Gross and T. Seelig, Fracture Mechanics: With an Introduction to Micromechanics, 229
Mechanical Engineering Series, DOI 10.1007/978-3-642-19240-1_8,
© Springer-Verlag Berlin Heidelberg 2011
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Fig. 8.1 Macroscopic and microscopic levels, characteristic length scales

scale (the microscopic level) a spatial distribution of defects (the microstructure)
then is related to a material point on the macroscopic level.

The investigation of defects may be subdivided according to two essential prob-
lems. Point of interest can be the behavior of a defect on its own length scale which
also comprises the interaction with further defects (see, e.g., Section 4.4.4). On the
other hand, one may examine the influence of many defects on the macroscopic
material behavior on a larger length scale. In this latter case the entire behavior
of the microstructure is interpreted as the mechanical state of a material point on
the macroscopic level which thereby is ascribed effective material properties. Such
a micro-to-macro transition formally proceeds by appropriate averaging processes
and is called homogenization. Microstructural changes then lead to changes of the
overall (effective) properties of the material. A microstructural evolution such as the
growth of microcracks or microvoids which gives rise to a reduction of macroscopic
stiffness or strength is referred to as damage and is, because of its importance for
fracture mechanics and failure, separately treated in Chapter 9.

The present chapter serves to introduce fundamental concepts and methods of
micromechanics. Besides the characterization of typical defects and their local ac-
tion the issue of the transition from the microscopic to the macroscopic level and
the derivation of effective material properties from a given microstructure is investi-
gated. We will mainly focus on linear elastic material behavior, yet a brief introduc-
tion into the treatment of elastic-plastic and thermoelastic materials is also given.

Early theoretical studies of the performance of materials with microstructure date
back to J.C. MAXWELL (1831-1879), LORD RAYLEIGH, (1842-1919)and A. EIN-
STEIN (1879-1955). While the former two were concerned with the determination of
the overall electric conductivity of a heterogeneous material the latter investigated
the effective viscosity of a fluid which contains a suspension of solid spherical par-
ticles. In solid mechanics emphasis was orginally placed on the determination of the
elastic constants of a polycrystal from those of a single crystal with first theoreti-
cal considerations by W. VOIGT (1850-1919) and A. REUSS (1900-1968). Impor-
tant contributions were supplied, among others, by E. KRONER (1919-2000) and
R. HILL (1921-2011) in the second half of the last century. Their theoretical con-
cepts and analytical approximations, which also apply to modern composite materi-
als, were later on extended and generalized to inelastic material behavior. Moreover,
they serve as foundations for the treatment of the “inverse problem”, i.e., the design



8.2 Selected defects and fundamental solutions 231

of new composite materials having an optimized microstructure with regard to the
overall performance.

8.2 Selected defects and fundamental solutions

Defects in an elastic material inevitably give rise to inhomogeneous stress and strain
fields by which the defects can be characterized. One may distinguish between de-
fects which are themselves the source of a so-called eigenstrain or eigenstress field
(e.g., dislocations, inclusions) and those which only under the action of some ex-
ternal load induce a perturbation of the uniform (i.e., spatially constant) field such
as particles of a foreign material, voids, or cracks. In the latter case of material in-
homogeneities it is possible and practical to decompose the total strain and stress
field into two parts: (1) a uniform field as it would prevail in a defect-free material,
and (2) the deviation induced by the defects. The second part then is referred to as
the equivalent eigenstrain or eigenstress, respectively. This decomposition allows to
establish a formal equivalence between an inhomogeneous material and some homo-
geneous material with a certain eigenstrain or eigenstress distribution, irrespective
of its physical origin.

In the following we will discuss some typical defects by means of fundamental
solutions in an unbounded linear elastic medium and start by analysing the effect of
eigenstrains in a homogeneous material.

8.2.1 Eigenstrain

8.2.1.1 Center of dilatation

A center of dilatation is the idealization of an “infinitely” small (point-like) region
which undergoes an “infinitely” strong radial expansion (eigenstrain). It gives rise
to a singular strain and stress field which in an isotropic medium is spherically
symmetric with tension in circumferential and pressure in radial direction. A center
of dilatation may also be interpreted as a spherical region of radius a inside which a
pressure p prevails (Fig. 8.2). The displacement and stress field in the surrounding
material can be represented in spherical coordinates (r, ¢, ) as

Cl3
Up =P ——= Uy, =Uy =0
" p4m‘2’ v ’ @.1)
a3 a3 ‘
Urr:_pr_:;y Jwtpzoﬁﬁ:pﬁ7 UT¢:JT§:U¢§:0.

A center of dilatation may, for instance, be taken as a simple model for the effect
of an interstitial atom (point defect) on the surrounding elastic crystal lattice.
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Fig. 8.2 Center of dilatation

8.2.1.2 Straight edge and screw dislocation

Dislocations are line defects in crystalline solids (see Section 3.1.2). In continuum
mechanics they can be characterized by a constant jump b, referred to as the Burgers
vector, which the displacement field undergoes along some contour encircling the
dislocation line (z3-axis in Fig. 8.3; see also Fig. 3.2).

Hop)

\\ \\
/ N J’z/ N
7 s 1
7z s -
@
.
r 7

a) b)

Fig. 8.3 a) Straight edge dislocation, b) straight screw dislocation

In case of a straight edge dislocation according to Fig. 8.3a with a Burgers vec-
tor of magnitude b the displacement and stress field in an isotropic, linear elastic
medium can be written as

D D 5
u1:_(2(1_y)¢+x1§2)’ u2:_<_(1—2y)lnr+x—§),
241 r 2p r
8.2)
322 + 22 x? — 22 x? — g2
o1 = —ng%, 012 = Dl‘l%, 022 = D1‘2—1 4 :
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where D = bu/27(1 — v) and r? = 2% + 23 . The respective fields induced by a
straight screw dislocation (Fig. 8.3b) are given by the simpler representation

b b 7 N

U3 = -9, 013:727rr_2’ 023—27TT2-

o (8.3)

8.2.1.3 Inclusion

In contrast to the foregoing examples of point or line defects now we consider the
situation of a spatial distribution of eigenstrain Eﬁj(az) Those strains may, for in-
stance, result from phase transformations in solids where atomic rearrangements
change the geometry of the lattice. Since they are not caused by stress, eigenstrains
are also referred to as stress-free transformation strains (superscript t). Formally, all
kinds of strain which may prevail in a material in the absence of stress can be in-
terpreted as eigenstrains; typical examples are thermal or plastic strains (see (1.44)
and Section 1.3.3). In the framework of infinitesimal deformations the total strains
&5 are the sum of elastic strains £7; = C;-;; o) and the eigenstrains: €;; = €f; +el;.
Then the stresses are given by

0ij = Cijit (em — €ly) - (8.4)

If nonvanishing eigenstrains prevail only in some bounded subregion {2 of the
homogeneous material this region is called an inclusion and the surrounding mate-
rial the matrix (Fig. 8.4). It has to be emphasized that the elastic properties of an
inclusion and the matrix are the same; otherwise the region {2 is called an inhomo-
geneity (Section 8.2.2).

inclusion

matrix

Fig. 8.4 Inclusion in matrix

In the general case of an arbitrary inclusion geometry (2 and an arbitrary eigen-
strain field e}, () it is not possible to represent the stress distribution and the total
strain and displacement field in closed form. Some special cases are discussed in the
following section.
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8.2.1.4 Eshelby’s result

The probably most important analytical solution of micromechanics has been found
by J.D. ESHELBY (1916-1981).It is valid for an unbounded domain which contains
an ellipsoidal inclusion (2 with principal axes a; (Fig. 8.5):

(z1/a1)? + (z2/az)? + (z3/a3)* < 1.

If the eigenstrains in the inclusion are constant, 521 = const, then the remarkable
result holds that the total strains j; inside the inclusion {2 are constant as well. Via
the fourth-order Eshelby tensor S;;i; they depend linearly on the eigenstrains:

€ij = Sijki ey =const  in 2 |. (8.5)

Using (8.4) the stresses inside {2 which then are likewise constant can be represented
as
045 = Oijmn (Smnkl - Imnkl) 52[ = const in £2 (8.6)

where

1
Imnkl = 5(5mk5nl + 5ml5nk) (87)

is the symmetric fourth-order unit tensor. The Eshelby tensor is symmetric in the
first and second pair of indices, but in general it is not symmetric with regard to an
exchange of these pairs:

Sijkt = Sjikt = Sijik Sijkl # Sklij - (8.8)

In case of an isotropic material its components depend only on Poisson’s ratio v,
the ratios of the principal axes a;, and their orientation with respect to some carte-
sian coordinate system. Because of the length of the respective expressions they

Fig. 8.5 Ellipsoidal inclusion (2 in an unbounded domain
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are not given here and the reader is referred to the literature (e.g., MURA, 1982;
KACHANOV et al., 2003) for their representation.

Outside the inclusion (2 the stresses and strains are not constant; with in-
creasing distance r from the inclusion they asymptotically decay according to
€ij, Oij ~ r=3 for r — oo, asin case of a center of dilatation. The result
(8.5) by ESHELBY (1957) holds for an arbitrary anisotropic material. Yet, only in
case of an isotropic material is a closed-form representation of the tensor .S;;x; and
the fields outside {2 possible. The Eshelby solution for ellipsoidal inclusions is of
fundamental importance for analytical homogenization techniques; it will by inten-
sively employed in later sections.

Starting from the general ellipsoid various special cases can be derived. For in-
stance, the two-dimensional solution for an infinitely long cylinder of elliptic cross
section in plane strain is obtained from the limit process a3 — oo (Fig. 8.6). The ex-
terior strain and stress fields in the z;, zo-plane then display an asymptotic behavior
of eij, 045 ~r~2 for r — oo . The nonvanishing components of the Eshelby
tensor in case of an isotropic material are for the orientation of the principal axes of
{2 according to Fig. 8.6 given by

1 a2 + 2a1as as
Sh111 = 2 1-2
1111 2(1 — l/) { (al ¥+ a2)2 + ( V) aj + as ’
ay + 2a1a9 ai
Sonon = L 1-2 ,
2222 20 —v) {a1+a2 + ( V)a1+a2}
az
S = 1-2
1122 20 —v) {a1+a2 —( V)a1+a2}>
ai
S = 1-2 8.9
2211 ) {a1+a2 —( V)a1+a2}’ (8.9)
g _ al + a3 1 - 2v
1212 = 20— 1) | 2(a1 + a)? D) )
v 2a1
S = S = — ,
1133 2(1 —-v) @y —|— as 2233 21—-v) a1 + a2
as a1
S = —, S = —
1313 2(a1 + a2) 2323 2(a1 + a2)

For a spherical inclusion (a; = @) in an isotropic material the dependence on the
principal axes and their orientation vanishes (geometric isotropy) and the Eshelby
tensor reduces to

Sijkl = a3 %51«1 + B (Liju — 5ij5kz) (8.10)

where
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Fig. 8.6 Elliptic cylinder
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are scalar parameters. The entire (i.e., elastic and geometric) isotropy of the problem
then allows the decomposition into volumetric and deviatoric strains which high-
lights the meaning of the parameters « and f3:

Erk = ek, eij = B in 2. (8.12)

As a simple example we consider the thermal expansion due to a constant tem-
perature increase AT in some spherical region of radius a. This can be described by

the eigenstrains
kAT (Sij 5 r S a
gl = (8.13)

7 0 , r>a

where k is the coefficient of thermal expansion. According to (8.12) the strains in-
side the inclusion (r < a) are e, = 3ak AT, e;; =0 or in spherical coordinates

(r, ¢, 9) -
14
€T—5¢—Eﬁ—mkAT. (814)

Outside the inclusion (r > a) the solution is

14+v ra\?
= —4——— — AT’ = =
¢ 3(171/)( ) k Co =0

: H”) (%)SkAT. (8.15)

3(1—v
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8.2.1.5 Defect energies

Due to the stress and strain fields caused by defects on the microscopic level of
a material the overall energy content of the material is affected. The evolution of
defects (e.g., translation or growth) hence gives rise to energy changes which in
turn can be related to the action of so-called generalized (material) forces (see
Section 4.6.5.2). Of special importance in this context are those parts of the energy
which express the interaction of external (imposed) fields with the fields induced by
the defects.

In the following we consider an arbitrary inclusion {2 in some finite volume V'
with boundary OV on which the load ¢? is prescribed (Fig. 8.7); volume forces are
neglected here. Because of the linearity of the problem all fields can additively be
decomposed into a part due to the external load (indicated by the superscript 0) and
a part (without superscript) caused by the eigenstrain sﬁj (x) of the inclusion. The
total potential hence reads

2

\4 e oV

1
I = —/(O’Z +Uij)({:‘?j + €5 *Efj)dv — /t?(u? +u;)dA
N—_——
ij
1 1
— _/o—?jggj dv — /t?u? dA + 5/%(&:“ —ep;)dv (8.16)

2
1% ov v

e It
1
+ 5/(0’%(6@‘ —8%) +Uij€?j)dv — /tloul dA .
|4 oV

=0 (¥ I

That the term () vanishes can be shown as follows. First, by inserting the elasticity
law, the terms below the integral can be combined. Application of the divergence
theorem then yields a surface integral and a volume integral, the integrands of which

Fig. 8.7 Inclusion {2 in bounded domain under external load
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both vanish since eigenstrains alone do not cause tractions on 9V (i.e., t7;|8v =0)
and because of the equilibrium condition o;; ; = 0:

1
() =3 /[521 Cijhi(eij — €;) + oieg;]| AV = /Uz‘ﬁ% dv
~— ——
1% Okl 1%
= /tz'u? dA — /aij,ju? dV =0.
ov 174

The term I7° in the total potential (8.17) denotes the energy solely due to the
external load and is irrelevant in the present context. The energy II? which results
solely from the eigenstrain is called the self energy of the defect; it can be further
transformed according to

1 1 1 1
=3 /Uij(fij—gﬁj)d‘/: 3 /%‘Em dv -3 /Uijffj v =—5 /Uijfﬁj dv'.
14 |4 14 (9
~——— —
=0, cf. (%)

(8.17)
In the special case of an ellipsoidal inclusion in an unbounded domain and a constant
eigenstrain the stress o;; inside (2 is also constant. Using (8.6) the term II* then
reduces to
t 1 t 1 t 1
11" = - 5 O-ijeijvﬂ = _5 Cijmn (S7nnkl - I?nnkl)eijgklvﬂ (8.18)
where Vi, denotes the volume of the inclusion.

The interaction energy IT* of the inclusion is defined as IT* = IT — IT1° — IT*
and hence is equal to the remaining term in (8.17). It expresses the work done by the
displacements induced by the eigenstrain on the external load and can be written as
follows

Hi = — / t?ui dA = —/J%é?ij dV = — /ggjcijkl (EZZ +€ZZ) dv
———

ov v 14 Ekl
:—/e?joij de/JZ-Ojsfj av = f/a?jegj av . (8.19)
\4 |4 2
N————’
=0, cf. (%)

using similar steps as above. In case of a constant eigenstrain and a uniform external
load (J?j = const) it simplifies to

II' = —o0el Vo (8.20)
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The relation between the energy due to the presence of a defect and the general-
ized force acting on the defect is exemplified here by means of a center of dilatation
(Section 8.2.1.1) in an unbounded domain subjected to a constant far-field loading
cr?j. When located at point © = £ the eigenstrain of a center of dilatation can be
written using Dirac’s delta function §(.) as

efi(@) = qd(x — €) by (8.21)

where ¢ denotes its intensity. Insertion into (8.19) yields the dependence of the in-
teraction energy on the location of the defect:

I'(¢) = —/U?j(w)Sﬁj(ﬁc)dV = —Q/G?j (@)d(z — &) AV = —qo7;(£) (8.22)

14 14

In case of a center of dilatation it depends only on the hydrostatic part O'?j of the
stress field induced by the external load. Analogous to Section 4.6.5.2 the gener-
alized force F' acting on the center of dilatation is determined from the energy
dIl = —F},d¢&, released by a translation d€ of the defect. In the present case only
the interaction energy changes with a translation of the defect and we get

ot 9a3;(8)

Fp=— =q—2—=. (8.23)

29" Ok
The generalized force on the center of dilatation hence is proportional to the gradient
of the hydrostatic part of the external stress field (Fig. 8.8).

Fig. 8.8 Generalized force on a center of dilatation

The above example can be taken as a simple model for the stress-assisted dif-
fusion of an interstitial atom in a crystal lattice. According to this, the generalized
force causes a preferential migration of the interstitial atom towards regions sub-
jected to a higher hydrostatic stress, i.e., with larger distances between the lattice
atoms.
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8.2.2 Inhomogeneities

8.2.2.1 Concept of equivalent eigenstrain

Now we focus on the second class of defects which instead of eigenstrains in a
homogeneous material are characterized by inhomogeneous, i.e., spatially varying,
material properties. We proceed in that we first describe these defects by an equiva-
lent eigenstrain in some homogeneous comparison material in order to then apply
again Eshelby’s result. Therefore, we consider a domain V' with the inhomogeneous
material behavior described by the spatially dependent elasticity tensor C;jx; ()
and with displacements ; prescribed on the boundary 9V (Fig. 8.9a). If volume
forces are neglected this boundary value problem is governed by the equations

Oi4,5 = 0 5 Oi5 = Cijkl(il:) €kl , ui\av = fbi . (8.24)

In addition we consider the geometrically identical domain V' subjected to the same
boundary conditions, yet consisting of a homogeneous comparison material with
the constant material properties C?jkl (Fig. 8.9b). The fields in this problem are
indicated by the superscript 0:

oy =0, oy = Coni € » udl,, = . (8.25)
If the difference fields
ﬂi = U; — U? s gij = gij - Egj s (826)

are formed, it follows for the stress difference that

~ 0 0 ~
Oij = 0ij — 045 = Cijii () et — Oijkl (w)

ed.
i (8.27)

- Cz(')jkl ékl + Cl(c)l;zl'rL[ Cmnpq (m) - Cgrmpq ] Epq ] .

*
—Ekt

The difference fields hence are governed by the equations
Fipg =0, oy =Chu(fu—=ci), il =0 (828

which describe a boundary value problem in a homogeneous material C?j i With
eigenstrain ,(x) and vanishing displacements on the boundary 0V (Fig. 8.9¢).
Here,

e =~ %) [Ck.lmn(w) - cgl,,m} Emn (8.29)

denotes the equivalent eigenstrain, i.e., equivalent to the heterogeneity of the mate-
rial. Using an arbitrary homogeneous comparison material, the originally complex
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9%
a) b)

Fig. 8.9 a) Heterogeneous material, b) homogeneous comparison material, c) equivalent eigen-
strain, d) homogenized original problem

problem of Fig. 8.9a thus has been transformed into the simpler problem of Fig. 8.9d
with a homogeneous material and distributed eigenstrains. The latter still depend on
the strain field of the original problem, but this dependence is only via the devia-
tion Cjjp(x) — C’?j 4 10 the elastic properties. Such an approach which may also
be understood as a kind of filtering is advantageous in several regards. For instance,
we already know fundamental solutions for eigenstrain problems in a homogeneous
material such as Eshelby’s result which now can be formally applied to material
inhomogeneities. Also, the difference C; () — C% 7 10 (8.29) means that with an
appropriately chosen C?j 4, an error in the approximation of €;;(x) in the solution
of the boundary value problem (8.28) may have a smaller effect than in the original
problem (8.24). The quantity

(@) = | Cim(@) = Clha | ew(@) (8.30)

in (8.29) which is called stress polarization emphasizes this connection. It describes
the deviation of the “true” stress o0;; = Cy k1 €11 from the stress which would re-
sult from the “true” strain €j; in the homogeneous comparison material. The stress
polarization 7;; plays an important role in the framework of a variational formula-
tion in Section 8.3.3.2.

The method of subtraction of a boundary value problem for a homogeneous (i.e.,
defect-free) material was basically already applied in Section 4.4.1 in the decompo-
sition into two subproblems (Fig. 4.9). The fictitious crack loading introduced there
in the subproblem (2) may also be interpreted as an eigenstress and the displacement
jump, as will become more clear later on, as an eigenstrain.

If in addition to the material inhomogeneity Cijx () a “true” eigenstrain ¢} ; (x)
according to Section 8.2.1.3 prevails, the above procedure leads to an equivalent
eigenstrain in the homogeneous comparison material of

5:7 == C?E)j;ll |: (Oklm"(m) - Olglmn ) Emn — Cklmn(m) Efnn . (8313)

In view of the frequently occurring tensorial expressions we will in the follow-
ing besides the index notation for clarity also make use of the symbolic notation:
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0ij, €ij, Cijii — o0, €, C' (see Chapter 1). In this notation, for instance equation
(8.31a) attains the form:

e =-C0 !, [(C(w) —CO) e C(x): st] . (8.31b)

To distinguish it from the second-order unit tensor I the fourth-order unit tensor
(8.7) is represented by the symbol 1. The interchange of the first and second pair
of indices of a fourth-order tensor is indicated by a superscript 7" (transposition):
Amnij ankl = (AT : B)ijk:l .

8.2.2.2 Ellipsoidal inhomogeneities

As an important special case which allows to apply Eshelby’s result we consider
an ellipsoidal material inhomogeneity {2 in an unbounded matrix (Fig. 8.10a). Now
the elastic properties are piecewise constant and given by the elasticity tensors C,
inside {2 (inhomogeneity) and C|, in the surrounding matrix. At infinity the ho-
mogeneous strain field e’ = const is prescribed and the matrix material is chosen
as the homogeneous comparison material: c’ = C,,. Using (8.26) and (8.29) the
equivalent eigenstrain in {2 then is

e(z)=—C_': (CI fCM) : (é(m)+eo) . (8.32)

Since outside {2 we have e* = 0 the difference strain () in (8.28) can be deter-
mined from Eshelby’s result

E=S:e" = const. (8.33)

That the prerequisite for its application of a constant eigenstrain indeed holds is
confirmed by insertion of (8.33) into (8.32). Solving for €* then yields the equivalent

a) b)

Fig. 8.10 a) Ellipsoidal inhomogeneity, b) homogeneous material with eigenstrain
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eigenstrain due to a constant strain €” imposed at infinity at (Fig. 8.10b):
* -1 -1 0 .
e=-[S+(C,-C,)":C,] :e in 2. (8.34)

Using (8.33) and (8.34) the total strain € = €° + £ inside the inhomogeneity {2 as a
function of the external load €° reads

e=[1+8:C':(C,-C, )]_1 € = const . (8.35a)

oo

A

I

The fourth-order tensor A:c which describes the relation between the strain € inside
the inhomogeneity and the external load €° is called influence tensor. Using (8.35a)
the stress o = C| : e inside {2 which is also constant can now be expressed, for
instance, as a function of the stress 0 = C |, : €° applied at infinity:

c=C:A :C:0". (8.35b)

As an example we compute o for a spherical isotropic inhomogeneity embedded
in an isotropic matrix and, for simplicity, consider only the hydrostatic part. Using
(8.35b) we need only replace S in Afc by a(v,,) from (8.11) and C, and C,, by
the bulk moduli 3K, and 3K, respectively:

—1
3K, — 3Ky % in 0. (8.36)

i = 3K, |1
7 S T 3K,

According to (8.11) the parameter representing the Eshelby tensor attains a value of
a = 2/3 forv,, = 1/3. For a “stiff” inhomogeneity with K, > K, it then follows
from (8.36) that the hydrostatic stress inside {2 is 0;; ~ 1.50%.. In case of a “soft”
inhomogeneity (K, < K,,), in contrast, we get 0;; < 0.

Outside the ellipsoidal inhomogeneity the stresses and strains are not constant
and the difference fields &, €, u in the equivalent eigenstrain problem (8.28) display
the same asymptotic behavior as the solution of the inclusion problem discussed in
Section 8.2.1.4.

8.2.2.3 Cavities and cracks

A special case of material inhomogeneities are cavities (voids) and cracks in an oth-
erwise homogeneous medium. Formally, one may consider these defects to consist
of a material of vanishing stiffness and set C, = 0 in the relations obtained above
for general inhomogeneities in order to derive respective results for ellipsoidal cav-
ities and (in the limit of one vanishing principal axis) for cracks. Only the strains
inside the defects have to be interpreted in a proper way (see Section 8.3.1.2). It
seems, however, more illustrative to directly treat the boundary value problem for
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these defects in a homogeneous material subjected to a constant far field loading.
One then has to consider boundary conditions on the void surface or crack and in the
following we assume these boundaries to be traction-free. With regard to quantities
needed later on, it suffices here to know only the displacements on the respective
defect surfaces. In the sequel they are given for three important cases. If required,
the complete stress and strain fields may be found in the literature (e.g., MURA,
1982; KACHANOV et al., 2003).

a) Circular hole (2D)

In case of an unbounded isotropic plate in plane stress with a circular hole of radius
a subjected to uniform far field loading O’?j (Fig. 8.11a) the displacements along the
hole (r = a) are in polar coordinates given by

ur(a,p) = % [0?1 (3 cos? p — sin? @) + 09 (3sin? ¢ — cos? @) + 807, sin p cos <p}

4
up(a, @) = Ea [ — 09, sin pcos @ 4 09, sin p cos p + oy (cos? ¢ — sin? ga)} .

(8.37)

b) Straight crack (2D)

Along a straight crack of length 2a in an unbounded isotropic plate in plane stress
subjected to a constant load U% at infinity (Fig. 8.11b) the displacement field under-
goes a jump Aw. In a cartesian x1, zo-coordinate system it can be represented as
follows (see Section 4.4.1)

0
4o,

a? — 22 (i,j=1,2). (8.38)

¢) Circular (‘penny-shaped’) crack (3D)
The displacement jump across a penny-shaped crack of radius a oriented perpen-
dicular to the local x3-axis (Fig. 8.11c) reads

—_— —_—
T T TS T T T T T T T oo T T
i Wi 0 i
0 1 2 1012 | T@
o 1 \ L
‘11_«‘ ‘h\ ‘\ _><_\‘ la:|a
r’ 1 U?l r‘
o 1 01
O ~_____ __-- Ola N _____ .
Pt
0
$U22 $‘722
a) b)

Fig. 8.11 a) Circular hole, b) straight crack, c) penny-shaped crack (3D)
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Ausfr) = U= o /s (i=12),

7E(2—v)
8 171/
Aug(r) = ( sV a
where r = \/a? + 23 .

(8.39)

8.3 Effective elastic properties

As already mentioned a macroscopically homogeneous material may have a hetero-
geneous microstructure on the microscopic level. Now we want to investigate how
this microstructure affects the material behavior on the macroscopic level, i.e., on
a larger length scale. For an explicit description of the material’s heterogeneity we
will employ the idealized defects or inhomogeneities discussed above. Under certain
conditions which will be made more precise in the sequel it is possible to “smear
out” the fine-scale heterogeneous microstructure and describe the material on the
macroscale as homogeneous with spatially constant effective properties. The lat-
ter then account for the microstructure in an averaged sense. This micro-to-macro
transition is called homogenization. Effective properties in this sense are, for in-
stance, Young’s modulus and Poisson’s ratio of steel as experimentally determined
with standard testing specimens. In many technical applications these properties are
well suited to describe the behavior of a material which microscopically has a very
complex composition (e.g., anisotropic crystallites, grain boundaries, dislocations,
etc.). Measuring material properties, of course, makes only sense if the result does
not depend on the chosen testing specimen; the later has to be representative of the
material. Analogous requirements hold when macroscopic effective material prop-
erties are theoretically derived from a given microstructure as will be discussed in
the following.

8.3.1 Foundations

8.3.1.1 Representative volume element (RVE)

In the framework of a deterministic and continuum mechanical approach the process
of homogenization and the role of the macroscopic and microscopic level with their
characteristic length scales can be illustrated by Fig. 8.12. At some arbitrary point
x™2T on the macroscopic level (e.g., a technical component) where the material
shall be described as homogeneous with constant effective properties, a sufficient
magnification (“microscope”) reveals the spatially extended fine-scale microstruc-
ture.
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Fig. 8.12 Homogenization and characteristic length scales

We assume that the material behavior on the microscale is known and linear elas-
tic. If an additional coordinate system is introduced there, the microstructure can be
described by the dependence of the elasticity tensor Cjjx; () on the microscale
coordinates x;. Analogous to the measurement of macroscopic material properties
from a representative testing specimen we now consider a volume V' on the micro-
scopic level which has to be representative of the entire material. This volume is
employed in the homogenization process to ascribe macroscopic properties to the
material in terms of a spatially constant effective elasticity tensor Ci*j i To assure
that this result is independent of the point ™2 the entirety of the microstructural
details which are described by C;;x1 (x) and contribute to C’;kj 1 has to be indepen-
dent of the location on the macroscale. This prerequisite to a homogenization is
also referred to as a statistically homogeneous distribution of the defects (hetero-
geneities) throughout the material. Furthermore, C’;’; 1, must not depend on the size
or shape of the chosen volume V. That means that in case of an irregular microstruc-
ture (defect distribution) the volume V' has to contain a sufficiently large number of
defects and its dimension d hence has to be much larger than the characteristic length
scale [ of the microstructure. The latter is given, for instance, by the typical size or
distance of individual defects (Fig. 8.12). With this “wave length” [ of varying elas-
tic properties C;jx; () also the stress and strain fields fluctuate on the microscale.
On the other hand, the volume V has to be small enough that it can approximately
be regarded as a point on the macroscopic level (Fig. 8.12). A characteristic length
L on this level is given by the geometry, by the spatial variation of the loading, or
by the stress and strain fields (“macro fields”) resulting in the macroscopically ho-
mogeneous material. In order to allow in a certain situation the selection of some
volume V' which is suitable for the homogenization of the material the characteristic
length scales have to satisfy the size condition
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: (8.40)

Then the volume V' is called a representative volume element (RVE).

Obviously the restriction of d from two sides according to (8.40) can preclude
the existence of an RVE and thereby a meaningful homogenization. Such a situation,
for instance, prevails at a macroscopic crack tip where the strains in a homogeneous
material are singular and hence strongly vary over an arbitrarily small distance L.
The size d of an RVE according to (8.40) then would have to be infinitely small and
would necessarily violate the distance to the microstructural length scale (I) of any
real material. One usually assumes that this takes place only in the process zone (see
Section 4.10). Similar arguments hold in case of micro-electro-mechanical systems
(MEMs) where components are often so small that “classical” material properties
measured from standard (i.e., large) testing specimens are not suitable for their me-
chanical description. These examples both refer to the right-hand side of the inequal-
ity (8.40) which will, as the condition of statistical homogeneity of the material, in
the following be assumed to be fulfilled. The left-hand side of the inequality, i.e., the
requirement for a minimum size d of an RVE, will be discussed in Section 8.3.1.3 in
conjunction with the specific homogenization process which also allows for a quan-
titative assessment. For practical applications, typical values of d ~ 0.1 mm in case
of ceramics and polycrystalline metals or d ~ 100 mm in case of concrete may be
considered (see also Fig. 8.1).

Caution is also required in the description of so-called functionally gradient ma-
terials (FGMs) with spatially varying macroscopic properties. In this case the distri-
bution of microstructural details displays a spatial variation such that the condition
of a statistically homogeneous microstructure which is necessary for the definition
of effective properties strictly speaking does not hold. The use of effective properties
then has to be seen as a pragmatic approximation.

The prerequisite of statistical homogeneity of a locally irregular microstructure
is no longer necessary in the special case of a strictly periodic defect arrangement.
Then a unit cell of this arrangement is already representative of the entire heteroge-
neous material.

8.3.1.2 Averaging

Via the two-scale consideration according to Fig. 8.12 a material point on the macro-
scopic level is related to a volume V' on the microscopic level where stresses and
strains prevail as fluctuating micro-fields. The macro-stresses and macro-strains
which characterize the mechanical state of the macroscopic material point are de-
fined as the volumetric averages of the microscopic fields

1 1
<Uij> = V/O'w(il}) dVv s <Eij> = V /Eij((lﬁ) dVv (841)
1% 14
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where the symbol () is used as an abbreviation. Employing the divergence theo-
rem the macroscopic quantities (8.41) can also be expressed by integrals over the
boundary 9V of the averaging domain V. If vanishing volume forces are assumed
the equilibrium condition oy 1, = 0 and x; 1 = J, yield the following identity for
the stresses:

(j Oik) .k = Tj ke Oik + Tj Oin o = 04j -

Insertion into (8.41) leads to the representation of the macro-stresses

1 1 1
<O’ij> = v /(l‘] Uik),k dV = v /l‘j oirnpdA = v /ti T dA. (8.42)
|4 oV oV

The macro-strains can also be written as
1 1
<Eij> = W /(uiyj + U,jﬂ')dv = W /(ul n; + Uj Ny )dA . (8.43)
% v

In the derivation of (8.42) and (8.43) the differentiability of the microscopic
fields in the entire domain V/, which is necessary for the applicability of the di-
vergence theorem, was tacitely assumed. Although this condition is not fulfilled in
case of heterogeneous materials with discontinuously varying properties the repre-
sentations (8.42) and (8.43) of the macroscopic quantities by boundary integrals are
generally valid. They hold independent of the material behavior and also in case
of microstructures which contain cavities or cracks. In order to show that this is
true we consider an internal interface S inside a volume V' according to Fig. 8.13a
which separates two subdomains V; and V5 with different properties; across the in-
terface S the stresses and displacements are generally not differentiable. Therefore,
the divergence theorem has to be applied separately to the two subdomains where S
appears once as the boundary of V5 (with outer unit normal 7;) and also as the inner
boundary of V; (with outer unit normal —n;). For the stresses this leads to

/O'ijdvz /aijdV+/0ijdV: /ti :deA'F/(tl(-Q) —tl(»l))l'jdA (844)
\4 Vi oV S

Va

and for the displacement gradient it follows that
nj
ov

j 1
=) ‘
oV ov
a) b) )

Fig. 8.13 Volume V' with a) internal interface S, b) cavity, ¢) crack I'=1"" + '~
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/ude = /ude—&—/ui,jdV = /ul n]dA+/(u§2)—u£1))n]dA (8.45)
\4 i Va ov S

(1,2)

g

(1,2)

Here, ¢ and u,; "’ denote the traction and the displacement vectors of V; and
) (2)

Vs along the interface S. Because of tgl) = tl(?) (equilibrium) and u; * = u,;
(continuity) at the interface, the integrals over S in (8.44) and (8.45) vanish. The
representations

1 1
<0’z‘j> = V /ti T dA , <€¢j> = W /(uz n; + u; m)dA (8.46)
oV ov

of the macroscopic quantities hence are valid even in case of discontinuous mate-
rial properties. Since this holds true independent of the actual material behavior and
geometry of the subdomain V5 this result also comprises the special case of cavi-
ties which is obtained in the limit of a vanishing stiffness of the material inside V5
(Fig. 8.13b). By a further limit process S — I towards an infinitely thin domain V5
(Fig. 8.13c) also the situation of cracks is included.
Often a volume V' of a heterogeneous material consists of n subdomains V,, (o =
n
1,...,n) with volume fractions ¢, = V,,/V and > ¢, = 1 where the elastic prop-

a=1
erties C, are piecewise constant. In case of such a microstructure consisting of

discrete phases we have

(@)= calo)a, (€)= cale)a (8.47)
a=1 a=1
where
1 1
(o)a =3~ /Ud‘ﬂ (€)a = 7/sdv (8.48)
an ava

are the phase averages of the stresses and strains. They are related to each other by
(0)a =Cq:(€)a inside Vi, . (8.49)

In case of microstructures which contain only cavities or cracks it is practical to
represent the macroscopic quantities (8.46) in a somewhat different form. Therefore,
we first consider the situation of cavities and transform the average strain (¢;;),, in
the surrounding matrix material of volume V,, = ¢,, V using the divergence theorem
(see Fig. 8.13b). We get
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/(ui,j + Uj’i) 1%

Vi

1 1
= W /(umj +an7;) dA — W /(’U,an —l—Uj?’Li) dA
MBV MaVC

where OV, denotes the cavity surface. If the first integral on the right-hand side is
replaced by (8.43) the macro-strains can be written as

1
<5ij> =c, <5ij>M + BYa /(UZTLJ + ani) dA|. (8.50a)
oV,

(eij)e

In case of cracks the limit process OV, — I' = I'" + I'~ (see Fig. 8.13¢) and the
abbreviation Au; = uj —u,; lead to

1
<5ij> = Cy <€ij>M + W /(Auinj + Au]nl) dA |. (850b)
r

(€ij)e

The macro-strains in case of cavities or cracks hence consist of the average matrix
strain and the quantity (€). which represents the average strain of the defect phase
(c for cavity or crack):

<€> = Cy <€>M + <€>C . (8.51)

In contrast, the macro-stress is in case of traction-free cavities or cracks solely given
by the average matrix stress:

(o) =cy (o) - (8.52)

In a material which contains only cracks the volume fraction of the matrix phase is
c, =L

If the matrix material is homogeneous with C,, = const and (o),, = C,, :
(€),, elimination of the average matrix stress and strain using (8.47) and (8.502)
leads to

(@) =Cyi (=) o (=Crlilo)+ (), 653

respectively. According to this representation (&), appears in the relation between
macro-stresses and macro-strains (established here by the elastic properties of the
matrix !) in the same way as the eigenstrain in (8.4).
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8.3.1.3 Effective elastic constants

Analogous to the elasticity law on the microscopic level
oij(x) = Cijpi(x) eri(x) (8.54)

the effective elasticity tensor C;';kl is defined by the linear relation between the

macro-stresses and macro-strains (8.41):

(0i5) = Clipy (em) |- (8.55)

The interpretation of C;kjkl as a material property is subjected to several condi-
tions. It is, for instance, appropriate to require the equality of the average strain
energy density (U) in the volume V' when expressed by means of the microscopic
Or macroscopic quantities:

1
(U) = (5 i Cijm em) = §<€ij>cz'*jkl (emt) - (8.56)

Using (8.54) and (8.55) this requirement, known as the Hill-condition (HILL, 1963),
can also be written in the form

‘(Uz‘j gij) = (o) (€ij) ‘ (8.57)

For the fluctuations &;j(x) = o;5(x) — (0s5) and &;j(x) = e;5(x) — (€45) of
the microscopic fields around their averages it then follows that

(5ij &) =0. (8.58)

That means that on average the stress fluctuations must not do any work on the strain
fluctuations. Using the divergence theorem and the equilibrium condition o5, =
0 this can be expressed in terms of quantities on the boundary of the averaging
domain:

é / (ui - (aij>x]») (ai,c —ow) ) npdA=0. (8.59)
ov

Written in this form, the Hill-condition can be interpreted to state that the micro-
fields fluctuating along the boundary of an RVE have to be energetically equivalent
to their averages (Fig. 8.14). As already discussed in Section 8.3.1.1 this can only
be expected to hold if the averaging domain V' is sufficiently large with respect to
the heterogeneities.

In order to compute the fields o;;(x) and ¢;;(x) in some volume V' on the mi-
croscopic level, the equilibrium condition o;;; = 0 and the elasticity law (8.54)
have to be complemented by boundary conditions on 9V, i.e., a boundary value
problem has to be formulated. The domain V' of the heterogeneous material is re-
garded to be equivalent to the same domain of a homogeneous (effective) medium
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Fig. 8.14 RVE with fluctuating microscopic fields and averages

and at the same time represents a macroscopic material point which experiences
only homogeneous stress and strain states. It is therefore appropriate to prescribe
those homogeneous states as boundary conditions on dV'; this can be done in two
ways:

0

a) Linear displacements:  u; = €;;x; ondV  where €

0
©j

In this case it follows from (8.43) with [ x;n; dA = V§;; that
oV

= const .

<5ij> = 5% . (8603)
b) Uniform tractions: t; = J?j n; ondV  where U?j = const .
Equation (8.42) then yields

(0ij) = U?j . (8.60b)

Homogeneous strains 5?7 prescribed on the boundary of an arbitrary domain of a
heterogeneous material hence are equal to the volume average of the strains through-
out this domain. Analogously, if a homogeneous stress state a?j is prescribed on the
boundary JV it is equal to the average stress in the domain V' provided that volume
forces are not present. In case of a homogeneous material both types of boundary
conditions are equivalent and induce homogeneous (i.e., spatially constant) fields
throughout the volume. The relations (8.60a) and (8.60b) are often referred to as the
‘average strain theorem’ and the ‘average stress theorem’.

Using (8.59) one can verify that both types of boundary conditions satisfy the
Hill-condition identically, i.e., irrespective of the domain V. This is not surprising
since the consequence of the Hill-condition that the fluctuating fields on the bound-
ary of an RVE can be replaced by homogeneous fields is anticipated in the above
boundary conditions (a) or (b). Moreover, when the boundary conditions (a) or (b)
are imposed the Hill-condition in the form (8.57) or (8.59) is satisfied independent

of any relation between the fields o;; and ¢;;. Hence it can be generalized and ap-
(1)

plied to arbitrary statically admissible stress fields o;;
(2.

ij

and kinematically admissible

strain fields &
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<U(l)€(2)> _ <U(1)> <€(?)> ) (8.61)

ij “ig ij ij

This relation which will be repeatedly used later on follows directly from the general
work theorem (1.95) when boundary conditions of the type (a) or (b) are prescribed.

Because of the uniqueness of the solution of linear elastic boundary value prob-
lems the fields inside the domain V' depend linearly on the “loading” parameters 5%
or J?j in the boundary conditions (a) or (b). The fields therefore can be represented
in the following form:

a) ei(x) = Aijr(x) €Yy for  w;=¢);x; on IV, (8.62a)

b) oij(x) = Biju(x) oy for t; = O'?j n; on OV . (8.62b)

Here, A;j(x) and B;jii () denote the components of the so-called influence ten-
sors A(x) and B(x). The fourth-order influence tensors represent the complete
solution of the respective boundary value problems and depend on the microstruc-
ture in the entire domain V. With respect to its first two indices A;;x; () satisfies
the compatibility conditions (1.30), exactly as ¢;; does. Correspondingly, B;x; ()
satisfies the equilibrium condition Bjjx; j(x) = 0. Averaging (8.62a) and (8.62b)
over V using (8.60a) and (8.60b) in addition reveals that the average value of these
functions is the fourth-order unit tensor (8.7):

(A) =1, (B)=1. (8.63)

According to (8.54) and (8.55) the following relations in symbolic notation hold
for the effective elasticity tensor C™ and the effective compliance tensor C™ !,
respectively:

C*:(e)=(o)=(C:¢) ) C* lilo)=(e)=(C" :0). (8.64)
In case of the boundary condition (a) insertion of (8.62a) leads to the representation
c*® = (C: A) (8.652)

and insertion of (8.62b) in case (b) yields
c*® —(c.:B)"". (8.65b)

From inserting (8.62a) and (8.62b) in the energy relation (8.56) one obtains the
alternative representations

C*® =(AT:C:A) and C*®=(B":C':B)"' (8.66)

from which the symmetry of the effective elasticity tensor with respect to the first
and second pair of indices becomes obvious.
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By the superscripts (a) and (b) it shall be emphasized that these averages which
are computed for an arbitrary volume V' in general depend on the type of boundary
condition prescribed on V. Therefore, C *@ or c*®) can strictly speaking not be
regarded as effective material properties because the volume V' need not automati-
cally satisfy the requirements of an RVE. The distance between C™* @) and c*®
(in the sense of an appropriate norm) can be taken as a measure for the quality of the
averaging domain. Only if the domain V guarantees that C'* @ — c*®) = c*
can C™ be interpreted as a unique macroscopic material property. Clearly, this must
also hold for any larger domain which comprises V.

An important problem of micromechanics is the derivation of explicit representa-
tions for the influence tensors A () or B(x), and hence for the micro-fields, as well
as for the effective elastic constants. By employing the fundamental solutions pre-
sented in Section 8.2 along with suitable approximations various different methods
will be discussed in the following.

8.3.2 Analytical approximations

8.3.2.1 General relations

According to (8.65a) or (8.65b) the effective elastic constants C* can be repre-
sented as the weighted averages of the microscopic elastic properties C'(x) where
the influence tensor, e.g., A(x), serves as a weighting function. In case of a real
microstructure, however, neither the exact function C(x) is known nor can the cor-
responding influence tensor in general be written in closed form. Thus appropriate
approximations have to be made with regard to the available information in model-
ing the microstructure as well as in the representation of the influence tensors.

It is therefore practical to restrict the considerations first to microstructures con-
sisting of discrete phases with piecewise constant elastic properties according to
(8.49) which for many materials actually applies (e.g., polycrystals, composites).
Using (8.60a), (8.60b) with prescribed macro-strains (¢) = & or prescribed macro-
stresses (o) = oY it then follows from (8.62a), (8.62b) for the phase averages that

(€)la=An:(e) or  (g)a=Bs: (o), (8.67)
respectively, where
A,=(A)a and B,=(B).. (8.68)

The constant influence tensors A, and B, express the dependence of the average
(over the volume of phase «) of some field on the prescribed macroscopic quantity.
Equations (8.65a) and (8.65b) then reduce to
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n n -1
C*™ =% "¢Co: Ay and C*" = (ancal : Ba> (8.69)
a=1 a=1

where only the influence tensors A, or B, of n — 1 phases are needed for the
representation of the effective elastic constants C™ because

d caAa=1 and i caBo=1. (8.70)

a=1 a=1

For simplicity, we consider in the following a material which consists of two
phases only; the methods discussed, however, apply also to the general case. If one
phase is referred to as the matrix (M) and the other as the inhomogeneity (I) it
follows from (8.69) and (8.70) that

C* @) — C,+cq(C,-C,):A, (8.71a)

or

c*® = (' +e(CcTt-CM):B) T, (8.71b)

M

respectively. These relations are not directly applicable to the special case of a
homogeneous matrix which as the second “phase” contains cavities or cracks. In
this case the linear dependence of the average defect strain (€). defined in (8.50a),
(8.50b) on the prescribed macro-quantities € or o is expressed by influence ten-

sors D and H:
(€)e=D:(e) for (&) =€ , (e)e=H: (o) for (o)=0". (8.72)

Using (8.53) and (8.64) the effective elasticity tensors then are given by

c*® =c,:(1-D) or c*® =[ct+ HTI . (8.73)

By virtue of the fact that cavities or cracks cause a reduction of the effective stiffness
of a material the influence tensor D may be interpreted as a measure of damage (see
Chapter 9) while H describes an additional compliance.

In the following some approximations, models, and methods are discussed which
allow for an approximate computation of effective elastic constants.

8.3.2.2 Voigt and Reuss approximation

In a homogeneous material the boundary conditions (8.60a) or (8.60b) lead to ho-
mogeneous (spatially constant) stress and strain fields. In case of a heterogeneous
material the simplest approximation hence is to assume one of the micro-fields to
be constant, in accordance with the boundary conditions (a) or (b).
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If according to W. VOIGT (1889) the strains inside V' are taken to be constant
(e = (€) = const) it follows from (8.62a) that the influence tensor is A = 1. From
(8.65a) or (8.69) the effective elasticity tensor then is approximated by the average
stiffness:

C?(Voigt) = <C> = Z CaCoz . (874&)
a=1

Analogously, in the approximation due to A. REUSS (1929) a constant stress field is
assumed (o0 = (o) = const) which corresponds to B = 1 in (8.62b). With (8.65b)
or (8.69) this leads to the approximation of the effective compliance tensor by the
average compliance

n

Csz_elllss) = <C_1> = Z CaC;1 . (874b)

a=1

In the special case of discrete phases of an isotropic material the above approxima-
tions lead to the effective bulk and shear moduli

n n
K {Voigny = D calia Hvoigt) = D Calla (8.75a)
a=1 a=1
or
*—1 ~ Ca *—1  Ca
K(Rcuss) = K_a ’ M(Rcuss) = ,U/_a . (8.75b)
a=1 a=1

One should note that according to these models the macroscopic behavior of the
material is approximated to be isotropic although in reality an anisotropy may result
from the geometric arrangement of the phases (e.g., fiber-reinforced materials).

In case of a matrix containing cavities or cracks the vanishing stiffness or infinite
compliance, respectively, of the defect phase leads to the Voigt and Reuss approxi-
mations

Czk\/oigt) = Cy CM and CEchuSS) =0. (8.76)
If, in contrast, one of the phases is rigid (e.g., C;, — c0) one obtains
* * 1
C(Voigt) — 0 and C(Reuss) = C_CM . (877)

M

The approximations of effective elastic properties by the average stiffness or the
average compliance are often referred to as rules of mixtures. They are exact only in
one-dimensional special cases of different materials arranged “in parallel” (Voigt)
or “in series” (Reuss). In general the assumption of constant strains leads to a viola-
tion of local equilibrium (e.g., at phase boundaries) and the assumption of constant
stress precludes the compatibility of deformation. Despite these obvious deficien-
cies the simple approximations by Voigt and Reuss bear the advantage that they
yield exact bounds for the true effective elastic constants of a heterogeneous ma-
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terial. In Section 8.3.3.1 it will be shown that K (*Reuss) < K* <K (*Voigt) and
u?‘Reuss) < u* < uEkVOi at) - Since the Voigt and Reuss approximations are often
far apart from each other a pragmatic approach to improve the approximation of
effective constants is to take their mean values

1 1
K* =< (K(*Reuss) + K(*Voigt)) ) :u* ~ 5 (/’[’EkReuss) + :uEkVoigt)) - (8.78)

8.3.2.3 Non-interacting (dilute) defect distribution

Using the exact fundamental solutions presented in Section 8.2.2 it is possible to
develop micromechanical models which satisfy the local equilibrium and guarantee
the compatibility of deformation. In doing so we consider a two-phase material
which consists of a homogeneous matrix with C,;, = const and one kind of equal
defects (second phase). With regard to the available fundamental solutions the latter
will be approximated by ellipsoidal elastic inhomogeneities with C, = const, by
circular holes (2D) or by straight (2D) or penny-shaped (3D) cracks.

The simplest situation prevails when the inhomogeneities or defects are so di-
lutely distributed in the homogeneous matrix that their interaction among each other
and with the boundary of the RVE can be neglected (“dilute distribution”). As illus-
trated in Fig. 8.15 each defect then can be considered in an unbounded domain
subjected to a uniform far-field loading € = (€) or 6 = (o). The characteris-
tic dimension of the defects therefore has to be small compared to their distance
or to the distance from the boundary of the RVE. Although the solutions obtained
under these idealizations are themselves only valid for very small volume fractions
(¢, < 1) they form the basis for important generalizations.

Fig. 8.15 Model of dilute defect distribution

a) Ellipsoidal inhomogeneities

In case of an ellipsoidal inhomogeneity {2 (Section 8.2.2.2) the strain inside the
inhomogeneity is constant (¢ = (€), in §2) and given by the influence tensor Afc
introduced in (8.35a). According to (8.71a) hence the effective elasticity tensor of
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a material which contains a dilute distribution of ellipsoidal inhomogeneities with
equal orientation and aspect ratio reads

*

C(D(Ia))) = CM + CI(CI - CM ) tA (8793.)

1

where ¢, < 1 is the volume fraction of inhomogeneities and (DD) stands for “dilute
distribution”. Insertion of (8.35a) yields the representation

a _ —1
Clomy =Cy +6(C,—Cy): [1+8,:C.': (C, - C,)] (8.79b)

where the Eshelby tensor S|, depends on the matrix material. In case of different
kinds of ellipsoidal inhomogeneities, e.g., of different orientations, one has to start
from (8.69) where the individual influence tensors A represent the different ori-
entations via the respective Eshelby tensors.

The superscript (a) in (8.79a,b) indicates that this result is valid only for the

case (a) of prescribed macro-strains. If the model of a dilute defect distribution is

evaluated for prescribed macro-stresses (b) an effective elasticity tensor C * (b ))

obtained which differs from (8.79b) for finite values of c,.

In contrast to the Voigt or Reuss approximations the overall behavior described
by (8.79a,b) may even in case of an isotropic material of both phases be anisotropic
due to a preferred orientation of the ellipsoids which is accounted for by the Eshelby
tensor. Only in case of spherical isotropic inhomogeneities in an isotropic matrix
is the macroscopic (effective) behavior isotropic and (8.79b) can be split into the
volumetric and deviatoric parts using (8.10) and (8.12):

(63

(KI _KM)KM
' KM +a(K1 _KM) ’

Kipp) = Ky + ¢

(8.80)

(:ul _/“LM):LLM
Mo +6(M1 _IU‘M) .

MZkDD) =y TG

Corresponding to the model of a matrix which contains a small volume fraction
(dilute distribution) of defects the effective elastic constants are given by those of
the matrix plus an additional term which is linear in c,. According to (8.11) the
parameters « and (3 in the Eshelby tensor depend via Poisson’s ratio v, = (3K,
2, )/ (6K, + 2p,,) of the matrix material on both moduli K, and y,, and hence
describe a coupling of the volumetric and shear stiffness. The effective Young’s
modulus can be computed from E* = 9K *p* /(3K* + u*).

Finally, we consider the special case of rigid spherical inhomogeneities
(K., p;, — 00) in an incompressible matrix (K,, — oo). With 5 = 2/5 from
(8.11) a macroscopically incompressible material (K EkDD) — 00) is obtained from
(8.80) with

5
[{DD) = Ha (1 +3 c1> . (8.81)
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In view of the analogy between linear elasticity and a Newtonian (linearly viscous)
fluid this result corresponds exactly to the relation for the effective viscosity of a
suspension of a viscous fluid with rigid particles derived by A. EINSTEIN (1906).

b) Circular holes (2D)

As a second application of the model of a dilute defect distribution we now consider
an infinitely extended plate in plane stress which contains circular holes of equal
radius a (Fig. 8.16). Because of the neglected interaction the average strain (¢;;)
of each individual hole due to a uniform external loading a?j can be obtained from
(8.50a) by integration of the fundamental solution (8.37) along the boundary of the
hole

21
1
<5ij>c e ﬂ /(UZTLJ + u;n; ) ad<p (8.82)
0

where u1; = u,cos —u,sing, us = u,sinp + u,cosp, Ny =cosp, Ny =
sin ¢. In this two-dimensional problem averaging is performed with respect to the
area A of the plate, hence instead of the surface integral in (8.50a) a contour integral
has to be evaluated. From the relation (8.72) between the average defect strain and
external loading o the additional compliance tensor H ~ is obtained. The latter
is employed in (8.73) to represent the effective elasticity tensor in case of a dilute
distribution of holes:

-1
cin=le v T (8.83)

The nonvanishing components of H ~ read

oo oo 3c oo - c
Hypiy = Hagop = o Hiigo = Hyopy = “E
(8.84)
> ot i oo 4c
Hyp19 = Hy19y = Higoy = Hyp1o = E

t
o O
SWe
O

ﬁ
T

Fig. 8.16 Plate with circular holes
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where ¢ = ma?/A denotes the area fraction of holes and E is Young’s modulus of
the matrix material. From C;%, = 1/FE and Cp,}, = 1/2u the effective Young’s
modulus and the effective shear modulus are obtained:

F 4c

- ~ 1—
2(1+v+4c) a 1+v

~ E(1-3¢), u{pp) = ). (8.85)

* _
Eoo) = 1750
As expected, both effective stiffnesses decrease with increasing area fraction of
holes.

¢) Straight cracks (2D)

Exactly as in case of a circular hole the average strain of a straight crack of length
2a subjected to a uniform external loading (Fig. 8.11b) can be obtained from (8.50b)
using the fundamental solution (8.38):

<€11>c =0

1 2 T
<€12>C = —/Aul(xl)d:cl = 0'92 = EO’?Q (886)

In analogy to the volume fraction or area fraction of a defect the crack density pa-
rameter f = a? /A has been introduced here; in view of the assumed dilute dis-
tribution its value has to be small: f < 1. The nonvanishing components of the
additional compliance tensor H ~ read

oo oo oo oo ™ oo 2T
His1p = Hyj9y = Higoy = Hop1o = f ok Hypoo = f Nk (8.87)

In case of a plate which consists of a homogeneous isotropic matrix material
with parallel cracks of equal length 2a (Fig. 8.17a) the effective elastic constants
according to (8.83) are

E
E;"(DD):E, E;(DD):1+2f E(1-2nf),
(8.88)
E mf
* = = 1-— .
H12 (DD) 20+v+nf) ul 1+u)

Due to the uniform crack orientation the overall material behavior here is anisotropic
with a reduced stiffness normal to the cracks.

If, in contrast, the crack orientations are statistically equal distributed (Fig. 8.17b)
the additional compliance tensor (8.87) can, within the model of a dilute defect dis-
tribution, be averaged over all orientations:
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Fig. 8.17 a) Parallel and b) statistically equal distributed crack orientation
™
1gkl i’ /k’l/ p)dp ~ H1111 = H1212 = H2121 = H2222 = fE
(8.89)

Since macroscopically there is no preferred direction the effective material behavior
is isotropic with

B E 7r f
E} 1- gy = ——————— & 8.90
d) Penny-shaped cracks (3D)

Starting from the fundamental solution (8.39) for a penny-shaped crack of radius
a in an unbounded domain and following the same procedure as before the addi-
tional compliance tensor in case of a uniform loading 0’ - is obtained from (8.50b)

and (8.72). In a local coordinate system with the x3- ax1s normal to the crack its
nonvanishing components read

- 16(1 — 1?) - N 32(1 — 1?)
Hyzs3 = fT ) Hyz13 = Hozoz = f 3B _1) (8.91)

where now (3D) the crack density parameter is given by f = a®/V. The effective
elastic constants of a material which consists of an isotropic matrix with a dilute
distribution of parallel and equally sized penny-shaped cracks can be written as

E

ET(DD) :E;((DD) =L, VTQ(DD) =V, /flkz(DD) =H= m7

. 3E

E e e T
30D ™ 34 £16(1 — 12)
B (8.92)

16(1 — v)
1413 (DD) = 133 (DD) = M [1 + fm] ;
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16(1 — 2v)(v2 — 1) 16(1—v2)] 7"
VT?)(DD) :V;kS(DD) =v|l+f 30(2 — 1) 1+ff .

It should be noted that the parameters £ (DD) » vy, (DD)> and JT (D) are not inde-
pendent but are solely determined by two elastic constants. Hence the overall mate-
rial behavior is characterized by five independent elastic constants and is isotropic in
the 1, ro-plane; this kind of anisotropy is termed transversely isotropic (see (1.41),
(1.42)).

If all crack orientations occur equally often the macroscopic behavior is isotropic.
Averaging of (8.91) over all orientations

2w
wkl // ik 4,0, COSI?d'ﬁdQD

then yields

J16(1 —v7)(10 — 3v
Hiin = Hyggo = H3333 ( il )

E 452 —v)
) o ) f ].61/(]. - l/2)
Hyypp = Hypszz = Hgznn = — 5 B2 —v) (8.93)

f3201-v H(5-v)
E 45(2 —v)

H1212 - H2323 - H3131

from which the effective elastic constants

16(1-12)(10-30)]1 7" _ 16(1—12)(10—3v)
45(2 — v) } ”E[lf 45(2 — v) ]

Ebpy=E {1+f

3201 -v)5-v)]" 32(1 —v)(5—v) (859
“TD””[”f BE-1) } ““Pf Be-v) }

are obtained.

8.3.2.4 Mori-Tanaka model

The approximation of a dilute distribution of non-interacting defects is equivalent to
the assumption that in a sufficient distance from each defect the constant strain field
€Y or stress field ¥ of the external loading prevails. This assumption is the starting
point for a refinement of the model to account for an interaction and hence a finite
volume fraction of defects. In the Mori-Tanaka model (1973) therefore the strain or
stress field in the matrix is, in a sufficient distance from a defect, approximated by
the constant field (g),, or (),, (Fig. 8.18). The loading of each defect then depends
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on the existence of further defects via the average matrix strain (g),, or the average
matrix stress (o),,. Fluctuations of the local fields, however, are neglected in this
approximation of defect interaction.

Fig. 8.18 Defect interaction in the Mori-Tanaka model

In view of the idealized consideration of a single defect in an unbounded ma-
trix, yet subjected to some effective loading (€),, or (),,, the Mori-Tanaka model
formally equals that of a dilute distribution (see Fig. 8.15) and allows for the appli-
cation of the already known influence tensors Afc and H  to represent the average
defect strain:

(), =A, :(e)y or (€ e=H :{o), . (8.95)

In order to determine the effective material properties the average defect strain needs
to be represented as a function of the macroscopic quantities (¢) = €° or (o) = o,
respectively (see (8.67)). Therefore, the matrix quantities (¢),, and (o), are elim-
inated. Using (e) = ¢, (€),, + ¢ (), and (8.95) in case of ellipsoidal inhomo-

geneities leads to (g), = A, () : (€) where

o 1711 B ~1
A ) = a1+ 0, Al 1] —[14¢,8,:C" :(C,—Cy)]”" (896a)

is the influence tensor of the Mori-Tanaka model. In case of cavities or cracks (8.95)
and (o) = ¢, (o), lead to (¢). = Hr) : (o) with the additional compliance
tensor )
Hymn=—H . (8.96b)
MT) =
M
According to (8.71a) and (8.73) hence the effective elastic constants for the two
kinds of defects are given by

C,+c(C, —C,): A ur) (ellipsoids)
Chun = 1 . (897
[C.'+ Hom] (cavities, cracks)
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From (8.96a) and (8.97) it can be seen that the Mori-Tanaka model, in contrast to
the model of a dilute distribution, correctly covers the extreme cases of ¢, = 0 and
¢, = 1 (homogeneous material) and therefore can formally be applied for arbitrary
volume fractions c,. Yet, the fundamental assumption of a distinct matrix phase
and a defect subjected to a homogeneous far-field loading can only be realized for
small or large values of c;; in the latter case the inhomogeneity attains the role of
the matrix phase. In case of cavities (8.96b) and (8.97) yield a loss of the macro-
scopic stress-carrying capacity (C ZkMT) — 0) only in the limit ¢,, — 0 which is not
realistic (see Section 8.3.2.5).

It can be shown that the approximations for the effective material properties
obtained from the Mori-Tanaka model are independent of the type of prescribed
macroscopic quantities € or a®. For small values of the defect volume fraction
(¢, < 1) they asymptotically approach the results for a dilute distribution.

In the special case of an isotropic matrix which contains isotropic spherical in-
homogeneities the Mori-Tanaka model yields irrespective of the spatial arrange-
ment of the defects an isotropic overall behavior with effective elastic constants
(see (8.80))

(KI — KM) KM

Khim =K, + ¢ ,
(MT) " ' KM+a(1_CI)(KI _KM)

(:LLI - :LLM) Hu (898)

o +/B(]‘_CI) (N’I _:U‘M) .

A macroscopic anisotropy which might result from the geometric arrangement of
the inhomogeneities hence can not be described by this model (like in case of the
dilute distribution). It should further be noted that in contrast to (8.80) now the
effective constants (8.98) depend nonlinearly on the volume fraction ¢, of inhomo-
geneities. In the limit case of rigid spheres (K., ;; — o) in an incompressible
matrix (K, — oo, 8 = 2/5) they reduce to (see (8.81))

MEKMT) = fy TG

5 ¢
iy = e (143 72—) - (8.99)
1

In the 2D-example of a plate in plane stress with circular holes of an area fraction
¢ according to Fig. 8.16 the Mori-Tanaka model yields by insertion of (8.84) into
(8.96b), (8.97)

1-c¢c
1+2¢”’

(1-0c)(1+4v)
l+v+cB-v)’

Cracks, because of their vanishing volume (¢,, = 1), have no effect on the
average stress: (o),, = (o). For a material with straight (2D) or penny-shaped
cracks the Mori-Tanaka model thus leads to the same effective elastic constants
as the model of a dilute defect distribution in case of prescribed macro-stress (see
(8.88), (8.90), (8.92), or (8.94)). Accordingly, the Mori-Tanaka model when applied
to cracks does not predict a total loss of the macroscopic stress-carrying capacity,
even in case of an arbitrary high value of the crack density.

Ejvm) = fivTy = (8.100)
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8.3.2.5 Self-consistent method

Analytical methods for the approximation of effective material properties are typi-
cally based on the consideration of a single defect in an unbounded domain because
of the limited availability of closed-form solutions. In doing so, the interaction of de-
fects has in the previous section been accounted for by an appropriate approximation
of the loading of individual defects; a sufficient distance among these defects in a
homogeneous matrix therefore was required. This latter assumption, however, does
often not hold. For instance, in a polycrystal the inhomogeneities prevail in form
of single crystal grains which are in direct contact with each other without any dis-
tinct matrix phase. With focus on this particular situation the self-consistent method
has been developed. It is based on the approximation (“smearing”) of the entire
surrounding of each individual defect by an infinite matrix with elastic properties
given by the unknown effective properties which are to be determined (Fig. 8.19).
Inside the defect the solution of the respective boundary value problem (single de-
fect subjected to some loading € = (g) or 6 = (o)) is formally obtained from
the solution for a dilute defect distribution by replacing the matrix properties by the
effective properties (see also Fig. 8.15). Correspondingly, the average defect strain
and the influence tensors are for ellipsoidal inhomogeneities given by

(e) = A, (SK) - (e),

(8.101a)
oo 71
A=A (C,=C"=[1+8":C*":(C,-C")]
and in case of cavities and cracks by
(€)e = Hisky : (o), Hgo=H (C,=C* . (8.10Ib)

The effective elastic properties then follow by insertion into (8.71a) or (8.73). They
are subject to the requirement to coincide with the effective matrix properties C™*
used in the representation of the influence tensors (8.101a), (8.101b) which explains
the notion self-consistence. Thus the self-consistent method yields an implicit repre-

€% or o?

Fig. 8.19 Model of the self-consistent method
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sentation of the effective elasticity tensor in form of nonlinear algebraic equations.
Using (8.71a) and (8.73) the latter read

C,+q(C, -C,): A?C(CTSK)) (ellipsoids)
Clsk) = . (8.102)

—1

[C;Il +H™ (CTSK)) (cavities, cracks)

Like the Mori-Tanaka model, the self-consistent method also yields a unique result
which is independent of the prescribed macroscopic quantities and correctly covers
the limit cases of a homogeneous material. Moreover, it should be noted that in the
self-consistent method a macroscopic anisotropy which may result from the relative
defect orientation or arrangement has to be accounted for already in the effective be-
havior adopted in the fundamental solution A (c (SK)) or H (C (SK)) A typical
example are parallel cracks where already an 1nd1V1dua1 defect has a distinguished
orientation; but also preferred orientations in the spatial arrangement of isotropic de-
fects give rise to a macroscopic anisotropy. Only in case of a complete (i.e., material
and geometric) isotropy of the microstructure is the overall behavior isotropic. This
holds, for instance, for an isotropic distribution of spherical inhomogeneities in an
isotropic matrix. In this special case insertion of the parameters o (v*), 5*(v*) of
the isotropic Eshelby tensor (8.11) leads to the following equations for the effective
bulk and shear moduli:

0= 4 4 __ G - 5
* * % * )
Ky =Ko Ky —Ku o 3By + sk
(8.103)
0= M + G _ 0 (K(*SK) i QH?SK))

* * :
Hisky =M Hsk) = Hm 5#?31() (3K(*SK) + 4ﬂZ‘SK))

From this representation it is obvious that in the self-consistent method none of
the involved phases plays the role of a surrounding matrix; this corresponds to the
situation of a polycrystalline or interpenetrating microstructure.

In the special case of rigid spherical particles (K, — oo, g, — 00) in an incom-
pressible matrix (K,, — o0) the self-consistent method yields in contrast to (8.81)
and (8.99)

2p
M(SK) glcl . (8.104)

Hence a macroscopically rigid material (MZ‘SK) — 00) is predicted already at a
volume fraction of spherical particles of ¢, = 2/5. Also the case of spherical voids
(K, — 0, g, — 0) in an incompressible matrix (K,, — co) can be directly derived
from (8.103) which leads to

K 4/’[’M(1_20)(1_CI> ’u* :3/~L1\4(1_2CI)
(SK) = ¢(3—1¢) ’ (5K) 3—c '

(8.105)

1
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From this result it can be seen that the self-consistent method applied to a porous
material predicts the entire loss of macroscopic stress carrying capacity (K (*SK) — 0,

M*SK — 0) at a void volume fraction of 50%, i.e., ¢, = 1/2. The limit behavior
described by (8.104) and (8.105) is qualitatively correct since statistically already
at a volume fraction well below 1 “bridges” of rigid particles or voids prevail in a
real material which extend throughout the whole microstructure and determine the
overall performance. This statistical effect is called percolation and is subject of the
percolation theory to be found in the special literature (see also Section 3.1.4). The
apparent strength of the self-consistent method to account for this effect, however,
is weakened by the fact that the prerequisite for a homogenization of statistical ho-
mogeneity of an RVE is violated by the existence of the above-mentioned bridges
(percolation).

Another drawback of the self-consistent method lies in its mixing of the micro-
scopic and macroscopic level which strictly should be separated. A single defect,
“visible” only on the microscale, is embedded into an effective medium which is
defined only on the macroscopic level. In order to reduce this inconsistency the
so-called generalized self-consistent method considers the defect and the infinitely
extended effective medium to be separated by a layer of the true matrix material.
Yet, this rather complicated method is not further treated here.

The result (8.102) of the self-consistent method shall now be evaluated for the
situation of circular holes and cracks. In case of a plate containing isotropically dis-
tributed circular holes (macroscopic isotropy) therefore only the Young’s modulus
FE of the matrix material in (8.84) needs to be replaced by E(*SK) which leads to

E(1-3¢)
l+c+v(l-3c)]"

Efsxy =E(1-3¢), [isK) = ] (8.106)
The total loss of effective stiffness of the plate hence is predicted already at an area
fraction of holes of ¢ = 1/3. Experimental data or those based on percolation theory,
however, are approximately twice that value (see Fig. 8.21).

As already mentioned, the application of the self-consistent method to materials
with parallel cracks requires the somewhat cumbersome determination of the funda-
mental solution for a single crack in an anisotropic medium because of the resulting
overall anisotropy. Referring for this case to the special literature we restrict our-
selves here to the situation of statistically equal distributed crack orientations where
the overall material behavior is isotropic. In case of straight cracks of length 2a in
a plate under plane stress only £ in (8.89) has to replaced by EZ"SK). The effective
Young’s modulus and shear modulus then are given by

E(1-xf)
1+v(l—nf)] "

Efiy=E(1—-7f),  plsky = 7 (8.107)

Accordingly, a total loss of macroscopic stiffness is predicted at f = 1/x. At this
value the area Ta? covered by a crack by varying its orientation is equal to the refer-
ence area A of the material. For the three-dimensional problem of penny-shaped
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cracks with randomly distributed orientation the isotropic additional compliance
tensor H gy = H (C?SK)) is obtained from (8.93) by substituting F and v by
E(*SK) and 1/(*SK) which, using (8.102), leads to coupled nonlinear equations for the
effective elastic constants:

V(*SK) v 161/(*SK)(1 - 1/(*SQK))
By E 45(2 — Vi) Bl
(8.108)
L+visk)  1+v 32(1 — Vi) (5 — V(gk))
E(*SK) - F 45(2 — VE"SK))E(*SK) '

8.3.2.6 Differential scheme

In contrast to the self-consistent method where the entire volume fraction of each
phase is embedded in the effective matrix in a single step, the differential scheme is
based on a succession of this embedding by infinitesimal steps. This can be associ-
ated with the actual manufacturing of a heterogeneous material by the stepwise in-
corporation of one phase (inhomogeneity) into an originally homogeneous material
(matrix) where it is irrelevant which of the phases attains the role of the originally
homogeneous material. Since in each step only an infinitesimal volume dV of the
defect phase with elasticity tensor C| is embedded into the infinitely extended ho-
mogeneous matrix, the model of a dilute distribution and the respective relations for
the effective properties are exact. In an arbitrary step the matrix is characterized by
the effective properties C™(¢,) which correspond to the up to then embedded vol-
ume fraction ¢, = V, /V. This procedure is illustrated in Fig. 8.20 for an ellipsoidal
inhomogeneity. By conservation of the total volume V/, an infinitesimal volume dV/
of the defect phase is incorporated while the same volume of effective matrix mate-

O dV, = dV

Fig. 8.20 Differential scheme
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rial has to be removed. Thereby the volume fraction of the inhomogeneity changes
to ¢, + dc, and its volume balance during this step can be written as

v d

(¢, +de,)V=cV —cdV+dV  ~ T G109

Since only an infinitesimal volume dV' (volume fraction dV/V) is embedded, the
relation (8.79a) of the model of a dilute distribution is exact and, applied to the
current situation, reads

C¥e, +de,) = C¥e,) + (CI _ C*(CI)) AT (8.110)
—— \%4 ——
Matrix Matrix

Here, the influence tensor depends on the effective matrix material: A;Q (C*(¢,))).
Using C¥(¢, + de,) = C¥(c,) + dC™(c,) and (8.109) one obtains

dC*(CI) _ 1 * .
o= (C, - C¥c)) : A

1—c¢

oo

(8.111)

1

1

The differential scheme hence leads to a nonlinear ordinary differential equation for
the effective elasticity tensor as a function of the volume fraction ¢, of the embedded
phase. The original material (second phase) appears only in the initial condition:
C*(c, = 0) = C,,. In case of total (i.e., material and geometric) isotropy one ob-
tains from (8.111) the following system of coupled differential equations for the
effective bulk and shear modulus

Kl K — Kl 3Kps) + 4fps)

de, l—¢ 3K +dupg) (8.112)
duszs) M lf(sz) 5#?})3) (BK(*DS) + 4#?[)3))
de,  1-
“ “ b (QK(*DS) + SM?DS)) + 641, (K(*DS) + QM?DS))

with initial conditions K(*DS)(CI =0)=K,, NZsz)(CI =0) = py.
For the example of rigid spheres (I) in an incompressible matrix (M) (8.112)
reduces to

los) __1_ 51ios) (8.113)
de, l—¢ 2 '
with the solution u
*
H(ps) (¢;) = W . (8.114)

Contrary to the self-consistent method (see (8.104)) the differential scheme yields
the overall rigidity of the material only for ¢, — 1.
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Table 8.1  Effective elastic constants
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Table 8.1  Effective elastic constants (cont.)

parallel penny-shaped cracks (3D)
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When the differential scheme is applied to materials with cracks or holes the lat-
ter have to be treated as the embedded phase. In case of circular holes in a plate
according to Fig. 8.16 we start directly from the relations (8.85) for a dilute distri-
bution written in the form

1 1 3 1 1 4
— =42, — = — 4c—. (8.115)
E(*DD) E E QNZKDD) 21 E

Following the same procedure as above the incremental increase dc of the area frac-
tion c of holes then leads to the differential equations

*—1 *—1
Eos) 13 Wws) 18 (8.116)
de 1—c E(*DS) ’ de 1—c¢c E(*DS)

with initial conditions EEkDS)(c =0)=F, M?DS) (¢ = 0) = p . The first differen-
tial equation can be solved directly and the second one after insertion of EEkDS) (c).
They lead to the solutions

B 3(1+v)(1—c)?
MG -na-—oF

Elbg(c)=E(1-¢)*, 11{ps)(€) (8.117)
Similar to the foregoing example the differential scheme yields the total loss of
macroscopic stiffness only for ¢ — 1.

Like the situation of holes, the differential scheme can be applied to homogenize
materials with cracks. Without going into the details of the derivation we present
here only the results for the 2D case of isotropically distributed cracks of equal
length in a plate under plane stress where f denotes the crack density:

(+n0-fr

E(*DS)(f) :E(]‘*f)ﬂpa MZkDS)(f) =p 1_|_V(1_f)7r

(8.118)
Again the total loss of macroscopic stiffness of the material is reached only in the
limit f — 1. For small values of f (8.118) tends asymptotically to the result (8.90)
of the dilute distribution.

In order to provide some comparison of the different homogenization methods
discussed so far, their results are collectively presented in Fig. 8.21 in terms of the
effective Young’s modulus of a plate with circular holes. Also shown are experimen-
tal data and the percolation threshold which both indicate a total loss of macroscopic
stiffness (E™ — 0) at an area fraction of holes well below 1. Only the self-consistent
method (SC) is able to predict this behavior. In accordance with the underlying as-
sumptions the model of a dilute defect distribution (DD) is valid only at very small
values of c.

For various cases of isotropic or transversely isotropic microstructures effective
elastic constants are listed in Table 8.1 where the presentation has been kept as
simple as possible. Again, it has to be emphasized that these relations for effective
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E*/FE | O : experiment

14 DD : dilute distribution
MT : Mori—Tanaka method
SC : self—consistent method
DS : differential scheme

0.5

Q
0.33 0.5 T 1 c
"percolation threshold" (~0.6)

Fig. 8.21 Effective Young’s modulus of a plate containing isotropically distributed circular holes

properties are only approximations the quality of which decreases with increasing
defect concentration (¢, ¢, f).

8.3.3 Energy methods and bounds

In the previous sections effective elastic properties of a heterogeneous medium have
been determined by solving a boundary value problem for an RVE. Various simpli-
fying assumptions therefore had to be made. For instance, the RVE has been taken
infinitely large and the effect of distributed inhomogeneities has always been de-
scribed using the fundamental solution for a single defect. Different assumptions
within the micromechanical models lead to different approximative solutions for
the effective properties which may strongly deviate from each other and in some
cases display an even qualitatively differing behavior (see, e.g., Fig. 8.21). More-
over, no information is provided by the micromechanical models with regard to the
accuracy of their results. This lack of accuracy results also from the fact that only
a rather limited amount of information about the microstructure (e.g., only the vol-
ume fraction of defects) is accounted for in the simple micromechanical models. It
is therefore desirable to determine an exact range within which the effective prop-
erties of a heterogeneous material are definitely located. This is accomplished by
means of extremum principles of elasticity theory which allow to derive strict upper
and lower bounds for the effective properties from energetic expressions.

8.3.3.1 Voigt and Reuss bounds

Besides their simplicity the Voigt and Reuss approximations introduced in Sec-
tion 8.3.2.2 bear the advantage that they are upper and lower bounds for the ef-
fective elastic properties of a heterogeneous material. This can be shown from the
principle of minimum potential energy (1.99) which states that among all kine-
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matically admissible strain fields the true strains render the total potential energy a
minimum. If displacements are prescribed along the entire boundary 0V of some
volume the potential of the boundary loads vanishes and the total potential en-
ergy in case of a kinematically admissible (i.e., not necessarily true!) strain field
éreads II(¢) = II'(¢) = 3 [, : C :edV = ¥ (¢ : C : &). In case of
the special boundary condition of linear displacements wu/,, = €’ - x where
€% = const = (€) the (true) strain energy according to the HILL-condition (8.56)
isIT =¥ (e) : C* : (¢). From the extremum principle II(¢) > IT it then follows
that

(:C:&)>(e):C": (e) (8.119)

for all strain fields & which satisfy the above boundary condition. Such a strain field
is, for instance, given by the VOIGT approximation & = const = (e). Insertion into
(8.119) yields

(€)1 (C): (e) > (e) : C* : (g)

or
(e): ((C)—C*): (e) >0. (8.120)

In the sense of a quadratic form in () hence the average elasticity tensor (C) is
larger than C'™ and therefore represents an upper bound for the effective elasticity
tensor.

Analogously, one may start from the principle of minimum complementary en-
ergy (1.104) where stress fields & in order to be admissible have to satisfy equilib-

rium and prescribed traction boundary conditions. In case of pure traction bound-
ary conditions the complementary energy is given by II () = % (:C7':6).
If, moreover, the boundary tractions are uniform t|av =o' - n where o =

const = (o) the (true) complementary energy according to the HILL-condition is

=Y (o):C* ' : (o). From II(¢)>II itfollows that

(:C1:6)>(a):C" ! (o) (8.121)

for all admissible fields 6. One such field is the REUSS approximation & = const =
(o) which yields
(o)y: ((C™y—=C* ) (o) >0. (8.122)

In the sense of a quadratic form in (o) the Reuss approximation (8.74b) hence
represents a lower bound for C'*.

When combined the two results state that the effective elasticity tensor always
lies in between the VOIGT and REUSS bounds:

CEkVoigt) = <C> 2 C* 2 <Cil>71 = Cszeuss) . (8.123)

In case of materials with discrete isotropic phases which are isotropically dis-
tributed the effective behavior is likewise isotropic and (8.123) can be written in
terms of the effective bulk and shear moduli. For a two-phase material we get
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KK
K{voige) = B+ e Ky 2 K* 2 P i (8.124)
Py fh '
) = ol Gty 2 147 2 Z T = )

The Voigt and Reuss bounds are valid irrespective of the actual microstructure.
The underlying approximations of a constant stress or strain field in general vi-
olate the compatibility of deformation or the local equilibrium, respectively (see
Section 8.3.2.2). In a real microstructure, however, the compatibility of deforma-
tion and the local equilibrium are always satisfied, hence the extreme values of the
bounds can not be attained. As a consequence, the effective properties of all real
microstructures are located truly inside these bounds.

8.3.3.2 Hashin-Shtrikman variational principle and bounds

The Voigt and Reuss bounds which are derived from classical extremum principles
of elasticity theory are typically rather far apart from each other which can limit
their value considerably. Closer bounds are obtained from a variational principle
that has been established by HASHIN and SHTRIKMAN (1962) particularly for het-
erogeneous materials. In contrast to the total stress and strain fields employed in
the above approach now appropriate auxiliary fields are considered which represent
only the deviation from some reference solution. In that way the error made in an
approximation has a smaller effect on the final result. One such auxiliary field is, for
instance, the stress polarization T(x) introduced in Section 8.2.2.1.

In the following we consider a volume V' of the heterogeneous material subjected
to the boundary condition w|,,, = €”-x suchthat €° = const = (g). The stress
polarization (8.30) describes the deviation of the true stress from the stress which
would be induced by the true strain () in some homogeneous comparison material
with elasticity tensor C°. Using the strain fluctuation () = (x) — €° it can be
written as

r(x) = [C(ag) —CO} : [50+é(w)] . (8.125)

From the governing equations (8.28) for the fluctuations
V.5=0, &:CO:(é—s*), al,, =0 (8.126)

one can compute &(x) which depends upon the equivalent eigenstrain €*(x). Ac-
cording to (8.29), (8.30) the latter is linearly related to the stress polarization by
7(x) = —C" : e*(x), hence the solution of (8.126) may formally be written as
€[ (z)]. Insertion into (8.125) yields an equation for 7(«) which thus depends on
the macrostrain €°:

~[ct@) -] T r@ +ér@)+0 =0, (8.127)
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From the calculus of variations it can be shown that (8.127) is equivalent to the
Hashin-Shtrikman variational principle

F(‘i—):%/{7%;(0—00)*1:+++:é[+]+2%:e°}dv
\%

(8.128)
= stationary

where F'(7) has to be varied with respect to 7. Accordingly, among all possible
functions 7 the true stress polarization 7 renders the expression (functional) F'(7)
stationary.

In order to gain information about the effective properties C * we first compute
the stationary value of F'(7). This is done by inserting the true 7 according to
(8.125) and (8.127) into (8.128). Using the Hill-condition the stationary value is
found to be F(7) = €% : (C*™ — C°) : €°. It can be shown that this value is a max-

imum if for arbitrary 7 the relation 7(x) : [C(w) - CO] :7(x) > 0 holds, i.e., if

the difference C(x) — C° is positive definite. Conversely, F'(#) attains a mini-
mumat 7+ =7 if C(x)— C° is negative definite. It is useful to modify the
integral expression (8.128) somewhat. Because of the boundary condition @|,,, = 0
in (8.126) the average value of the strain fluctuation must vanish for arbitrary 7:
% J,,€dV = 0. Then also 3+ [,,(7) : €dV = 0 holds and the second term be-
low the integral in (8.128) can be extended to (¥ — (7)) : €. Hence (8.128) can be
written as

< . def.
F(#) {_} . c*-Cc:e for c-C° {pos © } (8.129a)

> neg. def.
where
F(7) = %/{—& (C—C”) "7+ (7— (7)) : E[7] + 27:€°} V. (8.129b)
\%4

For an appropriate choice of the comparison material C° and some approximation
of 7 thus F'(7) according to (8.129b) yields an upper or lower bound for the ex-
pression € : (C* — C”) : €. The evaluation of these bounds, however, requires
the determination of € depending on 7; this is possible only in special cases.

A special case of great practical importance is a material which consists of n dis-
crete phases with partial volumes V,, = ¢,V and piecewise constant elastic prop-
erties C,. In this case it seems appropriate to choose a piecewise constant approx-
imation for the stress polarization: 7(z) = 7o = const in V,. With the average

n

value of the latter (¥) = > ¢, T, and the phase averages of the strain fluctuations
a=1
En = (€), the expression F'(7) reduces to
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F(ry) =— Z CaTa: (Co — CO)_1 1Ty

a=1

N (8.130)
+> calTa— ()10 + 2(7) €.
a=1

In the eigenstrain problem (8.126) for the determination of the strain fluctua-
tion € the individual phases appear only as regions V,, of constant eigenstrain
e = —C°~': 7, in the homogeneous comparison material (inclusions). It can
be shown that in case of isotropy of all phases and their isotropic distribution in an
infinitely extended domain the average strain €,, of each phase in (8.126) is equal to
the (constant) strain inside a spherical inclusion of eigenstrain €5 = —Cc' ',
Using the isotropic Eshelby-tensor S according to (8.10) hence the following rela-
tion holds

En=8:ef=-8:C"'"": 1, (8.131)

which represents the required solution £[7] of (8.126). Insertion into (8.130) renders
F(74) an explicit function of the n parameters 7. In order to obtain bounds from
(8.129a) which are as close as possible the parameters 7, have to be chosen in such
a way that F'(T,) becomes extremal. The necessary conditions

OF
= 132
ore 0 (8.132)
yield the n equations
Ta: (Co—C) M p(1q—(#):8:C" 1 =¢€° (8.133)

for the determination of the “optimal” parameters 7, (°). The latter depend linearly
on €° and after insertion into F'(7,) the left-hand side of the inequality in (8.129a)
is a quadratic expression in €°. In the sense of a quadratic form in ° (8.129a) thus
leads to upper and lower bounds for C™; these bounds are referred to as the Hashin-
Shtrikman bounds.

As an important special case we consider a heterogeneous material which con-
sists of two isotropic phases with elastic constants C,, and C| or K,,, u,, and
K., u,, respectively. If we assume K,; < K| and p,, < p, it is possible to choose
the elastic properties of one of the phases as those of the homogeneous comparison
material which guarantees the positive definiteness of C' — C°. Another advantage
of this choice is that the stress polarization of one of the phases according to (8.133)
vanishes. First we consider the case C° = C,, such that 7,, = 0 and () = ¢, T,.
Using (8.130) then (8.129b) reduces to

F(r)=—cT;: [(CI —-C,,) T, ¢, Sy, :CI;1 T, — 250]

(8.134)
<’ (Cc*-cC,,):€.
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Exploiting the symmetry of the elasticity tensors and of the Eshelby-tensor and
using (8.96a) the extremal condition OF /07, = 0 yields

7 = [(C,=Cy) 4 ¢y Sy :C T " = A,y 1 (C,—Cy,) €0 (8.135)

The fact that the right-hand side can be written in terms of the influence tensor
(8.96a) indicates a remarkable interrelation between the Mori-Tanaka model and
the Hashin-Shtrikman variational principle in the special case of isotropy. Insertion
of (8.135) into (8.134) leads to F(7,) = ¢,7, : €* = () : € where the lat-
ter expression is valid also for an n-phase material. The inequality (8.134) can be
transformed into

el (CM +e (€ —C) ey S,, C;Al]’l) 0 < el OF e (8.136)
and yields the lower Hashin-Shtrikman bound
_ -1
Clus-) =Cy +¢ [(C,—C,) " +¢,8, :C.' (8.137a)

for the effective elasticity tensor. It coincides with the result (8.96a), (8.97) of the
Mori-Tanaka model .

If the stiffer material is chosen as the comparison material (C° = C,) the anal-
ogous procedure leads to the upper Hashin-Shtrikman bound

Clisey=C,+c, [(Cy —C) ' +e8:C7Y 7. (8.137b)

It corresponds to the Mori-Tanaka result if the properties of the matrix material and
the inhomogeneity are exchanged. The effective elasticity tensor hence is subject to
the restriction (in the sense of a quadratic form)

Clus+) > C* > Clyg-y |- (8.138)

Because of the isotropy assumed for the phase properties and the macroscopic dis-
tribution it follows that

Klugty = K* > Kfyg- and  pipsry > pF > piygoy  (8.139)
where
1 3¢ -t
K* = K M
(HS™) M+CI <KI_KM Jr3I(M +4MM> 7

—1

1 3c

Klyge = K :
(HS+) I+CM (K _KI+3KI+4,U/I) )

M

(8.140)

b

-1
1 6CM (KM +2MM) >

*
H(as—) = My € <
(HS™) " ' My — Moy 5 Mo (3KM + 4/’[/1\/1)
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L 6o (K +2u) >
Mo — Moy 5:“1 (SKI + 4/141)

The range described by the Hashin-Shtrikman bounds (8.139), (8.140) inside
which the effective elastic properties of a heterogeneous material can be found is
much more narrow than that given by the Voigt and Reuss bounds (8.124). For spe-
cial microstructures it can furthermore by shown that the effective bulk modulus
can indeed attain the value of the upper or (by exchange of the properties of ma-
trix and inhomogeneity) the lower Hashin-Shtrikman bound. This is the case, for
instance, in the so-called composite spheres model where the entire space is filled
with spherical inhomogeneities of different size, each surrounded by a matrix shell
the radius of which is chosen in a fixed ratio to the radius of the enclosed sphere (see
e.g., R.M. CHRISTENSEN, 1979). Since they can actually be attained, the bounds
K E"Hsﬂ and K E"HS,) are the best possible, i.e. closest, bounds that can be found
solely in terms of phase properties and volume fractions.

For the special case of a two-phase material with K| = 10K, and p, = 10pu,,
the Hashin-Shtrikman and Voigt-Reuss bounds are shown in Fig. 8.22 in terms of
the effective bulk modulus as a function of the volume fraction ¢, along with ap-
proximations according to the self-consistent method and the differential scheme.
Respective results for the effective shear modulus display a qualitatively similar
behavior. As expected, the range of possible effective material properties described
by the Hashin-Shtrikman bounds is significantly closer than that given by the Voigt-
Reuss bounds. The Hashin-Shtrikman bounds are equal the two results of the Mori-
Tanaka model obtained when the properties of matrix and inhomogeneity are ex-
changed. These two solutions are for small or large volume fractions asymptotically
approached by the result of the self-consistent method which does not consider a dis-

MZkHSJr) =ty <

K* 10 T T T T
K, oL HS = Hashin-Shtrikman bounds
SC = self-consistent method /
81 DS = differential scheme ]
7F |

Voigt

Fig. 8.22 Effective bulk modulus for K| = 10K, , pu, = 10pu,,
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tinguished matrix phase. For small values of ¢, this asymptotic behavior corresponds
to the solution (not shown here) in case of a dilute distribution of inhomogeneities.

In the limit case of one rigid phase (K, — oo, u, — o0) an infinitely high
upper Hashin-Shtrikman bound results from (8.140), exactly as the Voigt bound
(8.77). Correspondingly, the lower Hashin-Shtrikman bound as well as the Reuss
bound (8.76) is zero in case of a material with voids.

The evaluation of the Hashin-Shtrikman variational principle in case of an n-
phase material can be performed analogous to the above procedure. It is, however,
much more laborious since it requires the determination of n—1 parameters 7. Var-
ious generalizations of this method with regard to anisotropic, periodic, or stochastic
microstructures as well as to nonlinear material behavior can be found in the special
literature.

8.4 Homogenization of elastic-plastic materials

Real materials often show an inelastic behavior and have to be described by nonlin-
ear stress-strain relations. The micromechanical models and homogenization tech-
niques discussed so far then are no longer applicable since they are based on the
assumption of a linear elastic material behavior and the availability of respective
fundamental solutions. More far-reaching considerations hence are necessary for
the investigation of micro-heterogeneous inelastic materials. In the following we
focus on the case of rate-independent plasticity (see Section 1.3.3).

Micromechanics allows to grasp the notion of plasticity in a rather general con-
text and consider a variety of different microscopic processes which all are the
source of the macroscopic phenomenon of permanent plastic deformations. Exam-
ples are the various multiscale mechanisms of metal plasticity such as dislocation
glide and grain boundary sliding but also frictional sliding along distributed micro-
cracks in brittle rock. Within this introductory treatment, however, we will restrict
to a material description in the framework of phenomenological elasto-plasticity
according to Section 1.3.3. This still allows to investigate important classes of ma-
terials such as metal matrix composites or metal-infiltrated ceramics as well as the
role of porosity in the course of damage of ductile materials (see Chapter 9).

8.4.1 Foundations

We consider a volume V' on the microscopic level of a heterogeneous material
(Fig. 8.23a) where the constitutive equations according to Section 1.3.3 hold. The
elastic-plastic material behavior (microstructure) then is characterized in terms of
the spatially varying elasticity tensor C'(x) and the likewise spatially varying yield
condition

F(a(az), a:) <0. (8.141)
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The latter describes the set of all admissible stress states which in addition must
satisfy the equilibrium condition V-o () = 0. Via the elasticity law they are related
to the elastic strains &€(x) which according to (1.73) are additively composed with
the plastic strains P () to the total strains:

o=Clz): e =Cz): (efsp). (8.142)
These equations are supplemented by the flow rule (1.82) for the plastic strain incre-

ments €7 in the framework of the incremental theory or by (1.86) in the framework
of deformation theory.

b)

Fig. 8.23 a) Micro-heterogeneous elastic-plastic material, b) homogenized material

In order to describe the macroscopic effective behavior of the material, in the
following we are looking for relations between the macroscopic stresses (o) and
strains (&) (or their increments, respectively) defined as volume averages over the
domain V according to (8.41). Analogous to the situation of elastic materials homo-
geneous boundary conditions €° or o° are therefore prescribed (Fig. 8.23a). One of
the macroscopic quantities then is in either case already known from the relations
(8.60a) or (8.60b) which are independent of the material behavior.

8.4.1.1 Plastic and elastic macrostrains

As already mentioned, the macroscopic strains (g) are defined as volume averages
of the microscopic strains (). Such a simple relation, however, does not hold for
the plastic and elastic parts of the macroscopic strains. We want to investigate how
the spatially distributed plastic and elastic strains e”(x) and €¢(x) on the micro-
scopic level are transferred to the macroscale. In addition to the original problem we
therefore consider a purely elastic comparison problem for the heterogeneous vol-
ume subjected to the same boundary conditions, yet with vanishing plastic strains.
The corresponding fields are indicated with a tilde. They are statically and kinemat-
ically admissible and can for both types of homogeneous boundary conditions be
represented in terms of the influence tensors introduced in (8.62a) and (8.62b):
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uly = x o ED@) = A@) e, (EW) = () =<,
(8.143)
b)t|,, =’ n : P (x) = B(x) : 0, (™)) = (o) ="

The stresses are given by 6 = C : &® or 6 = € : &®), respectively. If in
case of the boundary condition (a) the elasticity law (8.142) is multiplied by &% ()
and the volume average over V is taken one obtains

5@
—_——
(0 ™) =(e:C:A:%)—(e":C: A: €% .
—

g®)

Since the fields £® and &® as well as € and o are kinematically and statically ad-
missible the above relation, using (8.61) and (8.65a), can be transformed according
to

(0):€2=(e): (C:A) : € — (eP: C:A):e” = (6):C*:” — (eP:C: A):€" .

Since this holds for arbitrary " one obtains the macroscopic stress-strain relation

(o) = C* : ( () — ep) (8.144)

with the representation

EP=C* ' (eP:C: A) (8.145a)

for the macroscopic plastic strain. Correspondingly, the macroscopic elastic strain
is given by

EC=(e)—EP=C""":(e°:C: A |. (8.145b)

Thus the macroscopic elastic and plastic strains are indeed not the ordinary volume
averages but the weighted averages of the respective microfields where the elastic
heterogeneity in terms of the tensors C and A serves as the weighting factor. Only
in case of an elastically homogeneous material (C' = const, A = 1) or for homo-
geneous elastic and plastic strains is £P = (eP) and £° = (e°).

In case of the boundary condition (b) the analogous procedure utilizing the elastic
comparison field &) leads to the somewhat shorter representation

EPC = (P : B) (8.146)

where the effective elasticity tensor is given by (8.65b). For a representative volume
element (RVE) both representations must coincide.
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8.4.1.2 Elastic energy and dissipation

When after some amount of plastic flow a micro-heterogeneous elastic-plastic
material is macroscopically unloaded ({(o) — 0), a complete local unloading
(o(x) — 0) generally does not take place in all points & of the microscopic level.
Elastic energy remains stored in an inhomogeneous residual stress field (eigenstress
field). For a closer inspection of this effect we consider a material which behaves
elastic-perfectly plastic on the microscopic level. Energy storage then is possible
only by elastic strains and the strain energy density reads

U(x) = %se :C(x) : e°. (8.147)

Considering the boundary condition (b) of prescribed macrostress (o) = o we

introduce an auxiliary field o () which describes the deviation of the true stress
o () of the elastic-plastic problem from the stress &™) () in a purely elastic com-
parison problem:

o"(x) =o(z)— " (z)=o(x) — B(z): 0" . (8.148)

In case of macroscopic unloading (° = 0) this auxiliary field is equal to the resid-
ual stress prevailing in the volume V. Obviously this field has the properties

V-e"=0 inV, c"-n=0 ondV, (" =0 (8.149)

and vanishes only for vanishing plastic strains ” throughout the volume V. Using
(8.148) the elastic strain field in (8.147) can be replaced by

e=C'(z):0=C""z): (B(x):0"+0") . (8.150)

Volume averaging over V' then leads to

<U>:%<(C71: B:o"+C':0"):C:(C"":B:0’+C ":0"))
:laoz (BT:Cc™':B):0° + 1(a”": Cl:o")+ (6":C':B:0").
2 —_— 2 H(/T’
*—1 5 (b
C , see (8.66) o
&®)

The last expression in brackets vanishes because of (8.149) and (8.61) and the aver-
age strain energy density in V reads

! (e":C 7 :o") |. (8.151)
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The first term describes the energy due to the macroscopic elastic strains while the
second term represents the effect of the heterogeneous residual stress field.

If the material behavior on the microscopic level is perfectly plastic the work
done by the stresses on the plastic strains is entirely dissipated and the average
dissipation (power) in some volume V' reads

D={c:&"). (8.152)
Using the incremental forms of (8.61) and (8.149) and the auxiliary field

6" (z) = ¢ (x) — B(z):6° = C(x): (é(:c)—ép(w)) _B(z): C*: ((é) - g'p)

o (x) o
the following relation can be derived
sP 1 r —1 r\°
D={o):& f§<0' :C o) | (8.153)

It states that the power of the macroscopic stresses done on the macroscopic plastic
strains is only partly dissipated; the remaining part is stored as the elastic energy of
the residual stress field.

The results (8.51) and (8.153) obtained here for the boundary condition (b) of
prescribed macrostress o¥ can also be derived in case of prescribed macrostrain €°.

Instead of (8.148) one then has to make use of the auxiliary strain field
e'(x) =e(x) — A(z) : E¢ (8.154)

and its incremental form. If the volume V' considered for averaging is statistically
representative (RVE) both approaches are equivalent and the auxiliary fields are
related to each other by 0" (x) = C(x) : €"(x).

8.4.1.3 Macroscopic yield condition

If at some point on the microscopic level plastic flow takes place with €7 # 0
the stress state o at this point is according to (8.141) located on the yield surface
F = 0. For stress states inside the yield surface (F' < 0) the material behaves elas-
tically. Again we consider a microscopically elastic-perfectly plastic material where
the yield surface is not altered by plastic flow (i.e., no hardening on the microscopic
level). However, the size and shape of the yield surface may spatially vary on the mi-
croscale due to the heterogeneous material properties. In order to investigate which
consequences this has for the macroscopic stress (o) we consider some volume V
subjected to the boundary condition (o) = 0¥ (Fig. 8.23).

First, we proceed from a situation where nowhere in V' plastic flow has taken
place: e?(x) = 0. The stress field throughout V' then is purely elastic and can
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according to (8.62b) be written as o(x) = B(x) : (o). Insertion into the yield

condition (8.141) for every point  yields the following (infinitely many) conditions
for the macroscopic stress state (o)

F(B(:v) : o), :c) =Ff <<0'>> <0 forevery & in V (8.155)

which may formally be combined to the macroscopic yield condition

F*(<a>) <0]. (8.156)

The set of all admissible macroscopic stress states satisfying (8.156) is the intersec-
tion of all (o) for which (8.155) holds in every point & of V. For an illustration we
consider two such points x,, and x; and represent the corresponding yield surfaces
by contours in the 1,2-plane of the principal stress space (Fig. 8.24). The shaded re-

02 (02)

B F*((o)) <0
N T D
J ) vL o

F, <0 Fi((e) <0

F, <0 F‘:<<”>)§O

Fig. 8.24 Elastic domains and yield surfaces on the microscopic (left) and macroscopic (right)
level

gion characterizes the set of all macroscopic stress states (o) for which the resulting
microstress fields o (x) satisfy the condition (8.141) at both points @, and x;. The
influence tensor B transforms, as a linear mapping, the convex microscopic yield
surfaces Fy, ;, = 0 into the likewise convex surfaces F : » = 0; being the intersection
of the latter the shaded region of admissible macroscopic stress states is convex as
well. Since macroscopic stress states which cause plastic flow are necessarily lo-
cated on the boundary of the shaded region this boundary can be interpreted as the
macroscopic yield surface F*({o)) = 0.

Moreover, from (8.156) or (8.155) it is obvious that plastic flow is macroscopi-
cally not noticable if it takes place only in a single point on the microscopic level
(say x, or xp in Fig. 8.24). Because of this it can be shown that the macroscopic
yield surface initially must have a vertex at a stress state that causes macroscopic
plastic flow (such as one of the intersection points of the surfaces F.* = 0 and
F}* = 0 in Fig. 8.24). Despite this theoretical argument, however, it has to be men-
tioned that such a vertex is in practice hardly measurable.
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In order to investigate the effect of preceding plastic flow on the macroscopic
yield surface, now we consider a point  on the microscopic level at which some
amount of plastic flow P ## 0 has already taken place and where the local stress
state o is located on the yield surface (Fig. 8.25). The corresponding macroscopic
stress state (o) is located on the macroscopic yield surface. Due to the plastic defor-

02

F(U(w), m) <0

Fig. 8.25 Elastic unloading on the microscopic level

mation the auxiliary field (8.148) then is no longer zero: o” () # 0. Unloading at
point x leads to a microscopic stress state o* inside the elastic range (Fig. 8.25). If
unloading takes place at all points on the microscopic level the macroscopic stress
state attains a value (o")* inside the macroscopic elastic range. The relation between
the change of the microstress field and the macroscopic stress state then can be
expressed in terms of the influence tensor (8.62b):

o(x)—o*(x) = B(x) : ((a’) - <a’>*> . (8.157)
Using the residual stress field (8.148) this can be written as
B(x) : (o) =0"(x) — 0" (x) . (8.158)

This representation is valid for all stress states (o)* inside the macroscopic yield
surface, i.e., for those macrostresses which cause in every point « on the micro-
scopic level a stress state o* located inside the local microscopic yield surface.
Accordingly, the macroscopic yield surface (or the set of all stress states (o)™ in its
interior, respectively) is determined from the admissible microstress states o ()
through the franslation by o" (x), the linear transformation by B(x), and the inter-
section with respect to all « in V. The translation by o () means that the location
of the macroscopic yield surface in stress space changes in response to the micro-
scopic plastic deformation. Hence the macroscopic behavior of a microscopically
heterogeneous elastic-perfectly plastic material displays kinematic hardening (see
Section 1.3.3.1).

This phenomenon can be illustrated by means of the one-dimensional example
of a purely elastic and an elastic-perfectly plastic bar in parallel (Fig. 8.26). For
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simplicity the elastic stiffnesses of both bars are taken equal. The yield stress of bar
(2) is denoted by k. The loading and unloading cycle depicted in Fig. 8.26 (solid
line) shows the translation of the macroscopic elastic range as a consequence of
plastic flow in bar (2). After macroscopic unloading (o) = 0, the inhomogeneous
residual stress in the elastic bar (1) is 07 = k whereas it is 0o = —k in bar (2).

/
/ macro .
4 macroscopic

] elastic range
)/ a{ter plastic
purely 1 elastic . (2) flow
elastic perfectly k4 ---f >y
plastic ! '
— V%

—k+ =<3

Fig. 8.26 Illustration of kinematic hardening

In the special case that the yield condition is in every point on the microscopic
level given by the VON MISES yield condition (1.77) with the spatially varying yield
stress k() a coarse upper bound for the macroscopic yield stress can be derived.

From 1
5 s(x) : s(x) < k*(x) atevery x in V (8.159)

it follows by averaging that

1

S{s):(s) <

5 (s:8) < (K%). (8.160)

N | =

The range of admissible macroscopic stress states hence is located inside the VON
MISES cylinder of radius /2(k?) (see also Fig. 1.7). This bound, however, is no
longer meaningful if in some part of the microstructure the material is purely elastic
(k = 00). On the other hand, for a porous medium with porosity f and matrix yield
stress k = const it follows that the macroscopic stress states are bounded according

to (cf. (8.52))

S8 :{s) < (1 — 1% (8.161)

In contrast to the overall deviatoric stress for which only bounds can be strictly
derived (see above), the special case of overall hydrostatic loading of a porous per-
fectly plastic medium allows for an exact solution. The latter can be obtained from
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the simple micromechanical model of a spherically symmetric thick-walled shell
(hollow sphere) with inner and outer radii 7 = a and r = b, respectively, subjected
to purely radial loading o,.(r = b) = X,,, on the outer boundary (Fig. 8.27). The
inner boundary (void surface) is taken as traction-free, i.e. o, = 0 at r = a, and
f = (a/b)? is the porosity in this cell model. If the matrix material is rigid perfectly-

(5

Fig. 8.27 Hollow sphere subjected to hydrostatic loading

E’ﬂl

plastic and obeys the VON MISES yield criterion 4/ % s : 8 = 0. < k with deviatoric

stress s, deformation of the shell can take place only if every material point is in a
state of plastic flow. From the equilibrium condition and the yield condition

do, 2
di“ - (0p—0p)=0 0, — 0r = 0¢ = k = const (8.162)

it then follows that
r
or(r) = 2kIn (5) , ou(r) =o.(r) + k. (8.163)

The boundary conditions yield

X = % In (%) or 2f cosh (%) —1+fA=0 (8.164)

:1:;+1
been used. The problem that (8.164) is only exact for a spherical shell which is not
space-filling can be overcome by considering an assemblage of shells of any size,
all having the same porosity f, similar to the Composite Spheres Model (see Sec-
tion 8.3.3.2). Space then can be entirely filled and all the shells exert the purely radial
stress X, on each other; hence (8.164) is an exact result for a space-filling porous
medium (with rigid perfectly-plastic matrix) under purely hydrostatic loading. In
real porous media, however, the void size usually is not randomly distributed. The
solution (8.164) plays an important role in the so-called GURSON model presented
in Section 9.4.2.

where for the second equation in (8.164) the identity In(x) = Arcosh

) has
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8.4.2 Approximations

The general results about the effective behavior of micro-heterogeneous elastic-
plastic materials derived in the preceding section are based on the mere existence
of the influence tensors A(x) or B(z) and the elastic auxiliary fields they are
used to describe. Their explicit representations in terms of the Eshelby tensor are
available only for the interior of ellipsoidal inhomogeneities in an otherwise ho-
mogeneous matrix. While this information was sufficient for the homogenization
of purely elastic materials this is no longer the case if in addition spatially vary-
ing plastic strains have to be taken into account — even if those may formally be
regarded as eigenstrains. The application of analytical homogenization methods to
elastic-plastic materials hence requires further approximations. From the variety of
different approaches which are discussed in the literature and are a subject of ongo-
ing research only a few fundamental concepts can be presented here.

We therefore consider ellipsoidal inhomogeneities (I) in an infinitely extended
matrix (M) where each phase has constant material properties characterized by elas-
ticity laws

o=C,:(e—gP) (8.165)

with o = I, M and flow rules (see also (1.82))

OF, (o)

tp_-
&= Jdo

(8.166)

Prior to the onset of plastic flow the stresses and strains inside the individual
inhomogeneities are constant according to Eshelby’s result. If only the inhomo-
geneities deform plastically the plastic strains evolving inside are likewise con-
stant. Since they can be regarded as eigenstrains they occur analogous to €’ in the
relation (8.31a) for the equivalent eigenstrain and allow for a direct application of
the Eshelby result. In the framework of the model of a dilute distribution or the
Mori-Tanaka model no approximations then are necessary which go beyond those
for a purely elastic material. The self-consistent method, however, which considers
the inhomogeneity to be embedded in the effective, now elastic-plastic medium, re-
quires modifications even in this simplest case; these shall not be further discussed
here.

In the following we consider the situation, more important for practical appli-
cations, of inhomogeneities prevailing in a ductile matrix where inhomogeneous
plastic deformations take place. The discussion of some typical approximations and
their differences is restricted here to spherical inhomogeneities, isotropic elastic be-
havior of both phases, and the VON MISES yield condition (1.77).

8.4.2.1 Piecewise constant plastic strains

The simplest approach consists in assuming the plastic strain in each phase to be
constant and hence equal to its average value:
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{<E”>I in Vv, ,
e’ (x) = (8.167)

(eP), in V, .

In addition we consider only the phase average of the stress in the local yield con-
ditions (8.166):

i OF (o))

(&), = A, CONEDW Ohllo)) | (8.168)

ofo), o)

Due to these approximations the formal construction of the macroscopic yield con-
dition F*({o)) < 0 as discussed in Section 8.4.1.3 is not necessary and only the
local conditions Fy, ((0)o) < 0 need to be evaluated. Since therefore the phase av-
erages of the stress fields are required the effective material behavior is implicitly
described by a system of equations which involves macroscopic quantities and phase
averages. In view of the approximation of constant plastic strains in each phase, the
macroscopic plastic strains (8.145a) can be written as

gr=c* ', (c1<sp>1 LC, A, +c, (e, C,, : AM) (8.169)

where ¢, and c,, are the volume fractions and the relation ¢,, A,, = 1 — ¢, A, holds
(see (8.70)). For the influence tensor A, of the inhomogeneity which according to
(8.71a) determines also the effective elasticity tensor C™ any of the representations
derived from different models in Section 8.3.2 may now be inserted. For complete-
ness also the additional equations are given here from which, for instance, under
prescribed macrostrains (¢) = €° all phase averages and the macrostresses can be
determined:

(@)a=Ca: ((€la=(e"a) (o) =C*:((e) - €),
(8.170)
<U> =6 <U>I +Cyu <U>M ) <€> =6 <E>I + Cu <€>M

The essential step in this simple approach which allows for the use of elastic
fundamental solutions such as the Eshelby tensor is the assumption of piecewise
constant plastic strains in the individual phases. Yet, the evaluation in case of stiff
elastic particles (I) embedded in a soft ductile matrix (M) reveals the deficiency of
this approach. It yields an effective behavior which in comparison to detailed finite
element calculations or alternative homogenization techniques (Section 8.4.2.3, see
Fig. 8.28) is far too stiff. The reason for this is the neglected concentration of plastic
matrix flow in the immediate vicinity of the particles (stress concentrators). In the
present model the particles are located in a less compliant surrounding than they are
in reality, with the consequence that their stiffening effect on the overall behavior is
overestimated.
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8.4.2.2 Incremental theory

Now the assumption of piecewise constant plastic strains is given up and an incre-
mental constitutive law, valid is the state of plastic flow, is chosen as the starting
point. The Prandtl-Reuss law (1.83c)

1
1y, B sEs
2l 29, S:8

é= 1 8 (8.171)
is therefore employed for both phases where the deviator é(x) and the purely elastic
volumetric part add up to the total strain rate €(x). The symbol ® denotes the dyadic
product of two tensors: (o ® 0);jx = 0,04 In terms of the elastic-plastic tangent
tensors C', the relations between the stress and strain increments can be written as:

6=C,:é (a=1,M). (8.172)

It should be noted that the tangent tensors vary in space via the actual stress dis-
tribution: C,, = é’a(s(w)). The relation (8.172) between the stress and strain in-
crements is formally analogous to the elasticity law (8.54). However, the tangent
tensors are even in case of an elastically isotropic material anisotropic since they
depend on the direction of plastic flow via the second part of (8.171).

In the following the stress dependence of the tangent tensors is approximated by
a dependence only on the average stress in the respective phase. This leads to an
incrementally linear material behavior with a spatially constant tangent stiffness in
each phase:

5=0C, (<s>a) e (8.173)

Now the Eshelby result can again be applied, yet requiring the Eshelby tensor for an
anisotropic matrix material C', ({s),,). The homogenization techniques presented

= %
in Section 8.3.2 finally lead to an effective tangent tensor C ({s)) for the incre-
mental description of the macroscopic material behavior:

~ %

&) =€ ((s)a) (€) . (8.174)

In the course of an incremental evaluation the current values of the average devi-
atoric stress states (s); and (s),, in both phases have to be determined which are
needed to update the tangent tensors. Because of the anisotropy of the tangent ten-
sors and the Eshelby tensor, changing in the course of loading, this method is rather
costly. Yet, it leads to more realistic results since the plastic strain rates in the matrix

phase
_ 3 {<S>M®<S>M
291\/1 <S>I\/I:<S>l\l

e (z)

are not taken to be constant.

}  $(z) (8.175)
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8.4.2.3 Total strain theory

Significant simplifications result when only monotonous and proportional loading
is considered (see Section 1.3.3.3). Because of the coaxiality of o, s, and & then
the relations s(s : §) = (s : 8)§ = 2 02 § hold and integration of (8.171) leads to
the Hencky-Ilyushin law (see also (1.86))

s=2ule. (8.176)

It has the structure of a nonlinear elastic constitutive law with the secant modu-
lus p®(oe(x)). The latter depends on the stress state only via the one-dimensional

equivalent stress o, = 4/ %s : 8. In case of isotropic hardening with a yield stress

k(p) = ko + Ap'/™ which depends only on the one-dimensional equivalent plastic
strainp = ef = 4/ % €P : eP the secant modulus reads
o A"

15 (00) = (8.177)
oe A" + 3u( T — ko)"

for o, > /3 ko where ko denotes the initial yield stress.
In order to eliminate the spatial dependence of the secant moduli in both phases
the inhomogeneous stress fields are approximated by their phase averages. The

equivalent stresses in both phases then can be written as X, = ./%(s)a : (8)a-
As a consequence, (8.176) reduces to an elasticity law with a constant secant mod-

ulus in each phase
s=2ul(X,)e. (8.178)

Since the stiffness of the matrix material now is spatially constant the Eshelby result
for an ellipsoidal inhomogeneity can also be applied to this nonlinear problem. Via
the secant shear modulus 45 (X,,) the Eshelby tensor depends on the current aver-
age matrix stress state or the equivalent stress X', computed from it, respectively.
In case of spherical inhomogeneities the parameters (8.11) of the isotropic Eshelby
tensor (8.10) hence read

3K,

_ 6(Ky +2p5,)
3K, + 4us,

o (X — .
(Zw) 53K, + 4/41‘?4)

B*(2,) = (8.179)
The homogenization can now be performed with any of the methods discussed in
Section 8.3.2; in the representations for the effective stiffness only the shear moduli
p; and p,, have to be replaced by pi? (X)) and p? (X, ). This leads to a macroscopic
constitutive law written in terms of the effective secant moduli K and p:

(onr) = 3K (er) (s) =2u;(e) |. (8.180)
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The determination of K and p) requires the solution of a nonlinear system of
equations since the current phase averages (s), have to be computed as functions
of some prescribed macroscopic quantity. Therefore, it is practical to eliminate the
phase averages of the strains from the general relations for the macroscopic quanti-
ties:

¢ (8) + ey (8)y = (8), 22;('211) + 22%{82;) = (e) . (8.181)

As an example we consider an elastic-plastic composite material which consists
of a ductile aluminum matrix and purely elastic spherical alumina particles with a
volume fraction of ¢, =0.3. The behavior of the matrix can be characterized by the
typical material data E,, = 75 GPa, v, = 0.3, kg = 75 MPa, A = 400 MPa, and
n =23 while that of the particles is given by F, =400 GPa and v, =0.2. Figure 8.28
shows the stress-strain behavior of both phases as well as the overall behavior under
uniaxial tension. From the values of the material parameters and the morphology
of the composite (stiff particles in a soft matrix) it can be expected that the overall
behavior is mainly determined by the matrix. The concentration of plastic matrix
flow in the vicinity of the particles reduces their stiffening effect in comparison to
a purely elastic composite. Besides the overall behavior of the composite based on
the total strain theory, Fig. 8.28 also shows the (o), (¢)-curve obtained under the
assumption of piecewise constant plastic strains (Section 8.4.2.1).

400 T T T T T T T T T
1
- "/ particles (elastic) 4
! .
300 + | composite B
(const. plast. strains) )
! ~— composite
o, (o) ! (total strain theory)

100 L1 - matrix _

0 I I I I I I I I I
0 0.002 0.004 0.006 0.008 0.01

£ (€)

Fig. 8.28 Elastic-plastic composite, comparison of approximate methods

The homogenization has in both cases been performed using the Mori-Tanaka
model. Obviously the assumption of piecewise constant plastic strains leads to an
unrealistically weak influence of matrix plasticity on the overall behavior; this has
already been mentioned in Section 8.4.2.1. The result based on total strain theory
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which allows for inhomogeneous plastic strains, in contrast, captures the dominance
of the ductile matrix in the overall behavior much better.

8.5 Thermoelastic material

Spatial fluctuations on the microscale of heterogeneous media are generally dis-
played not only by the elastic or plastic properties but also by other physical param-
eters. One of the most important ones is the thermal expansion coefficient k& which
according to (1.43) appears in the Duhamel-Neumann law

o(x) = Cl) : (e(a:) - r—:th(a:)) = C(z): (E(a:) - k:(a:)AT(:c)) (8.182)

of a micro-heterogeneous thermoelastic material. For the majority of practical appli-
cations it is justified to consider the temperature change AT to be constant through-
out the microscale. The material behavior on the macroscopic level then can be
characterized by the effective elasticity tensor C™* according to Section 8.3 and the
effective coefficient of thermal expansion k™ :

(o) = C* - ((s} ~ s“’) where € = k*AT . (8.183)

Comparison of (8.182) and (8.183) with (8.4) or (8.142) and (8.144) reveals that
thermal strains &' = kAT are equivalent to stress-free transformation strains &
or plastic strains €. This already repeatedly mentioned analogy can be exploited to
determine k™. Accordingly, (8.145a) yields the macroscopic thermal strain

gh=c* 1. (".C:A) (8.184a)

and after insertion of £ and e* it follows that

E*=C*1':(k:C:A)|. (8.184b)

Hence the effective coefficient of thermal expansion is the weighted average of its
microscopic counterpart (weighted by the elastic heterogeneity in terms of C(x)
and the influence tensor A(x)). Only in case of an elastically homogeneous material
(C = const, A =1)is k™ = (k).

As a special case of practical importance we again consider a composite material
which consists of two piecewise homogeneous phases with C,,, C|, k,,, k, and
volume fractions c¢,,, ¢,. Using ¢, A, + ¢,, A,, = 1 one obtains from (8.184b)

kS =C* (kM L Cy ok C—ky,:C,): AI) . (8.185a)

If the influence tensor A, of the inhomogeneity is replaced by (8.71a) it follows that



8.5 Thermoelastic material 295
k*= Cc* (kM;CMJr(kI :C,—k,:C,): (C,—C,)": (C*—CM)). (8.185b)

In this representation any of the approximations of the effective elasticity tensor C™*
derived from the micromechanical models in Section 8.3.2 can now be inserted.

A problem that often occurs in practical applications is that of thermally in-
duced eigenstresses in the course of heating up or cooling down a heterogeneous
microstructure or composite. If the material is considered to be macroscopically un-
loaded (o) = 0 it follows from (8.47) for the average stresses in both phases that
¢, (o), = —c, (o), and the average strain is (€) = ¢, (), + ¢,, (€),, = k*AT. By
inserting the constitutive laws for both phases (o), = C : ({(€)o — ko AT') one
obtains for the average stresses

(o), = —cy (), = (C2' = CT) 7 i (ek, + cyky — K¥) AT . (8.186)

Now we consider a material with both phases being elastically (K, po) and
thermally isotropic. The local thermal strains then are purely volumetric: et =
ko AT I. If the material is elastically isotropic also on the macroscale then the ef-
fective coefficient of thermal expansion according to (8.185b) is likewise isotropic
k™ = k* I and depends only on the effective bulk modulus:

* _ kMKM(KI — KM) + (kIKI — kMKM)(K* — KM) )

k
K*(KI _KM)

(8.187)

If in case of a microstructure with spherical inhomogeneities the Mori-Tanaka
model (Section 8.3.2.4) is employed for the homogenization then (8.98) and the
volumetric part o« = (1 +v)/3(1 — v) of the isotropic Eshelby tensor (8.10), (8.11)
lead to

K, (k, — k)
ki = Ky + ¢ (=) '
(MT) MUK, 4 (a4 (- o) (K, - K,,)

(8.188)
Insertion into (8.186) yields the average values of the thermally induced stresses in
both phases which are purely hydrostatic:

o _ _3KIKMCM(1 B a)(kl B kM)
T B KM+(O[+CI(]‘70[))<K17KM)

ATT. (8.189)

In the special case of a very stiff matrix (/,, > K,) one obtains
(o), = —3K,(k, — k, )ATI . (8.190)

In case of an elastically homogeneous material (K,, = K, = K), in contrast, it
follows that
(o), = —3Kcy, (1 —a)(k, — k) AT T (8.191)

which comprises the result (8.14) when the thermal expansion is restricted to the
inhomogeneity (k,, = 0) with a very small volume fraction (¢, < 1, ¢, = 1):
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(), = <;I>{I +k ATI=ak ATI. (8.192)

As an example of practical relevance we consider a microstructure which results
from the infiltration of aluminum into a porous ceramic matrix of alumina (Al O3).
Since the manufacturing proceeds at high temperatures cooling down the material to
room temperature leads to thermally induced eigenstresses in both phases. Typical
material data for the ceramic matrix (M) and the aluminum phase approximated
here as spherical inhomogeneities (I) are: K,, = 220GPa, v, = 0.2, k,, =
8- 107 °K~' K, = 60GPa,v, = 0.3,k = 2.4 -107°K~!. This leads to
a(vy) = 0.5 and for a volume fraction of aluminum of ¢, = 0.25 one obtains
from (8.188) an effective coefficient of thermal expansion of k* ~ 107°K~!. A
temperature change in the course of cooling of AT = —400K leads according to
(8.189) to an average pressure of o,;, ~ —250 MPa in the ceramic matrix (M) and to
a hydrostatic tensile stress of o, ~ 750 MPa in the infiltrated aluminum (I). Despite
the strongly simplified approximation of the morphology by spherical aluminum
particles these values correspond quite well to experimental findings. One should
note that the average stress in the aluminum phase is much higher than the yield
stress of aluminum. However, since the stress state is purely hydrostatic yielding
does not occur in the course of cooling, instead cavities are formed in the aluminum
phase.

8.6 Problems

Problem 8.1 The effective bulk modulus K* of a heterogeneous, macroscopi-
cally isotropic material is know from measurements. The material consists micro-
scopically of two isotropic phases with the elastic constants K, i, K, pt,,- Com-
pute from the Voigt-Reuss bounds and the Hashin-Shtrikman bounds the intervals of
possible volume fractions ¢, and ¢,, = 1 — ¢, respectively. Assume that the elastic
constants are related to each other by K, = 10K, , p, = 10u,, and K* = 5K,.

Solution:  a) Voigt-Reuss bounds: 0.44 < ¢, <0.88,
b) Hashin-Shtrikman bounds: 0.56 < ¢, <0.79.

Problem 8.2 Apply Hashin-Shtrikman’s variational principle to the 1D-example
of a heterogeneous two-phase bar.

E17 C1 E27 Co
|

T

Fig. 8.29 It =
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Solution:  Choosing first material 1 (£7) and subsequently material 2 (E5) as the
comparison material, the identical result E* = E; E5 /(c1 E1 + co E») is obtained as
the upper and as the lower Hashin-Shtrikman bound. Consequently, this is the exact
solution for the effective Young’s modulus.

Problem 8.3 Two isotropic linear elastic materials (a) and (b) with Lamé’s
constants \%, 1, A, u® are perfectly bonded. At
some point P of the interface the strain state 7
in material (a) is assumed to be known.
Determine the strain state in material (b) at the
point P.

Hint: Along the interface, the following rela-
tions hold with respect to the sketched cartesian
coordinate system:

a __ b . a _ b a _ b a _ b
oy =053 (i=1,2,3), €11 = €11 > €12 = €12 €92 = €22

Solution: The unknown strains in material (b) are

a

b H a

573:E573 (’7:172) >
1 a a a a a a
e85 = N b (A" +2p) 53 + (A" =A%) (5 +255)] -

Problem 8.4 An isotropic linear elastic composite material with spherical par-

ticles I in a matrix M is subjected to an uniaxial
X macroscopic stress 2.

Use the result of problem 8.3 together with Es-

helby’s solution (Sections 8.2.1.4 and 8.2.2.2) to

compute the stress state in the matrix at some

point P of the particle-matrix interface at the

particle equator.

Fig. 8.31

Solution: For the special case of Ky = 2, K1 = 2uy, i.e. vy = vp = 2/7, the
normalized stress components at point P are plotted in Fig. 8.32 as functions of the
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stiffness ratio iy /.

log pu1/pa

Fig. 8.32
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Chapter 9
Damage mechanics

9.1 Introduction

Real materials often contain already in the initial state a multitude of defects such
as microcracks or voids. In the course of a deformation process these internal cavi-
ties may grow and coalesce while at the same time further material separation takes
place by the creation of new microdefects at stress concentrators (e.g. inclusions,
grain boundaries, inhomogeneities). This causes a change of the macroscopic prop-
erties of the material and its strength decreases. Such a process of structural dete-
rioration of a material which results from the creation, growth and coalescence of
microdefects is called damage. In its final stage it leads to a complete loss of the
material’s integrity and to the formation of a macroscopic crack.

Material damage is classified according to the dominant macroscopic phenomenon
as brittle damage, ductile damage, creep damage, and fatigue damage. The prevail-
ing mechanism of brittle damage is the formation and growth of microcracks as it
takes place for instance in ceramics, geomaterials, or concrete. In contrast, ductile
damage and creep damage in metals is essentially due to the nucleation, growth, and
coalescence of microvoids. The source of fatigue damage are microcracks which are
formed at stress concentrators in the course of microplastic cyclic loading and which
more and more grow and coalesce.

The description of the macroscopic behavior of a damaged material may still pro-
ceed in the framework of continuum mechanics. Macroscopic stresses and strains
then have to be understood as volumetric averages over a representative volume ele-
ment (RVE) inside which the damage process takes place (see also Section 8.3.1.1).
The relevant characteristic length scales depend on the material at hand as well as
on the damage mechanism. The state (extent) of damage is represented by a so-
called damage variable (internal variable). The latter is governed by an evolution
law which has to be formulated in a way to describe the evolution of damage in a
physically adequate manner. For its derivation it is practical to employ microme-
chanical models which capture the essential features of the defects and allow for
a detailed investigation of their growth. A respective damage theory can be con-

D. Gross and T. Seelig, Fracture Mechanics: With an Introduction to Micromechanics, 301
Mechanical Engineering Series, DOI 10.1007/978-3-642-19240-1 9,
© Springer-Verlag Berlin Heidelberg 2011



302 9 Damage mechanics

sidered as a link between classical continuum mechanics and fracture mechanics.
It is in principle capable of describing the formation of a macroscopic crack in an
initially crack-free material body.

The present chapter serves to present elementary concepts of damage mechanics.
Thereby we focus only on the simplest cases of brittle and ductile damage in the
course of monotonic loading.

9.2 Foundations

Damage variables can be introduced in various ways. A simple means of describing
the state of damage consists in its geometric quantification and dates back to L.M.
KACHANOV (1914-1993). In a cross section of the damaged body we therefore
consider an area element d A with unit normal vector n (Fig. 9.1a). The area of the
defects in this element is denoted by dAp and the amount of damage then can be
characterized by the area fraction

d4p

w(n) = A with 0<w<l1 9.1)

where w = ( corresponds to the undamaged material and w = 1 formally describes
the totally damaged material with a complete loss of stress carrying capacity (i.e.,
fracture). In real materials, however, already at values of w ~ 0.2...0.5 processes
take place which lead to total failure. If the damage is constant across a finite area,
for instance, under uniaxial tension as in Fig. 9.1b, the relation (9.1) reduces to
w = Ap/A. Obviously this simplest definition of damage is only suitable for void-
like defects which have a spatial extension and hence a defect area d A p in arbitrary
cross sections. The influence of microcracks which are inclined to the cross section
can not be properly described in this way.

a)

Fig. 9.1 Definition of damage

In the course of a deformation process the defects may grow in preferred direc-
tions which are determined by the stress state. In this case w depends on n and the
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damage is anisotropic. If, however, the defects and their spatial distribution do not
display preferred orientations isotropic damage prevails and the state of damage
can be characterized by a scalar. A sufficiently small amount of damage may often
be considered isotropic as a first approximation.

If the force dF' acting on some cross section is divided by the area dA, one
obtains the common stress vector ¢ according to (1.1). The effective stress vector 1
is defined as the force per unit effective (stress carrying) area dA = dA — dAp =
(1 - w)dA:

~ dA t
t=t—=—. 9.2
dA l-w ©2)
Correspondingly, in case of isotropic damage (w independent of n) the effective
stresses are given by
~ O34
Oij = - w . (93)

The effective stresses 7;; are the average stresses in the undamaged matrix material.
In order to formulate constitutive laws one often assumes that the effective
stresses ¢;; lead to the same strains in the damaged material as are induced by the
classical stresses o;; in the undamaged material (equivalent strain principle). The
stress-strain behavior of the damaged material can then be described by the consti-
tutive law of the undamaged material if the stresses are replaced by the effective
stresses. In the uniaxial case of a damaged linear elastic material, for instance, one
obtains ~
(o g
== —F— 9.4
E (1-w)E ©4)
where F is the Young’s modulus of the undamaged material. The respective ap-
proach also applies to inelastic material behavior and the elastic strains in the
framework of plasticity are obtained according to
_do do . O o

=99 o ee=Z__% 9.5)

ey R Yo E- (1-wE

Hence the amount of damage can be determined by measuring the effective Young’s
modulus

E*=(1-wE (9.62)
of the damaged material (Fig. 9.2):
E*
=1-—. .6b
w = (9.6b)

Comparison of the representation (9.6a) with the result (8.73)
cC*=C:(1-D) 9.7)

from the micromechanical investigation of materials with cavities and cracks reveals
that the damage variable w is the uniaxial special case of the influence tensor D
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a) € b) €

Fig. 9.2 Damage evolution: a) elastic, b) elastic-plastic

where the latter comprises also the situation of anisotropic damage due to preferred
defect orientations. The boundary condition (on an RVE) of prescribed macrostrains
(see (8.72), (8.73)) assumed in Section 8.3 for the derivation of (9.7) corresponds to
the equivalent strain principle employed here.

Besides w according to (9.1) or D according to (9.7) further quantities are uti-
lized for the characterization of damage. Irrespective of the material behavior the
generally anisotropic damage due to the presence of microcracks can be described
by the damage tensor

1
wij = W /(nZAuJ + n]Aul) dA . (9.8)
AR

Here, V' denotes a representative volume element, Au; is the displacement jump,
n; is the unit normal vector, and the integration has to be performed over the entire
crack surface Ag, i.e., over all cracks within the volume V. The quantity (9.8) may
also be interpreted as an ‘eigenstrain’ induced by the damage (see (8.50b),(8.53)). If
the microcracks do not close completely upon unloading, (9.8) describes the residual
(inelastic) strains.

Damage due to voids in ductile materials is often represented by the void volume
fraction or porosity

Vi
f= Vp 9.9)

where V), is the total volume of voids within the volume V' of some RVE. Anal-
ogously, the crack density parameter introduced in Section 8.3 may be used as a
damage variable to describe damage due to microcracks.

9.3 Brittle damage

The dominant mechanism of brittle damage is the nucleation and growth of microc-
racks. These cracks usually have a preferred orientation given by the principal axes
of the stress tensor. Under tensile loading cracks are observed to grow preferentially



9.3 Brittle damage 305

normal to the maximum tensile stress (Fig. 9.3). Their characteristic length in the
initial state, however, is typically determined by the microstructure of the material
(e.g., grain size). In the course of loading and beyond some critical load the cracks
start to grow and multiply which leads to a decreasing stiffness (e.g., Young’s mod-

Damage
g1 >09 A
bt ’
———— — N
/

- — Localization
g2 02

—— —

ftots, :

Fig. 9.3 Brittle damage under tensile loading

ulus) in the direction of loading. Although the undamaged matrix material behaves
linear elastic the macroscopic behavior of the damaged material is nonlinear be-
cause of the increasing damage (Fig. 9.3). The deformation process proceeds in this
way until the material becomes macroscopically unstable and a localization of dam-
age takes place (see Section 9.6). Damage then is no longer uniformly distributed
throughout the material; instead a single crack which dominates over the others con-
tinues to grow alone.

In case of compressive loading, cracks are often observed to grow into the direc-
tion of maximum compressive stress (Fig. 9.4a). They may originate from various
mechanisms which give rise to local tensile stress fields. A typical example is a
spherical cavity or inhomogeneity at the poles of which a local tensile stress is in-
duced under global compressive load. Another mechanism involves shear cracks
under mode-II loading which kink and afterwards grow under local mode-I condi-
tions into the direction of overall compression (Fig. 9.4b). The macroscopic material

|os] > |oy] ‘ ‘ ‘Us

Fig. 9.4 Brittle damage under compressive loading



306 9 Damage mechanics

behavior again is nonlinear due to the increasing damage and in the course of de-
formation displays a material instability which leads to the localization of damage.
This localization often takes place in form of shear bands which originate from the
growth and coalescence of shear cracks and which are inclined at a certain angle to
the overall compressive load.

In the following we consider a simple example of damage under uniaxial tension
(Fig. 9.5). The RVE is modeled as a plane region of area A A which in the initial state
contains only a single mode-I crack. Its length is sufficiently small compared to the
distance to other cracks so that the interaction of the cracks need not be accounted

**********

,,,,,,,,,,,

o o

Fig. 9.5 2D model for damage under tensile loading

for (see Section 8.3.2.3). The macroscopic material behavior is described using the
complementary energy U (see Section 1.3.1):

ﬁ:ﬁe(aij)+Aﬁ(aij,a) . 9.10)

The first term denotes the energy of the undamaged material which according to
(1.49) is in the present case given by U¢ = o¢2/2E’. The second term describes
the energy change - related to the size of the RVE - caused by the presence of
the microcracks and is computed from the energy release rate G = K?7/E’ with
K;r=o+vma:

o2a?
. 11
T A4 / Gda E’AA “ ©-1D)
This leads to the complementary energy
~ 2 2
U(o,a) = — (1 T ia2> (9.12)

and according to (1.48) one obtains by differentiation

oU 2
eo,0) = 5= = % <1 n A_Zla2> . (9.13)

The crack length a here has the meaning of an internal variable.
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For a fixed crack length (a = const) the relation (9.13) describes a linear elastic
material represented by the effective Young’s modulus E* = E’/(1 + 2ma?/AA)
(see Fig. 9.2a). The damage w then is determined from (9.6b). In the following it
is assumed that the cracks have an initial length 2ag and beyond a certain load-
ing o or strain € grow according to the fracture criterion G(o,a) = R(Aa) (see
Section 4.8). The latter may equivalently be written as

K[(J, (l) = KR(ACL) or 0'\/7T_ = KR(A(I) (914)

where K r describes the crack resistance curve for a microcrack. This is the evolu-
tion law for the internal variable which together with (9.13) uniquely determines the
material behavior:

9 a = const for oy/ma < Kr(Aa)
( 2) { 9.15)

a>0 foroy/ma=Kgr(Aa)

For an illustration the crack resistance curve is represented by Kp = K[l —
(1— Ko/Koo)e’”Aa/ao] where Ko = 0o/Tao is the initiation value and K is the
plateau value of K'g; the latter is faster or slower attained depending on 7. Figure
9.6 shows some macroscopic stress-strain curves obtained from this model.

o/o
K /o n=2,7=2.5
N\
Koo “““““““““““ I K\::
. n=1,7=2.5
<k 1+ \\77 v
n=1,y=2
Ky L
Aa 1 2 g/eo
Fig. 9.6 Crack resistance curve and corresponding o-¢ behavior; 2ra3/AA = 0.05, v =
K:x)/KO

9.4 Ductile damage

9.4.1 Void growth

Ductile damage in crystalline solids originates from the nucleation, growth, and co-
alescence of microvoids. These form preferentially at second-phase particles, grain
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boundaries, and other obstacles to the motion of dislocations. They may also initiate
from the cracking of brittle inclusions.

Various models exist for the description of void growth alone. Here we consider
the model by MCCLINTOCK (1968) which approximates a single void by a cylindri-
cal hole in an unbounded domain subjected to a radial tensile stress 0 (Fig. 9.7).
The surrounding material is taken to be rigid perfectly plastic and a state of plane

Fig. 9.7 McClintock model

strain is assumed with a prescribed strain rate €, = £(. In cylindrical coordinates
and accounting for the rotational symmetry the equilibrium condition reads

do, 1
. ;(O’¢ —0,)=0 (9.16)

while the kinematic relations are given by

. da, 4 o d(réy)
T ST dr

9.17)

and the constitutive law follows from Section 1.3.3 to be

Er = ASp o= A8y, £, =AS,

- (9.18)
where A= —\/ (242 +&2), ér+ép,+e.=0
TF 2 ®

and 7 = op/+/3. By using (9.18) and integrating (9.17) the incompressibility
condition leads to

dé C 5

—2 Lé,4é0=0 o o= — -2,

ST dr 72 2

If the void growth rate is introduced by £, = a/a = U,(a)/a = £,(a) it follows

that

.adt . . a,. . .
€¢:T—2(€a+€0/2)—€0/2, €r:—r—2(8a+€()/2)—50/2. 9.19)
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With the abbreviation

¢ 20° €4+ 50/2
V312 €0
equation (9.19) yields
e, 9
Op — Op = 8p — Sp = (o —Er) =T 75

b .
3E+ez+e)  VIFE

Using this the equilibrium condition can be written in the following form and can
be solved by integration:

do TF .
L — o, = —71parsinh§ + Csy .

& ire

From the boundary conditions o,.(r — 00) = 04 and o,.(r = a) = 0 one finally
obtains

by = 2 (\/5 sinh 222 — 1) . (9.20)

2 TF
Using (9.19) one may replace £ by the equivalent plastic strain rate at infinity:
el = [3(e2 4 €2 + €2)]Y/2 = &;. With the hydrostatic stress at infinity oy, =

ok /3 = Op — 8¢ = Ooo + TF / V3 and by introducing the growth rate of the void
volume by Vp /Vp = 2¢, + £¢ the above result can be written in the form

1% o — 3
P — /3 &2 sinh Im = Tr/V3 9.21)
Vp TF

It states that void growth (Vp > 0) requires a sufficiently high hydrostatic stress o,
and that the growth rate increases with o,,.

A similar result follows from the model by RICE and TRACEY (1969) for the
growth rate of a single spherical void in an unbounded domain of a perfectly plastic
material:

Vp 30m

— =0.85¢8 —. 9.22

T =085 eexp 9.22)
As in the previous model it is assumed that at infinity the strain rate €, = —2¢, =

—2¢, = €p prevails which corresponds to a state of uniaxial tension in an incom-
pressible material: €5 = &.

These results can be employed in the framework of damage mechanics if one
assumes that the voids are sufficiently far away from each other so that their interac-
tion may be neglected. They can, however, be also directly applied to elastic-plastic
fracture mechanics. Ahead of a crack tip typically a high hydrostatic stress prevails.
If it is approximated by (5.22) one obtains o, =~ 7r(1 + 7) and it follows from
(9.20) or (9.21) (which yield practically equal results) that Vp /Vp ~ 31¢&L. This
indicates pronounced void growth ahead of a crack tip in ductile materials.
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9.4.2 Damage models

In order to investigate the damage behavior of a ductile material we now assume
isotropic damage by distributed voids which can be characterized by the porosity
f. The description of the elastic-plastic material behavior proceeds analogous to
that of undamaged materials (see Section 1.3.3). According to (1.73) the strain rate
is split into an elastic and a plastic part where the elastic part is governed by the
elasticity law (1.39). The plastic part is determined from a yield condition and a
flow rule. In contrast to an undamaged material now the yield condition depends not
only on the stress state o;; but also on the damage variable f: F(o;;, f) = 0. More-
over, it can no longer be assumed that the hydrostatic stress o,,, or the invariant I,
respectively, has no influence on plastic flow; it rather controls void growth and the
volumetric plastic strain (see Section 9.4.1). Correspondingly, the yield condition
can be expressed as

F(I,, I, f)=0 (9.23)

where it has been assumed that F' does not depend on III,. The volumetric plastic
strain caused by void growth is given by the volume change of the RVE: V/ JV =
b, = €7, Noting that the matrix material is plastically incompressible this together
with (9.9) yields the evolution law for the damage variable

f=0=ek - (9.24)

Among the various existing models which differ by the specific forms of the yield
condition and details of the further evaluation only the model by GURSON (1977) is
considered in the following. It is based on the yield condition

2
30m
F(I,,1I,, f) = ;‘—g +2fcosh 2"

M g M

-1+ =0 (9.25)

where o = (%sij sij)l/ 2 is the macroscopic equivalent stress and o,, denotes the
yield stress of the matrix material. It should be noted that o,, is an effective (spa-
tially constant) yield stress which appropriately represents the in reality inhomoge-
neous state of plastic flow and hardening in the entire matrix material surrounding
the voids. The Gurson yield condition (9.25) covers some important special cases.
For purely hydrostatic loading (ce = 0) (9.25) reduces to the exact analytical solu-
tion (8.164). On the other hand, under deviatoric loading (o, = 0) it coincides with
the upper bound (8.161) by virtue of cosh(0) = 1. And obviously (9.25) reduces to
the von Mises yield condition (1.77) for f = 0 where the influence of hydrostatic
stress vanishes. The macroscopic plastic strain rate is obtained from the flow rule
. OF

P
E.. = >\ .
Y 80’ij

(9.26)

It is furthermore assumed that the plastic work rate of the matrix stress — expressed
in terms of the yield stress o,, and the corresponding equivalent plastic strain rate
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el —is equal to the respective work rate of the macroscopic stress:

M

Oij Ef‘] = (1 - f)UA{ eb . (927)

From the knowledge of the uniaxial stress-strain curve of the undamaged material,
i.e., from the relation €? (&,,), thus the macroscopic material behavior is known.

It has been found that the behavior of a ductile damaged material can not be
satisfactorily represented by the equations (9.24) to (9.27). For instance, they predict
the loss of stress-carrying capacity at an unrealistically high value of the damage
variable. One reason for this lies in the fact that in the above model the nucleation
of voids as well as the increasing interaction of voids in the course of their growth
and their final coalescence are not accounted for. Better results are obtained from
the modified yield condition according to TVERGAARD and NEEDLEMAN (1984)

F(L I ) = T2 4 90, £* cosh 29 *)2) =
(Io, IIs, f) = = 4+ 2q1 f™ cos -1+ (@ f)?)=0 (9.28)
O—IW 20—1\/1

where ¢; and g are material parameters. The function f*(f) is chosen in such a
way that total material failure occurs at a realistic amount of damage (f = 0.25).
In addition, the contribution of void nucleation (from second-phase particles) to the
change of the porosity is taken into account. Strain-controlled nucleation of voids is
described by

1 { (eh, —en)?
exp |[-—L——
oVor 202
where fy is the volume fraction of particles at which voids nucleate. The function
D is a normal distribution with the average value ¢ and the standard deviation
o (see also Section 10.2). The total change of porosity thus consists of the growth
term (9.24) plus the nucleation term (9.29). It should be mentioned that a represen-
tation similar to (9.29) may be adopted for stress-controlled void nucleation (i.e., by
fracture of particles).
Figure 9.8 shows the material behavior under uniaxial tension for a particular
choice of material parameters. For the matrix material a power law behavior has

fouet =D(EV,) fn b, D(P,) = } (9.29)
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Fig. 9.8 Gurson model: uniaxial tension, (a) without, (b) with suppression of lateral strain
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been assumed. Depicted are the variations of tensile stress o, hydrostatic stress oy,
and damage f as functions of the plastic strain P (the small elastic strains &°
are neglected). It can be seen that with increasing plastic strain also the damage
increases which gives rise first to a softening behavior and later to the total loss of
stress-carrying capacity. A remarkable effect arises from the suppression of lateral
strain (contraction of the specimen). This constraint promotes a stronger evolution
of damage with the result that failure takes place at smaller macroscopic plastic
strains.

9.4.3 Fracture concept

Damage models describe the material behavior until the total loss of the stress-
carrying capacity. Local failure, i.e., fracture, takes place when the damage f attains

a critical value f,:
(9:30)

Such a local failure criterion can be employed in the treatment of various problems
of fracture mechanics. For instance, it may be used to describe the formation of a
crack after preceding damage. Furthermore, (9.30) can be employed as a fracture
criterion which has to be satisfied at crack initiation and in the course of subsequent
crack growth. This approach bears the advantage that fracture parameters such as .J,
d¢, or Jp-curves are not needed.

Finally, a drawback of (continuum) damage mechanics should be emphasized: as
repeatedly mentioned the increase of damage leads to an instability in the macro-
scopic material behavior (softening) which gives rise to the localization of defor-
mation and damage (e.g., growth of only a single crack or void growth within a
narrow band). Such a localization violates the requirements of an RVE discussed in
Section 8.3.1 and micromechanically motivated damage models loose their validity.
Damage variables then no longer have their originally ascribed physical meaning,
they are only formal parameters. Another disadvantage of continuum damage me-
chanics consists in the dependence of numerical solutions of boundary value prob-
lems on the underlying discretization (finite element mesh) which often occurs also
as a consequence of localization.

9.5 Material softening and strain localization

The afore mentioned influence of a damage-induced softening material behaviour
on the localization of strain shall now be discussed more thoroughly. By soften-
ing the situation is denoted when the stress in a material decreases with increasing
deformation, as sketched in Figs. 9.2 and 9.3 or computed from specific damage
models in Figs. 9.6 and 9.8.
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As long as an increase of deformation requires an increasing stress, a material
behaviour is called stable; the stress and strain increments then fulfill the condition
dode > 0, or do;jde;; > 0 in the 3D case, respectively. Conversely, a softening
material behaviour with dode < 0 is called unstable; the resistance against defor-
mation then decreases with increasing strain. Of particular interest is the transition
where dode = 0 holds so that at vanishing stress change various changes of strain
become possible; i.e. a bifurcation of deformation takes place.

Following DOGHRI (2000) this is exemplified using a simple one-dimensional
material model with damage

o=E(l-D) , 9.31)

where at some instant ¢ the damage variable D is determined by the maximum value
of strain attained throughout the prior history:

D(t) = %@2?5(7) (9.32)

The ultimate strain at failure (fracture strain) is denoted by £y so that the damage
variable lies in the range 0 < D < 1. Under monotonically increasing strain it is
given by D = /¢ and the stress-strain response

c=E (1 - i) ¢ (9.33)
e

displays a parabolic variation as depicted by the solid curve in Fig. 9.9.

g 13 g
a) f b) o2

Fig. 9.9 a) Strain-controlled unloading, b) bifurcation of strain during reduction of stress

If at some arbitrary state €* the strain is reduced (strain-controlled unloading),
the damage variable remains constant and the stress follows the dashed linear path
with slope E(1 — D(e¢*)) in Fig. 9.9a. From the total work (per volume) fOE ode
done by the stress up to ¢* (area below the solid curve) the portion below the linear
unloading curve is recovered as elastic energy while the remaining (shaded) portion
has been dissipated by the damage. If, in contrast, unloading proceeds by a con-
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trolled reduction of stress (Fig. 9.9b) after the maximum of the o(¢) curve has been
passed, i.e. in the range where dode < 0, two different strain changes towards
states e’ and e/l are possible (bifurcation). The material then can respond either by
elastic unloading ([) or by continued inelastic deformation with increasing damage
D).

In a spatially extended domain such as the tensile bar in Fig. 9.10a this leads to
the coexistence of subdomains with different strain states, e/ and €, at the same
stress. With the end displacement u and the total length L = L’ 4 LT of the bar, its
macroscopic strain is given by

(€)= 2=l g 2l (9.34)

while the macroscopic stress is (o) = o. The material response in the different
subdomains is

B N r_&f/2 1 (elastic unloading
o=FE(l—-D")e’ where D' = —Ef =3 from & /2) (9.35)
and
b4 . . .
o= E(1— DH)EH _5(1- e T (continued 1.nelast1c (9.36)
ef deformation).
Inserting this into (9.34) yields
LT 2 LT ¢ 4
=— — — =1 1—— . 9.37

The macroscopic (overall) response of the tensile bar is depicted in Fig. 9.10b for
different lengths L of the subdomain in which continued straining and damage

L)L =1

L

€ € 0.3
0.8

S
N

b) er (e

Fig. 9.10 a) Tensile bar, b) overall stress-strain response

takes place. Among the infinitely many solutions of the boundary value problem
(infinitely many possible values of L! and LY, respectively) that one is energeti-
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cally preferable (least dissipation and maximum energy release) where continued
inelastic straining and damage proceeds in a vanishingly thin region, i.e. LY — 0.
That means that a softening material behavior according to (9.31) and (9.32) leads to
a localization of deformation. In case of the tensile bar this results in the formation
of a crack.

In the following, the effect of a damage-induced softening material behaviour on
the localization of deformation is discussed for the 3D continuum. The bifurcation
of deformation preceding a strain localization then corresponds to the occurrence of
a surface in the material across which the strain increment de;;, or the strain rate
tensor €;;, is discontinuous, i.e. experiences a jump

. I T
Agjj=¢;5—€; #0 . (9.38)

Owing to local equilibrium, the stress vector t; = o;;n; remains continuous
Aty =1 — =0 | (9.39)

where n; denotes the unit normal vector on the surface. A possible jump of the
strain rate tensor depends on two directions: the orientation n; of the surface of
discontinuity and the direction of the strain component undergoing a jump. This is
accounted for by the representation

. 1
Agij = 5 (nigj +n59:) (9.40)
with some arbitrary vector g;. If g; is parallel to n; a jump of longitudinal strain rate
is described by A¢;; (as in the foregoing 1D example of a tensile bar) whereas the
case of g; normal to n; corresponds to a jump in shear strain rate. We assume that
the material behaviour is given in incremental form by

Gij = Cijnl éml (9.41)

with the forth-order tangent tensor C’i jki- Due to the symmetry of C’ijkl with respect
to the indices k and [ this can also be written as

&ij = Cijh k.1 (9.42)

where 1, ; is the velocity gradient (see Section 1.2.1); according to (9.40) it under-
goes a jump Ad; ; = n;g;. Inserting (9.42) into (9.39) yields

(Gt = Clyik ) ny =0 9.43)

where C’{]  and C’g i, characterize the different material behaviour (elastic unload-
ing or continued inelastic straining) in the subdomains I and II on either side of the
surface. At the instant of bifurcation the material behaviour in the two domains is
still the same so that C/,, = CL,, = Cijp holds. Inserting this together with the
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representation ugl — u;l = Aty = giny into (9.43) leads to
Cigranini gy =0 (9:44)
——
A

This is a homogeneous linear system of equations for the unknown vector g5, where
the matrix A;; contains the components of the so-called acoustic tensor. A neces-
sary condition for the existence of non-trivial solutions g # 0 is that the determi-
nant of the acoustic tensor vanishes:

det Ajpy =0 . (9.45)

Note, that det A is a function of the current material behaviour C’ij k. and the ori-
entation n;. The condition (9.45) is a prerequisite for the occurrence of a surface of
discontinuity with respect to the strain rate tensor, i.e. for a bifurcation of deforma-
tion into states e/; and /. Since the inelastic deformation (softening) thereby takes
place in an infinitely thin region, the consequence is the formation of a crack in case
g; is parallel to n; or of a shear band if g; is normal to n,. The orientation n; of this
localization zone is determined by the first-time fulfillment of the condition (9.45)
in the course of deformation.
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Chapter 10
Probabilistic fracture mechanics

10.1 Introduction

The failure analysis of a structure proceeds on the basis of a fracture or failure cri-
terion. A typical example is the criterion of brittle fracture K = K. which states
that failure does not take place for K; < Kj.. Application of such a criterion in
the deterministic sense requires all involved quantities to be exactly known. This,
however, is not always the case. For instance, the in-service loading conditions of
a technical component as well as the material’s fracture toughness K. may scat-
ter. Also the location, size, and orientation of cracks is sometimes not precisely
known. If these details are neglected and only ‘averaged’ quantities are employed
the deterministic analysis may lead to rather vague results. If, on the other hand, the
fluctuations are accounted for by considering an upper bound for K and a lower
bound for K. one obtains results which might be safe but probably are too conser-
vative. It also has to be noted that these bounds likewise may not be exactly known.
In any way, the risk of fracture remains unknown in the framework of a determinis-
tic analysis. The same holds for all other failure criteria such as the classical failure
hypotheses discussed in Chapter 2 or the life-time hypothesis according to the Paris
law (Section 4.11).

In contrast to the deterministic analysis, the probabilistic approach takes into ac-
count the scatter and uncertainties of material properties, loading conditions, and
defect distribution in an appropriate manner. Thereby it is assumed that the quanti-
ties entering a failure criterion are given in terms of probability distributions. This
leads to statements with respect to the failure probability which determines the risk
of fracture.

Statistical aspects also come into play when microstructural features of a ma-
terial, which are relevant for its fracture behavior, are to be accounted for. In real
materials usually a multitude of ‘defects’ such as microvoids, microcracks, inclu-
sions, or inhomogeneities of different size, shape, and orientation are found which
have a strong influence on the fracture process. Because of their large number the

D. Gross and T. Seelig, Fracture Mechanics: With an Introduction to Micromechanics, 317
Mechanical Engineering Series, DOI 10.1007/978-3-642-19240-1 10,
© Springer-Verlag Berlin Heidelberg 2011
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effect of these defects on the macroscopic behavior is suitably described by means
of statistical methods.

The present chapter deals only with the basic concepts of probabilistic fracture
mechanics. It is restricted to brittle materials the strength properties of which may
display especially strong scatter. Brittle materials often also show a pronounced de-
crease in strength with increasing volume of a testing specimen. The reason for this
is the distribution of defects: the probability for the occurrence of a critical defect
increases with the volume under consideration. This is the foundation of the statis-
tical theory of brittle fracture developed by W. WEIBULL. In many situations it is
employed for the assessment of the behavior of ceramics, fiber-reinforced materials,
geological materials, concrete, or brittle metals.

10.2 Foundations

The frequency by which some quantity x occurs, for instance, the measured K.
value of a material or a crack length, is described by the probability density f(x)
(Fig. 10.1). If we assume that x attains only positive values the probability distribu-
tion is given by

Plz) = /f(a’:)djt . (10.1)
0

It determines the probability P that a random variable X lies in the interval 0 <
X <uz
P(X <z)=F(x). (10.2)

Since P can attain values between 0 and 1 the following relations hold:

P(X>z)=1-F(x), (10.3)

The mean (or expectation) value (X ) of a random variable and the variance varX
are defined as

(X) = /zf(x)dz = /[1 — F(z)|dz ,
Y 0 (10.4)
varX = [ [z — (X)]*f(z)dz .
/
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Fig. 10.1 Probability density and distribution

The latter can also be described as the average square deviation from the mean value
(X). The square root of the variance is called the standard deviation: o = vvarX.

Among the various functions used to describe probability densities and distribu-
tions only a few a presented here. The normal distribution (Gaussian distribution) is
given by (see Fig. 10.2a)

Fl@) = — exp(—M> (10.5)

oV 21 202

where 1 denotes the mean value and o the standard deviation. K. and J. values
or other material parameters as well as their scatter are often described by normal
distributions.

The logarithmic normal distribution or lognormal distribution (Fig. 10.2b) is

defined by
2

1 (Inz — p)
f(z) e exp ( 557 ) (10.6)
with the mean value (X) = e”+7°/2 and the variance varX = e2T" (7" —1). It
is in many cases employed to describe loading conditions and distributions of crack
lengths and defects.

Of special importance is the Weibull distribution. Its density and probability dis-
tribution are given by (see Fig. 10.2c)

flz) = daz®te™" | F(z)=1-e ", (10.7)
This yields the mean value and variance

rii+31)
>\1/a

F(1+2)-[ra+2)?
22/«

(X) = , varX = (10.8)
where I denotes the Gamma function. The Weibull distribution is very often applied
to fatigue processes and for the characterization of the distribution of crack lengths
and defects in brittle materials. In the special case o = 1 it is also called exponential

distribution.
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Fig. 10.2 Probability density: a) normal distribution, b) lognormal distribution, ¢) Weibull distri-
bution, d) Gamma distribution

Finally, the Gamma distribution should be mentioned which is given by
fz) = A\—=—-¢ (10.9)

with (X) = o/ and varX = «/)\? (Fig. 10.2d). It is likewise used to approxi-
mate the distribution of defect sizes. For a = 1 it also reduces to the exponential
distribution. The lognormal distribution, the Weibull distribution, and the Gamma
distribution are nonsymmetric and therefore better suited for the characterization of
failure-relevant properties than the symmetric normal distribution. An explanation
for this is given in case of the Weibull distribution in the following section.

10.3 Statistical fracture concept of Weibull

10.3.1 Fracture probability

We consider an isotropic brittle material which is subjected to a uniform uniaxial
stress o and which contains internal defects (e.g., microcracks) but no macroscopic
crack. The defects are assumed to be distributed in a statistically homogeneous man-
ner, i.e., the probability of the occurrence of a defect of a particular kind, size, ori-
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entation, etc. is everywhere the same. In addition it is assumed that total failure of
the material (= fracture) takes place if a single defect becomes critical and starts to
grow. This be possible only under tensile loading; defect growth under compressive
loading is precluded for simplicity.
The probability that at a tensile stress o a certain volume V' does not contain
a critical defect is denoted by F*(V'). The respective probability for some other
arbitrary volume V3 (which does not contain V') is F* (V7). If events in V and V}
are independent of each other the probability that no critical defect is foundin V 4V}
is given by
F*(V + V1) = F*(V)F* (Vi) . (10.10)

Differentiation at fixed V; and subsequent division by (10.10) yields

[dF*((‘lvaer)] [dfz}(/v)}
F* (W), VW)  F (V)

dF*(V +Vy)  dF*(V)
av v

or
d d

— Wn[F*(V+W)]=—=W[F(V)]=-c.
I[P (V + VA)] = I[F*(V)] = —c
Here, c is a constant which depends only on stress: ¢ = ¢(o). Integration and noting
that 7*(0) = 1 finally leads to the probability that no critical defect is contained in
the volume V:

F*(V)=eV. (10.11)

Conversely, the probability that V' contains a critical defectis F'(V) = 1—-F*(V) =
1 —e—<(@)V By virtue of the assumption that a single critical defect leads to failure,
this is the fracture probability Py:

Pr=1—e V| (10.12)

Accordingly, the fracture probability at constant ¢ (i.e., constant ¢) increases with
increasing volume. The ‘survival probability’ (no failure) is givenby Py, = 1— Py =
e~V and decreases with increasing volume.

Equation (10.12) is rather general since it does not contain any assumption with
regard to the physical nature of the defects. Whether they are microcracks or other
stress concentrators is irrelevant. In case of surface-like or bar-shaped bodies the
volume has to be replaced by the area or length, respectively. Comparison with
(10.7) shows that at fixed ¢ (10.12) represents an exponential distribution. Thereby
¢ = 1/V can be interpreted as the average concentration of defects. The smaller the
average volume V' per defect is, the faster the increase of Py with V takes place.
The assumptions underlying (10.12) are also referred to as weakest link theory. It
corresponds to a chain which fails at the location of the weakest link when the tensile
strength of the latter is exceeded.

The relation ¢(o) in (10.12) is an unknown function for which often the empirical
representation according to Weibull
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1 <a—au>m
— for o > oy,

90 (10.13)

0 for o < oy,

is chosen. Here, V;; and oy are normalization parameters and o, is the threshold
stress below which the fracture probability is zero. For simplicity the latter is fre-
quently set to zero. The material-specific exponent m is called Weibull modulus;
some values are given in Table 10.1. Insertion of (10.13) into (10.12) yields the
Weibull distribution (see (10.7)) for the fracture probability

Py =F(o)=1—exp {—% <00“) } (10.14)

0 0o

where V' now is taken to be fixed.

material m
glass 23
SiC 4...10
Al2O3 8...20
graphite 12
cast iron 38

Table 10.1 Weibull modulus

The relation (10.14) holds only for a homogeneous uniaxial stress state. It can,
however, easily be generalized to an inhomogeneous uniaxial stress state as it pre-
vails, for instance, in a beam subjected to bending. For this purpose we apply (10.11)
to a volume element AV in which the constant stress o; prevails: ¢; = ¢(o;). Then

F*(EAV;) — e—C]AVle—CQAVQe—CBAij = e—Ec,yAVLv
describes the probability that in a sum of volume elements with different stresses no

critical defect is found. Performing the limit process yields F*(V) = exp[— [ ¢dV]
and using (10.13) one obtains for the fracture probability

1 —ou\"
Pj=F(o)=1—F" =1—exp —7/(" ") av| . (10.15)

0 oo
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10.3.2 Fracture stress

The fracture probability F'(c) of a body subjected to uniform tension is given by
(10.14). Setting o,, = 0 one obtains from (10.7), (10.8) the mean fracture stress (=
tensile strength) and variance

1

_ Vo™
g={(o)=o00|— r1+1/m),
(V) (10.16)

var o = og (%)E {F(l +2/m)—[I'(1+ 1/m)]2} :

Accordingly, both quantities depend on the volume of the body. For one and the
same material and two different volumes V; and V5 one obtains

a _ (V2 1/m (varo) _ (Vo 2/m (10.17)

ge  \W; ’ (varo)y  \ V1 ' '
For instance, V2/V; = 5 and m = 2 leads to the values 1/52 = 2.24 and
(varo)y/(var o), = 5. Hence the mean fracture stress for the smaller volume

V} is more than twice that of V5; the variance, however, is also larger. It should be
mentioned that the first equation in (10.17) allows for the determination of m by
measuring the mean fracture stress for different volumes.

In order to investigate the influence of a nonuniform stress state we consider a
beam of length [ with a rectangular cross section (width b, height h) subjected to
a constant bending moment. The stress distribution across the height of the beam
is in this case given by o(z) = 0,2z/h where o is the maximum stress at the
boundary. Insertion into (10.15) with V' = [bh yields for this case

V (o, \" 1
Py =F =1- —— | = —_— 10.18
where it has to be noted that the integration is performed only over the tensile region
(defects in the compressive part of the beam are considered to have no effect!). The
mean fracture stress in case of bending (= bending strength) and the variance are
obtained from (10.7) as

3=

70 = o) =0 ()" T+ 1m0+ 1]

(10.19)

varo, = o2 (%) " {F(l +2/m) — [[(1+ 1/m)]2} [2(m + 1)]2/™.

Comparison with (10.16) shows that the dependence on the volume is still the same.
However, the mean strength and the variance are larger in case of bending than under
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uniform tension. If the quantities according to (10.16) are indicated by the subscript
‘Z’ one may write

=p2m+)Vm, X% _om 4 1)Y™ (10.20)

” var o,

Q\|Q\

from which, e.g., for m = 5 it follows that 5, /5, = 1.64.

10.3.3 Generalizations

The fracture concept according to Weibull can be generalized in various aspects. For
instance, it may be extended to compressive stresses and multiaxial stress states. It
is also possible to describe the actual defect structure by appropriate micromechan-
ical models and thereby support the statistical concept. Furthermore, the Weibull
concept can be applied to time-dependent fracture processes as they may occur in
fiber-reinforced materials. In this case, c is represented instead of (10.13) by an ap-
proximation of the type ¢ = « t° where o and /3 depend on the stress o and ¢ denotes
the time.

Here only one extension of the concept shall be discussed. It is based on the
assumption that not already a single critical defect leads to failure but that a certain
number n > 1 of critical defects is required. Thereby the observation is accounted
for that often many defects (e.g., microcracks) grow before ultimate failure takes
place. Starting point is the probability

1
Piov=17 (cV)re eV (10.21)

k
for the occurrence of exactly k independent critical defects in the volume V. It is
called Poisson distribution and contains as a special case for k = 0 the probability
(10.11) for the non-existence of a critical defect in V. The probability for the exis-
tence of less than n defects in V is obtained as the sum of the probabilities for the
occurrence of 0 to (n — 1) defects:

n—1 1
Pana =™ 30 g (eV)f
k=0

Therefore, the probability for the existence of n or more critical defects in V' is

n—1

x —c 1
Pp=Pxsn1=1-Pi, 1=1-e">" o (cV)F (10.22)
k=0

which hence is also the fracture probability. From the corresponding density
pr =dPs/dV = [¢/(n—1)!](cV)"Le~cV one can recognize that this is a Gamma
distribution (10.9). From (10.22) and by comparison with (10.12) one can further-
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more see that the increase of the fracture probability with the volume is smaller that
in case of the Weibull model and is slower for larger n. For instance, for n = 3 and
n = 10 one obtains at ¢V = 3 the values Py 3(3) = 0.577 and Py 14(3) = 0.001,
respectively, and at ¢V = 10 the values Py 3(10) = 0.997 and Py 10(10) = 0.542,
respectively.

The dependence of the mean fracture stress on the volume and on the other pa-
rameters may be obtained using the approximation ¢Vy = (o/0g)™ (see (10.13))
from (10.4) and (10.22):

1
VO) " M (10.23)

7={o) =09 (V T'(n)

The dependence on the volume is the same as in (10.16) or (10.19).

10.4 Probabilistic fracture mechanical analysis

The present section serves to explain in principle the procedure of a probabilis-
tic fracture mechanical analysis. As an example we consider a plane component in
which cracks of different size can be expected to occur in the course of loading. The
component is subjected to uniaxial tension ¢ and the K-concept K; = K. with
K| = ov/ma G(a) is taken as the failure criterion where G(a) is a geometry factor.
We assume that at a certain instant the probability density f, (a) for the occurrence
of different crack lengths is known from inspection. From this in conjunction with
the above relations the probability density f,, (K) for the stress intensity factors
at a given loading o can be determined. It is further assumed that the density dis-
tribution f, (K) for the fracture toughness of the material is also known from
measurements. Both distributions are schematically depicted in Fig. 10.3.

fHLFE

Fig. 10.3 Distributions of Ky and K.

The probability that the fracture toughness is smaller than a certain value K is
given by
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P(Ki. < K)=F,, (K / fu, (K)d (10.24)

Correspondingly, f KI(K ) dK is the probability for a crack-tip loading in the interval
K < K; < K + dK. The product

APy = Fy, (K) [y, (K) dK

then describes the probability that both applies, i.e., that the component fails. In-
tegration over all possible levels of crack-tip loading finally yields the total failure
probability:

Pf:/FKIC( ) fi (K)dK = //fKI )dEK f, (K)dK  (10.25)

It is represented by the shaded area in Fig. 10.3. When the distribution densities
for the crack-tip loading and the fracture toughness change with time then Py also
changes. This may, for instance, take place when cracks grow in the course of cyclic
loading or when the material undergoes aging.

The determination of the failure probability needs not be performed on the basis
of stress intensity factors. Alternatively, one may directly start from the distribution
density f_ (a) of the crack lengths. Then the K. distribution density has to be trans-
formed into a density f, (a) of critical crack lengths. Another alternative approach
consists in the direct determination of the failure probability

Pr=PK;>Kand K;. <K) with 0<K <00 (10.26)

from Monte-Carlo simulations. Thereby randomly generated values for K7 and K,
are compared to each other and the number of events with K; > K. divided by
the total number of attempts yields Py.

Finally, it should be mentioned that the probabilistic fracture mechanical analysis
in real situations is often connected with difficulties. The main reason is the lack
of data with regard to the exact distribution densities of crack lengths, loading or
material parameters (e.g., K;.), as well as to their temporal evolution.
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