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Preface

education after 15 years working in industry and business, I can under-
stand the hardship and difficulties for master and PhD students, as well as
5 young researchers wanting to adopt the knowledge outside their area.

While my formal education was in mechanics from bachelor until doctorate de-
gree, I was lucky enough to work as an R&D manager/technician at the same time,
responsible for the metallurgical department in an automotive supplier in its Detroit
headquarters. I was also lucky enough to have worked for a laboratory that supports
the metallurgical division of an oil company back in my early career. As a result, |
can easily integrate the mechanics concept into materials science area. Among the
students that I supervised, I noticed that students with pure materials background are
commonly have great difficulties getting their works published, while the ones with
mechanics background were able to publish their works with hardly any difficulties.
Usually, it doesn’t take long for me to teach basic mechanics again, they can integrate
the concept of mechanics into their research after that. By doing so, they can publish
their work easier in high impact journals. This book was prepared for them to get a
jump start to be familiar with a mechanics concept.

The fact that solid mechanics applications are scattered as an array of proceedings,
scientific journals and monographs are making it even more difficult for young re-
searchers with pure materials science background to study and to know the advances
of materials sciences when aspects of mechanics and mesomechanics are involved.
Researchers new to the field or individuals interested in discovering applications of
mechanics in materials science and engineering also need a book that bridges the gap
since the undergraduate curriculum in mechanics for materials science department
is typically weak, if not only skin deep. This book contributes in helping students
in my study group and those young researchers who have focused on applications of
mechanics in materials science. Although there are numerous books on Mechanics,
their main focus is on the macroscale mechanical behavior of materials. Mechan-
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ics of materials has been dominated and used mostly by design engineers not for
materials scientists and engineers who want to apply the mechanics concept.

This book does not replace the mechanics textbook. Instead it is an introductory
book for non-mechanics engineers. It is written mainly for the audience with the
background of materials science. In any way, the author does not claim that this book
is a complete book of mechanics. It gives materials engineers and scientists alike the
fundamental of mechanics. It bridges the materials scientists to the mechanics world
with the intention of utilizing mechanics in their research. Should they need different
topics of mechanics, this book is useful for building the foundation in their mechanics
knowledge. Although the book uses mainly steel materials, the principle should be
applicable to other similar materials with some adjustments.

T used ISTEX for the whole process of preparations. Thanks to the technology that
enables me to do everything myself with my decade old Macbook. This book fol-
lows a format such that readers can use each chapter independently. Although it also
aims to prepare new researchers starting their career in mechanics usage in materials
science and engineering. It is a combination of a textbook and a monograph. My
private collection to teach my research students.

You never achieve real success unless you like what you are doing, said Dale
Carnegie, an Engineer that was very successful in almost everything. You and I
all believe in what he said. The same person also said, Have you seen unhappy wild
horses? Have you seen unhappy wild birds? Birds that feeling blue?.. Well they
never feel unhappy because they never try to impress others... These two quotes are
a perfect description for me when preparing this book. I love what I do. I don’t want
to and I don’t need to impress others. Many parts of this book are NOT my original
knowledge. They are extracted from various sources, just like other textbooks are.

I would like to thank my employer, the Universiti Teknologi Malaysia for accept-
ing me as a faculty member after being away from academic for a while. I would
also like to thank my working colleagues, whom co-authored in writing my publi-
cations that I adapted in this book. Profs and Doctors: Nasir Tamin, Nazri Kamsah,
Joy Rizky, Zaini Ahmad, Azizi, Amran Alias from UTM. Prof Emmanuel Enemuoh
from Univ of Minnesota Dulluth, and Mark Martin Fanone from Mubea USA. Also
Prof. Aizawa from the University of Tokyo and SIT Japan. Prof Winholtz from the
University of Missouri was my PhD supervisor. It was Prof Emiritus Krawitz’s class
in Writing intensive course that made me addicted to writing. Also more friends
who I might have forgotten to mention here. Also I thank all the authors whom their
works are cited here. I also owe thanks to ex UTM students: Roslinda, Irwan, Shima,
Hazley, and many more students whom their works are adopted in this book. Essen-
tially this book is a collection of more than four hundred references that I read over
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the past years that relate to mechanics and materials, mesomechanics. Never have |
claimed that this book is my original work. It is a compilation for limited group
usage. Many examples presented in this book are already published in journals. Of
course majority are authored by myself and my working colleagues as co-author(s).
If you are reading the printed version of this, it is just that I want to leave my legacy.
BTW the original version of this is a pdf version, and it is FREE turn to the very last
page on how to get the free copy. But then students of mine told me that a pdf file
will be lost easily. Therefore, I decided to make the pdf version to be printed.

You may find some language errors in my writings. I would like to apologize for
my lack of proficiency. As you could probably tell, English is not my native language.
But remember, not writing in a perfect English means that I am perfect in some other
languages at least one; that means I am a bilingual person -— Lastly, I would like to
share one of his favorite poems by Kalil Gibran, I hope you can ponder it too :

e Say not, I have found the truth, but rather, I have found a truth. Say not, I have
found the path of the soul. Say rather, I have met the soul walking upon my path.
For the soul walks upon all paths. The soul walks not upon a line, neither does
it grow like a reed. The soul unfolds itself, like a lotus of countless petals.

May the knowledge that the author shares with the readers be one of the lights that
enlightens.

Yunan Prawoto
Mechanical Engineering, UTM

Vi
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Chapter

Introduction:
What is Solid
Mechanics?

olid mechanics. What is it? This chapter is a compilation of several re-
sources [88; 119; 158; 204; 408] and my own definition. It is the branch of
classical mechanics that studies the deformation and motion of solid mate-

<+, rials under external actions such as external forces, temperature changes,
applied displacements, etc. A material is called solid rather than fluid if it can also
support a substantial shearing force. Shearing forces are directed parallel, rather than
perpendicular, to the material surface on which they act.

Solid mechanics is part of a broader study known as continuum mechanics. One
of the most common practical applications of solid mechanics is the Euler-Bernoulli
beam equation. Solid mechanics extensively uses tensors to describe stresses, strains,
and the relationship between them. It is one of the fundamental applied engineering
sciences, in the sense that it is used to describe, explain and predict many of the
physical phenomena around us.

The term is sometimes used in a narrow sense to include only solid materials and
deformable bodies. However, often times it includes structural elements and entire
structures (such as bridges, ship hulls and offshore platforms, etc.), the study of which
is often referred to as structural mechanics.

It is also relevant here to clarify that the major division of the mechanics discipline
are classical mechanics from quantum mechanics. Historically, classical mechanics
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1.1 Notations

Unlike the traditional books in mechanics, this book was written for material scien-
tists, who usually are not familiar with tensor notation. Therefore, the notation is
gradually introduced. By the time the readers finished the basic theories they will
understand the common notation used in mechanics perfectly. Although the nota-
tions are made in such a way that are easy for the readers to follow, in some equation
derivations, regular summation convention notations are used. For example, the fol-
lowing expressions refer to identical thing:

Tj=e;-T

N101j + N202; + N303;

Nn1011 + N2021 + N3031
= [n1012 + N2022 + N3032
n1013 + N2023 + N3033 (1.3)

3
= nioij, (7=1,2,3)
=1

= n,;0;; + Summation convention.

(repeating index means to be summed).

It is worth noting that almost always, when there is a sum over an index, the index on
which itis summed is repeated precisely twice but other indices appear only once (see
the last of the above equation, ¢ appeared twice). Thus, readers should understand
that many researchers prefer to drop the summation signs and adopt the summation
convention that one always understands a repeated index to denote a sum.



Chapter

Statics of
Rigid Bodies

) quilibrium condition of a body larger than a particle can be treated as a
%g?}( particle under either of two possible conditions: The first one is F' the
@‘i})/lg forces acting on the body were concurrent, that is, if they were directed

) toward a single point, the body could be treated as if it were a particle.
The second one is if the body moved with uniform translational motion in which
every particle of the body moved in the same fixed direction with uniform speed, the
whole body could be treated as though it were a particle.

Many of the problems of the equilibrium of extended bodies do not fulfill these
conditions. The forces acting on the body do not pass through a single point, and
the motion of the body is not one of uniform translational motion but may include
rotation as well. The motion of a body is often quite complicated, as in the case of a
spiraling (American) football. The ball is generally thrown so that it spins about its
longer axis, but, in addition to its spinning motion, the axis of rotation itself rotates,
and the ball has a general translational projectile-like motion superimposed upon the
rotational motions.

While all material bodies deform somewhat under the action of applied forces, it
is convenient to think of them as non-deforming, or as rigid; we shall define a rigid
body as one in which all dimensions remain the same, regardless of the nature of
the applied forces. With this concept the statics of material bodies can be greatly
simplified, instead of having to study the body as though it were a vast collection of
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particles to which the conditions of equilibrium must be applied to one particle at a
time, the entire body may be treated as a single object, and its equilibrium may be
studied through the introduction of a new concept called torque.

The sources for this chapter are also my own knowledge combined with the liter-
atures, including but not limited to the following books [154; 236; 238; 302].

2.1 The Fundamental Concepts and Principles of Mechanics

The basic concepts used in mechanics are: space, time, mass, and force. These con-
cepts cannot be truly defined; they should be accepted on the basis of intuition and
experience and used as a mental frame of reference for our study of mechanics. The
concept of space is associated with the notion of the position of a point P. Three
lengths measured from a certain reference planes having a common point called ori-
gin in three given directions may define the position of P. These lengths are known
as the coordinates of P. The space is assumed to be uniform. To define an event, it
is not sufficient to indicate its position in space. The time of event should also be
given. The concept of mass is used to characterize and compare bodies based on
certain fundamental mechanical experiments. Two bodies of the same mass, for ex-
ample, will be attracted by the earth in the same manner; they will also offer the same
resistance to a change in translational motion.

A force represents an action of one body in another. It may be exerted by actual
contact or at a distance, as in the case of gravitational forces and magnetic forces. A
force is characterized by its point of application, its magnitude, and its direction; a
force is represented by a vector. In Newtonian mechanics, space, time, and mass are
absolute concepts, independent of each other. This is not true in relativistic mechan-
ics, where the time of event depends upon its position, and where the mass of a body
varies with its velocity. On the other hand, the concept of force is not independent
of the other three. Indeed, one of the fundamental principles of Newtonian mechan-
ics listed below indicates that the resultant force acting on a body is related to the
mass of the body and the manner in which its velocity varies with time. We shall
study the conditions of rest or motion of particles and rigid bodies in terms of the
four basic concepts we have introduced. By particle we mean a very small amount
of matter, which may be assumed to occupy a single point in space. A rigid body is
a combination of a large number of particles occupying fixed positions with respect
to each other. The study of the mechanics of particles is obviously a prerequisite to
that of rigid bodies. Besides, the results obtained for a particle may be used directly
in a large number of problems dealing with the conditions of rest or motion of actual

9
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Stress and
Strain

TRESS is defined as force per unit area. A measure of the internal forces
acting within a deformable body. It has the same units as pressure, and
in fact pressure is one special variety of stress. However, stress is a much
Y=+%). more complex quantity than pressure because it varies both with direction
and with the surface it acts on. The stress field is the distribution of internal tractions
that balance a given set of external tractions and body forces. While, strain is defined
as the amount of deformation an object experiences compared to its original size and
shape.

Quantitatively, stress is the average force per unit area of a surface within the body
on which internal forces act. These internal forces usually arise as a reaction to ex-
ternal forces applied to the body. Because the loaded body is assumed to behave as
a continuum, these internal forces are distributed continuously within the volume of
the material body, and result in deformation. A strain field results from a stress field
induced by applied forces or is due to changes in the temperature field inside the body.
For linear elastic materials, the relation between stresses and induced strains is ex-
pressed by constitutive equations of Hooke’s law. Deformations which are recovered
after the stress field has been removed are called elastic deformations.

The sources for the chapter came from the following books [4; 34; 47; 48; 153;
211].
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Chapter 3. Stress and Strain

3.1 Body Forces

A body force is a force that acts throughout the volume of a body, in contrast to
contact forces or applied forces. Gravity and electromagnetic forces are examples
of body forces. Centrifugal force can also be viewed as body forces. This can be
put into contrast to the classical definition of surface forces which are supposed to
be exerted to the surface of an object. Shear forces and normal forces occurring in
physical and engineering circumstances are supposed to be surface forces and exerted
to the surface of an object. All cohesive surface attraction and contact forces between
objects are also considered as surface forces.

3.2 Internal and Normal Stresses

An axially loaded body, such as a bar subjected to tension loading passing through
its center, the stress o, can be obtained by dividing the total normal force Fy by the
bar’s cross-sectional area A. In the case of a prismatic bar axially loaded, the stress
is represented by a scalar called engineering stress or nominal stress that represents
an average stress o, over the area, meaning that the stress in the cross-section is
uniformly distributed.

Iy
~ — .1
o — 3.1
and
F
Oavg = (3.2)

Graphical depiction of the situation is shown in Figure 3.1. The normal force can
be a tensile force if acting outward from the plane, or compressive force if acting
inward to the plane. Normal stress can be caused by several loading methods, the
most common being axial tension and compression, bending, and hoop stress. For
the case of axial tension or compression, the normal stress is observed in two planes
and of the axially loaded prismatic bar. The stress on plane, which is closer to the
point of application of the load F', varies more across the cross-section than that of
plane. On the other hand, the variation of shear stress across the section of a prismatic
bar cannot be assumed to be uniform.
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Chapter 3. Stress and Strain

3.5 Practice Problems for Chapter 3

#1

The state of stress at a point is given by o, = 14, 0, = 10, 0, = 35, 03y =7, 0,
=-7and o, = 0. You are to evaluate the normal and shear stresses for a plane whose
normal is defined by [ = 2/+/14, m = - 1/+/14 and n = 3/\/14.

#2

The state of stress at a point is given by:

011 g12 013 1 5 -5
0921 g9292 023 | — 5 0 0
031 032 033 -5 0 -1

After transformation of coordinate that first and the second axes are K=2u; +4u,+6us
and L=4u,+4us-4u;. You are to compute the third axis vector and the stress after
transformation
/ ! /
011 012 013
/ ! /
021 022 033
/ ! /
031 032 033
(Answers are available in the Appendix, Chapter 25, use the provided answer wisely
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Chapter

Difterential

Equations for
Solid
Mechanics

; \n' HE differential equations are typically needed to comprehend the prob-
,,\“g lems of varying stress and strain fields in materials. In this chapter, some
' differential equations relating the stresses and body forces, the strains and

s displacements will be derived. These equations are derived from physical

pr1n(:1ples. It is also preceded with the introduction to the notations that the readers

need to get familiar with. In this chapter readers are expected to get familiar with the

tensor notations too, see also Appendix on Vectors and Tensors, Chapter 22.

The sources of this chapter includes the following reading materials [44; 119; 314;

408] and some OCW courses scattered from participant universities worldwide.

4.1 Be Familiar with Common Notations used in Mechanics

Since one of the goals of this book is to provide a brief introduction to mechanics
of materials for those researchers with little or no previous knowledge on contin-
uum mechanics but are interested in studying the mechanics of materials, now it is a
chance to introduce notations that often used in the world of mechanics. The French

33



Chapter 4. Differential Equations for Solid Mechanics

mathematician Augustin Louis Cauchy was the first to formulate such models and
notations in the 19" century. A particular particle within the body in a particular
configuration is characterized by a position vector

3
=1

where e; is the coordinate vectors in some frame of reference chosen. This vector can
be expressed as a function of the particle position X in some reference configuration,
for example the configuration at the particular time €2, so that

x = Q(X) 4.2)

When engineers and researchers in mechanics are analyzing the deformation or mo-
tion of solids, they describe the sequence or evolution of configurations throughout
time. One description for motion is made in terms of the material or fixed referen-
tial coordinates, and is called a material description or the Lagrangian description.
The other description for motion is made in terms of the spatial or current coordi-
nates, called a spatial description or Eulerian description. An intuitive comparison
of these two descriptions would be that in the Eulerian description one places the co-
ordinate or reference system for motion of an object on the object as it moves through
a moving fluid (e.g., on a boat in a river) while in the Lagrangian description one ob-
serves and describes the motion of the object from a fixed vantage point (e.g., motion
of the boat from a fixed point on a bridge over the river or on the side of the river.)

4.1.1 Lagrangian description

In a Lagrangian description an observer standing in the referential frame observes
the changes in the position and physical properties as the material particles move
in space as time progresses. In other words, this formulation focuses on individual
particles as they move through space and time. In Lagrangian description, the motion
of a continuum is expressed by the mapping function x(+)

x = x(X,1) (4.3)

or, the other way around can be expressed in its inverse, typically used in Eulerian
description:

X =x"(x1) 4.4)

which is a mapping from initial (undeformed/material) configuration 2, to the present
(deformed/spatial) configuration €2;. For example, in a Lagrangian coordinate sys-
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Chapter

Linear
Elasticity

ONSTITUTIVE equations, such as Hooke’s law for linear elastic materi-
als, describe the stress-strain relationship in linear elasticity calculations.
When a structure is expected to deform elastically and resume its origi-
2 nal shape, a boundary-value problem based on the theory of elasticity is
applled with infinitesimal strains, under design loads. When the applied loads per-
manently deform the structure, the theory of plasticity applies.

The sources for this chapter comes from the books that are basically introduction
to linear elasticity and some journal articles [34; 47; 48; 99; 119; 131; 133; 306].

5.1 Hooke's Law for Plane Stress

In Chapter 3, the simplification using the concept of plane stress was discussed. In
this section, that simplification is discussed further. For simplicity, the stresses in the
z direction are considered to be negligible here. The stress-strain relationship for an
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Chapter

Energy and
Virtual Work

N this chapter, the concept of energy and virtual work are discussed. They
include the conservation of work and energy, the principle of virtual work,
the principle of complementary virtual work, the principle of stationary
) total potential energy, the principle of stationary total complementary po-
tential energy, the reciprocal theorem, Castigliano’s 1%¢ theorem, and Castigliano’s
274 theorem.

This chapter is an extraction of several sources from the OCW materials and read-
ing materials available in your library too [131; 133; 253; 305].

6.1 Energy in Deforming Materials

Energies can be grouped into kinetic energies, which are due to movement and po-
tential energies, which are stored energies. Elastic strain energy is a potential energy.
Elastically deforming a material is in many ways similar to raising a weight off the
ground; in both cases the potential energy is increased. Elastic energy can be in-
creased by giving work towards the system. When a small load is given on a large
metal slab, the slab will undergo small strains. When the load is removed, the slab
uses the internally stored strain energy to return to its initial state.

In a real material undergoing deformation, some of the supplied energy is con-
verted into heat. However, with the ideal elastic material under study in this chapter,
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Chapter 6. Energy and Virtual Work

becomes:

(6.35)
= Z w; + Z <u528> OP;
i=1 j=1
n aWCs
= (uZ + op, ) 0P,

where W, is the complementary work of support reaction Y . | us; R;. Since the
displacement and strain of the actual structure at the same state are essentially com-
patible, the principle of complementary virtual work implies that the complementary
virtual work is equal to the complimentary virtual strain energy. Therefore,

+

~(, o Wo,
—~\"' 9P 0P

) 5P — 0 (6.36)

3
or,

U OWe,

Y=o, T TP,

(6.37)

the second term on the right hand side is the displacement due to the support settle-
ments. For the special case when there is no movement of all supports, the comple-
mentary work W and the relation simply reduces to:

U
~ P

(6.38)

Usg

This is called Castigliano’s second theorem. It stated that for a given elastic structure
that is compatible, the partial derivative of the complementary strain energy minus
the complementary work due to the support movements with respect to the applied
concentrated load is equal to the displacement or rotation at the location and in the
direction of that load.
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Figure 6.7 A beam deflected due to the loading.

6.4 Practice Problem for Chapter 6

Figure 6.7 is referred for this problem. On the beam, point loading P and distributed
loading g are applied. You are to derive the deflection using the principle of virtual
work based on

5Wea:t = 6Wint (6.39)

(Answer is available in the Appendix, Chapter 25, use the provided answer wisely

).
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Chapter

Viscoelasticity

ISCOELASTIC materials are materials for which the relationship between
5 stress and strain depends on time or, in the frequency domain, on fre-
W quency. The effect of speed/rate of stretching shows that the viscoelas-
Z3 tic material depends on time. This contrasts with the elastic material,
whose constitutive equation is independent of time, for example it makes no differ-
ence whether an elastic material is loaded to some given stress level for one second
or one day, the resulting strain will be the same.

This chapter is intended for researchers working on materials like polymers and
polymer-matrix composites viscoelastic response is often used as a probe in polymer
science, since it is sensitive to the material’s chemistry and microstructure. The con-
cepts and techniques presented here are important for this purpose, readers can find
how linear viscoelasticity can be incorporated into the general theory of mechanics
of materials, so that structures containing viscoelastic components can be designed
and analyzed. The sources for this chapter are mainly from the continuum mechanics
books [42; 89; 266].

7.1 Introduction
In viscoelastic materials, the slope of a plot of stress vs. strain depends on strain
rate. Inelastic solids represent a subset of viscoelastic materials: they have a unique

equilibrium configuration and ultimately recover fully after removal of a transient
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Chapter

Plasticity

» . OR materials researchers, plasticity usually refers to the deformation of a
@13}' material that is non-reversible. In this chapter the complexity of crystallo-
= . . . . . .
@qo graphic deformation mechanisms and evolving dislocation substructures
b "S~9 9 is not considered and the plastically deforming material is replaced by a
homogeneous continuum. Although plasticity mechanisms are the result of atomic
defect processes a continuum phenomenological approach is simpler from the me-
chanics point of view. As the material is loaded beyond its elastic limit, Hooke’s law
does not apply, the material yields, begins to flow and residual, permanent deforma-

tion results after unloading.

The mechanisms for plastic deformation can vary widely. At the crystal scale,
plasticity in metals is known to be the consequence of dislocations. In brittle ma-
terials such as rock, concrete, and bone, plasticity is caused predominantly by slip
at microcracks, while for ductile materials, once the load exceeds the yield strength,
the extension increases more rapidly than in the elastic region, and when the load
is removed, some amount of the extension remains. This chapter discuss plasticity
more from mechanics point of view rather than from metallurgical one. It intends to
provide motivations and basic hypotheses of elastoplastic theory and presents some
of the more classical results of the theory with the hope that the readers, materials
researchers, benefit of this chapter too.

This chapter is compilation of several introductory materials for plasticity [64; 83;
156; 176; 222; 231; 254; 397].
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Y. Prawoto: Integration of Mechanics into Materials Science

Figure 8.2 Yield locus.

reality there are much more theories out there. This chapter should give you a start so
that you can slowly immerse yourself in the mechanics world. Only that way can you
be familiar with the concept and eventually have no barrier when reading the papers
consisting mechanics elements.

8.7 Practice Problems for Chapter 8

Unlike the linear elasticity problems, problems in plasticity is almost impossible to
be solved without the help of a computer. Prof. Louie L. Yaw from Walla Walla Uni-
versity (Washington State) compiled an easy to implement examples of 1D plasticity
problems. So, here the exercise is adopted from his works (http://people.wallawalla.edu
/louie.yaw/plasticitypublications/1Dplasticity.pdf). The task is to develop algorithm
for

e Perfect plasticity
e Isotropic hardening

(Answers are available in the Appendix, Chapter 25, and from his website. Thank
you prof Prof. Louie L. Yaw)

91



Chapter

Mechanical
Properties of
Materials

N this chapter, the discussion is dominated mainly by metals rather than
> other materials. It is intended as a review of certain fundamental aspects

\p of mechanics of materials using the material’s response to provide an
© overview of mechanical properties without addressing the complexities
of stress states. A property may be a constant or may be a function of one or more
independent variables, such as temperature. Properties of materials often vary to
some degree according to the direction in the material in which they are measured,
referred to as anisotropy. Materials properties that relate two different physical phe-
nomena often behave linearly in a given operating range, and may then be modeled
as a constant for that range. This linearization can significantly simplify the differ-
ential constitutive equations that the property describes. The properties discussed
here are limited to that of basic ones that typically used for basic characterization.
ASTM specifies test procedures for determining the various properties of a material.
It is usually used as a guideline by experimentalists to obtain reproducible results
for material properties needed. This chapter is extracted from various sources of
literatures [157; 229; 334; 370]
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9.1 Density

The mass density or density of a material is its mass per unit volume:
= — 9.1
= 0.1
where p is the density, m is the mass, and V' is the volume. In the case of volu-
mic thermal expansion at constant pressure and small intervals of temperature the
dependence of temperature of density is :
PT,
=0 9.2
P~ 1+ aAT) ©-2)
where pr, is the density at a reference temperature 7j and « is the thermal expansion
coeflicient of the material.

9.2 Tensile Strength and Tensile Stress

The most natural test of a material’s mechanical properties is the tension test, in
which a strip or cylinder of the material, having length L and cross-sectional area A,
is anchored at one end and subjected to an axial load P at the other end. As the load
is increased gradually, the axial deflection ¢ of the loaded end will also increase. If
the value of the axial force P is less than the breaking load Py, the tensile stress is
defined by:

P
= — 9.3
o A 9.3
The special case for this is when the material brakes,
Py
= — 9.4
of A 94

where the o is the ultimate tensile stress, abbreviated as UTS, Py is the load at
fracture and Ay is the original cross sectional area. Specific terminology for the
case of using the original area is engineering strength. Figure 9.1 shows typical
characteristics obtained by the tensile test.

9.3 Hardness

Hardness measurements quantify the resistance of a material to plastic deformation..
Macroscopic hardness is generally characterized by strong intermolecular bonds, but

93



Yoa are welcomed 2o cite and wse materials from CAs
book. For my other publications, £ind out at:

http://scholar.google.com/citationsPuser=sGhH2U4AAAAJ&hl

http://scopus.com/authid/detail.url?authorld=23095465700

Saﬂgesz‘ your //érary to obtain the mdaderial a//reci/y

f’rom"

http:/ /www.lulu.com/shop/search.eprtype=&keyWords=978130
0712350&x=9&y="7&sitesearch=lulu.com&q=



Chapter 9. Mechanical Properties of Materials

9.6.2 Fracture Toughness

It is an indication of the amount of stress required to propagate a preexisting flaw.
Flaws may appear as cracks, voids, metallurgical inclusions, weld defects, design
discontinuities, or some combination of them. For elastic approach, a parameter
of critical stress-intensity factor (K7;.), with the unit of [Pa+/m] is usually used to
determine the fracture toughness of most materials, while for elastic-plastic approach
the fracture toughness is denoted by J;.., with the unit of [Joule/ em?].

9.6.3 Plane Stress vs. Plane Strain

When a material with a crack is loaded in tension, the materials develop plastic strains
as the yield stress is exceeded in the region near the crack tip. Material within the
crack tip stress field, situated close to a free surface, can deform laterally because
there can be no stresses normal to the free surface. The state of stress tends to biaxial
and the material fractures in a characteristic ductile manner. This condition reflects
plane-stressand it occurs in relatively thin bodies where the stress through the thick-
ness cannot vary appreciably due to the thin section. However, material away from
the free surfaces of a relatively thick component is not free to deform laterally as it
is constrained by the surrounding material. The stress state under these conditions
tends to triaxial and there is zero strain perpendicular to both the stress axis and the
direction of crack propagation when a material is loaded in tension. This condition
reflects plane-strainand is found in thick plates. Under plane-strain conditions, ma-
terials behave essentially elastic until the fracture stress is reached and then rapid
fracture occurs.

The most common test specimen configurations are the single edge notch bend
(SENB or three-point bend), and the compact tension (CT) specimens. Plane-strain
fracture toughness requires a specimen whose thickness exceeds some critical thick-

ness (B).
2
B>25 (K“> 9.12)

Oy

where o, is the yield strength. Table 9.4 shows the typical toughness values for some
engineering materials.

Stress Corrosion Cracking

In the corrosive environment, cracks develop and propagate well below K7.. In fact,
the subcritical value of the stress intensity, designated as Ks.., may be much less
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Table 9.4 Approximate fracture toughness for commonly known engineering materials.

Material Fracture Toughness
[M Pay/m]

Aluminum alloy 24-30

Steel alloy 50-70

Titanium alloy 44 - 66

High Purity of Aluminum 14 - 28

Aluminium oxide 3-5

Silicon carbide 3-5

Soda-lime glass 0.7-0.8

Concrete 02-14

Polymethyl methacrylate 0.7-1.6

Polystyrene 0.7-1.1

Mullite-fibre composite 1.8-3.3

Silica aerogels 0.0008 - 0.0048

than that of K.. The crack initiates at K. and subsequently propagates at a rate
governed by the slowest process, which most of the time is the rate at which corrosive
ions can diffuse to the crack tip. As the crack advances and finally it reaches K.
Stainless steels, for example, are employed because under most conditions they are
passive. Very often one finds a single crack has propagated whiles the left metal
surface stays apparently unaffected.

9.7 Birittle vs. Ductile Materials

The behavior of materials can be broadly classified into two categories; brittle and
ductile. Steel and aluminum usually fall in the class of ductile materials, while glass
and cast iron fall in the class of brittle materials. The material response for ductile and
brittle materials are exhibited by both qualitative and quantitative differences in their
respective stress-strain curves. Ductile materials will withstand large strains before
the specimen ruptures; brittle materials fracture at much lower strains. The yielding
region for ductile materials often takes up the majority of the stress-strain curve,
whereas for brittle materials it is nearly nonexistent. Ductile materials exhibit large
strains and yielding before they fail. On the contrary, brittle materials fail suddenly
and without much warning.

Ductility is especially important in metalworking, as materials that crack or break
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therefore:
01

E,=—
€1 (9.18)
= VfE F+ Vin B

This is similar with the series and parallel concept, Equation (9.18) is when the
loading direction is the same with the fiber direction, while the following equation is

when the loading direction is perpendicular to the fiber direction:
V Vin
E f Em

Es 9.19)

In more complicated composites, for instance those with fibers in more than one
direction or those having particulate or other nonfibrous reinforcements, Equation
(9.18) provides an upper bound to the composite modulus, while Equation (9.19) is
a lower bound. One of the most popular models is an empirical one known as the
Halpin-Tsai equation:

Em[Ef +§(VfEf + VmEm)]

E =
ViEm + Vi By + By,

(9.20)

¢ is an adjustable parameter that results in series coupling for £ = 0 and parallel
averaging for very large €.
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Chapter

Steel
Materials
and
Metallurgy

=%, way in which science is applied to their practical usage. In this chapter,
the discussion is kept minimal because the book is written for audience familiar with
materials science and engineering. This chapter is only intended to refresh the knowl-
edge on steel materials used in the example parts discussed in the later chapters.

This chapter is extracted from various sources of literatures [38; 40; 51; 53; 62;
80; 81; 87; 135; 148; 149]

10.1 Brief History

The first evidence of human metallurgy dates from the 6000 yrs BC, and was found
in the archaeological sites of Majdanpek, Yarmovac and Plocnik, all three in Serbia.
While all of those were non ferrous, the ferrous metallurgy began approximately
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1000 years after that. The earliest surviving iron artifacts, from 5000 yrs BC in
Iran and 2000 yrs BC in China, were made from meteoritic iron-nickel. By the end
of the 2nd millennium BC iron was being produced from iron ores from South of
the Saharan Africa to China [135]. During the medieval period, means were found
in Europe for producing wrought iron from cast iron using finery forges. For all
these processes, charcoal was required as fuel. Meanwhile, the earliest surviving iron

Figure 10.1 One of the world largest iron meteorites, weight of more than 15 tons.

artifacts were extracted from iron-nickel meteorites, which consists about 6% of all
meteorites that fall on the earth, see Figure 10.1. That source can be often identified
with certainty because of the unique crystalline features of Widmanstitten. Those
artifacts include the ones 5000yrs BC found in Iran, 4000 yrs BC from Ancient Egypt
and 2000 yrs BC in China. The man made steel was first appears long after that, in
500 yrs BC China, while new methods of producing it by carburizing bars of iron
in the cementation process were devised in the 1700s. In the Industrial Revolution,
new methods of producing bar iron without charcoal were formulated. In the late
1850s, Henry Bessemer invented a new steel making process, involving blowing air
through molten pig iron, to produce mild steel. Bessemer patented a decarbonization
process, utilizing a blast of air in 1855. Modern steel is made using technology
based on Bessemer’s process. Bessemer was knighted in 1879 for his contribution
to science. Sir Henry Bessemer (19 January 1813 - 15 March 1898) was an English
engineer, inventor, and businessman. Bessemer’s name is known in connection with
the Bessemer process for the mass manufacturing of steel. The Bessemer process for
mass producing steel, was named after him, see Figure 10.2 [40].
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cubic crystal structure is again the more stable form of delta-ferrite (6-Fe). Ferrite
above the critical temperature Ay (Curie temperature) of 771 °C (1,044 K; 1,420 °F),
where it is paramagnetic rather than ferromagnetic, is beta ferrite (8-Fe). The term
beta iron is seldom used because it is crystallographically identical to, no more than
0.021 wt% at 723 °C (1,333 °F), and only 0.005% at 0 °C (32 °F).

Only a very small amount of carbon can be dissolved in ferrite; the maximum
solubility is about 0.02 wt% at 723 °C (1,333 °F) and 0.005% carbon at 0 °C (32
°F). This is because carbon dissolves in iron interstitially, with the carbon atoms
being about twice the diameter of the interstitial vacancy, so that each carbon atom is
surrounded by a strong local strain field. Hence the enthalpy of mixing is positive (un
favorable), but the contribution of entropy to the free energy of solution stabilises the
structure for low carbon content. 723 °C (1,333 © F) also is the minimum temperature
at which iron-carbon austenite (0.8 wt% C) is stable; at this temperature there is a
eutectoid reaction between ferrite, austenite and cementite.

Acicular ferrite is a microstructure of ferrite that is characterized by needle shaped
grains when viewed in two dimensions. The grains, actually three dimensional in
shape, have a thin lenticular shape. This microstructure is advantageous over other
microstructures because of its chaotic ordering, which increases toughness. Lentic-
ular ferrite Acicular ferrite is formed in the interior of the original austenitic grains
by direct nucleation from the inclusions, resulting in randomly oriented short ferrite
needles with a "basket weave’ appearance. This interlocking nature, together with its
fine grain size, provides maximum resistance to crack propagation by cleavage. Aci-
cular ferrite is also characterized by high angle boundaries between the ferrite grains.
This further reduces the chance of cleavage, because these boundaries impede crack
propagation. It is reported that nucleation of various ferrite morphologies is aided by
nonmetallic inclusion; in particular oxygen rich inclusions of a certain type and size
are associated with the intragranular formation of acicular ferrite. Acicular ferrite
is a fine Widmanstitten constituent, which is nucleated by an optimum intragranu-
lar dispersion of oxide/sulfide/silicate particles. Figure 10.5 shows the typical ferrite
structures.

10.4.2 Martensite

The martensite is formed by quenching of austenite which traps carbon atoms that do
not have time to diffuse out of the crystal structure. This martensitic reaction begins
during cooling when the austenite reaches the martensite start temperature (M) and
the parent austenite becomes mechanically unstable. At a constant temperature below
M, a fraction of the parent austenite transforms rapidly, then no further transforma-
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Figure 10.5 Typical appearance of ferrite structures.

tion will occur. When the temperature is decreased, more of the austenite transforms
to martensite. Finally, when the martensite finish temperature (M) is reached, the
transformation is complete. Martensite can also be formed by application of stress
(this property is frequently used in toughened ceramics and special steels like TRIP
steels (i.e. transformation induced plasticity steels)). Thus, martensite can be ther-
mally induced or stress induced.

One of the differences between the two structures is that martensite has a body
centered tetragonal (BCT) crystal structure, whereas austenite has a face centered
cubic (FCC) structure. The transition between these two structures requires very little
thermal activation energy because it is a diffusionless transformation, which results
in the subtle but rapid rearrangement of atomic positions, and has been known to
occur even at cryogenic temperatures. Martensite has a lower density than austenite,
so that the martensitic transformation results in a relative change of volume.
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Chapter 1 1

Fundamental
Concepts in
Modeling
with Finite
Element

m HE finite element method (FEM) or finite element analysis (FEA) is ba-
‘g sically a discretization technique in mechanics. The basic concept in the
' ) physical interpretation of the FEM is the subdivision of the mathemati-
cal model into disjoint, non-overlapping, components of simple geome-
try, called elements. The response of each element is expressed in terms of a finite
number of degrees of freedom characterized as the value of an unknown function(s)
at a set of nodal points. The response of the mathematical model is then consid-
ered to be approximated by that of the discrete model obtained by assembling the
collection of all elements. In simple terms, FEM is a method for dividing up a com-
plicated problem into small elements that can be solved in relation to each other. It
is a special case of the Galerkin method with polynomial approximation functions.
The solution approach is based on eliminating the spatial derivatives from the par-
tial differential equation (PDE). The sources for this chapter are published articles
[162; 273; 299; 408] and also my unpublished personal notes and collections.
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11.1 Brief History

FEM is originally the work of Hrennikoff and Courant. Hrennikoff’s work discretizes
the domain by using a lattice analogy, while Courant’s approach divides the do-
main into finite triangular subregions to solve second order PDEs that arise from
the problem of torsion of a cylinder [82; 161]. Courant’s contribution was evolu-
tionary, drawing on a large body of earlier results for PDEs developed by Rayleigh,
Ritz, and Galerkin. FEM obtained its real debut when NASA sponsored the codes
that is now known as NASTRAN. The term finite element itself was first coined by
in 1960. In the early 1960s, engineers used the method for approximate solutions of
Hrennikoff and Courant, which essentially FEM in various problems in stress anal-
ysis, fluid flow, heat transfer, and other areas. The first book using the title of FEM
was that of Zienkiewicz’s and Chung’s, published in 1967.

Nowadays, so many commercial codes are available, Abaqus, Adina, Ansys, etc.
Most those packages originated in the 1970s. Materials engineers and scientists can
easily use them in their research. It is worth noting that evaluation must be done
carefully since these programs allow an engineer to make mistakes at a rapid rate of
speed. Errors caused by misunderstanding or oversight is not correctible by the use
of a better commercial codes or more powerful computer.

Disadvantages of the FEM

Unlike analytical solution, FEM does not produce a general closed-form solution,
which could permit one to examine system response to changes in various parame-
ters. The FEM obtains only approximate solutions. Therefore, it has inherent errors.
Mistakes by users can be serious, garbage in — garbage out. However, this statement
should only be taken positively. It should not discourage the readers from using it.
In fact, it is only encouraging the readers to use FEM with a full understanding.

11.2 Basic Concepts

The basic concept of FEM is to divide a complicated structure into simple geome-
tries. A simple linear equation such as F' = kx is not valid on a large scale for a part
with complex geometry but they can be valid for a small region of material within
the complex part. However, if a complex physical object is broken down into finite
number of small elements for which simple equations can be solved with acceptable
accuracy, then reconnects elements at nodes as if nodes were pins or drops of glue
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reader’s convenience. The discussion is also limited to the area of austenite seen in
Figure 11.4.

Main Matrix, Solid Solution of the Austenite

The solid solution austenite is the main matrix of the structure. It is typically defined
as one of the allotropes of iron or a solid solution of iron with carbon and other alloy-
ing elements diffused uniformly throughout the structure. The typical UTS (ultimate
tensile strength) of this constituent typically ranges from 700 MPa to 850 MPa. Its
yield strength is not commonly known. Only the engineering yield strength is usually
known. The value of yield strength was assumed to be in the range of 290 MPa to 320
MPa. Its mechanical properties can usually be simulated as elasto-plastic. Depend-
ing on the researchers, the failure condition varies from simple von Mises yielding,
to Tresca yielding to Johnson Cook’s law. To accommodate the strain rate influence,
many publications simulate it with the Johnson Cook’s law. Several researchers have
successfully implemented the modeling of the solid solution [65; 322].

Austenite Twin

The austenite twin is part of the austenite phase. Under the microscope, it usually
appears as a straight texture within the main matrix. Itis believed that the twin bound-
ary is a mirror lattice symmetry. It is also known as a result of atomic displacements
/ crystallographic slip produced by shear forces (mechanical twins) or heat treatment
(annealing twins). Austenite is believed to have the latter type. It contributes to in-
creasing the strength of the austenite matrix. Twin variant, including twin plane and
twin direction, have an influence on the texture of the austenite phase, which is one
of the most crucial factor for determining strength and ductility. Research on this
twin boundary and its variation on strain hardening rate, mechanical properties, and
plastic strain are moderately available [245; 318]. In this simulation, the mechanical
property of this constituent is assumed to be 1.02% of that of the solid solution. A
failure law similar to that of the solid solution was applied for the simulation.

Grain Boundary

Strongly related to the two constituents above, the grain boundaries separate grains,
which typically have the same crystal orientations. This interface is also known to
have atomic mismatch and therefore traditionally is also known to be stronger than
the matrix itself. When the mismatch is slight, by the order of few degrees, it is
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called small-angle grain boundary. It is also widely known that the grain boundaries
are more chemically reactive than the grain. It is also a favorite location for the
impurities to exist. Research on this is scarcely available [316; 318; 354]. For this
research the grain boundary was assumed to have the mechanical property of 1.05%
of that of the solid solution. A similar failure law was applied for the simulation.

Carbide

In austenite, (Cr) carbide often exists within the matrix as a CroC, which shares the
same crystal structure with the solid solution. Although other forms that are non-
stoichiometric also exist, such as Cro3Cq, Cr3C, or Cr;Cs. In austenitic stainless
steel, the other commonly known form is Cr3Cs, which has the crystal structure of
orthorhombic. In any form, carbide is brittle and hard. Precipitation of the carbide
at the grain boundaries, depleting the grain edges of chromium in austenitic stainless
steel, is one of the causes for intergranular fracture. For the purpose of the modeling,
the value of the mechanical properties are 518.7 GPa for Young’s modulus, with the
Poisson’s ratio of 0.29. The failure mode is brittle cracking with strain type failure
to follow typical hard materials [215].

Sigma (o) phase

From the metallurgical point of view, the existence of sigma phase is seen as a detri-
mental. This phase is typically formed as a chromium or molybdenum inter-metallic
compound formed during slow cooling or dwelling at high temperature (for stainless
304/316 stainless steel about 600°C-1050°C [355]). Sigma phase is also suspected
to be transformed from the residual §-ferrite at a similar range of temperature. Sigma
phase typical morphology can be detrimental, as it tends to work like a stress concen-
trator, especially if it is perpendicular to the loading axis. Among the practitioner,
the term sigma phase embrittlement is often used to describe its detrimental effect.
Furthermore, this phase is also known to be brittle. In this research, this constituent
is assumed to have the failure type of brittle failure.

Nitride

Similar to the chromium carbide, nitride exists within the austenite grain in the form
of a hard and brittle substance. Its high lattice energy reflects the strong attraction
of N3 for metal cations. The modeling in this case treated this constituent similar to
carbide [244].
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Delta (9)-ferrite

d-ferrite here refers to the residual §-ferrite. It is a residual intermediate phase that
typically transforms to austenite. The detrimental effect of this phase lies in the fact
that under certain condition, it can transform into sigma phase that is brittle. In this
modeling, the J-ferrite is assumed to have mechanical properties that are slightly
lower than that of the matrix. The failure mode is similar to that of matrix. Although
from the mechanics point of view, this can be seen as a discontinuity, §-ferrite worries
practitioners more due to its possibility to change to other harder constituents, such
as martensite [63; 403].

Alpha’ («') phase

The alphas'i'”glel phase usually refers to hcp martensite rather than the orthorom-
bic (alpha?°“?'¢") martensite. This alpha®"9!¢" phase is known to exist in austenitic
stainless steels. Publications on this constituent are quite available [85;92; 191; 259].
Although not as hard as the nitride or the carbide, this constituent is also thought to
promote the brittleness. For the analysis here, the value of this is similar with that
of non-tempered martensite and the failure mode is brittle failure with the failure
strength at the level of 1800 MPa.

(MnS or NiS) Inclusion

Inclusions are commonly found in austenite either endogenous or exogenous. En-
dogenous inclusions, also known as indigenous, occur within the metal and are the
result of chemical reactions. These products precipitate during cooling and are typi-
cally small. The second type, exogenous inclusions are caused by the entrapment of
nonmetals, typically larger. They include oxides, sulfides, nitrides and phosphides.
Similar to other hard constituents discussed above, inclusions are also considered
detrimental. They disrupt the homogeneity of structure, so their influence on the
mechanical and other properties is significant. Several studies on this subject are
available [400]. For this analysis, brittle failure law is applied. A summary of the
constituents adopted in this model is shown in Figure 11.5, while the rationales of the
values usage is shown in Table 17.1. It is worth noting that here, the shape of the con-
stituents also gives significant influence due to the continuum mechanics approach
used. The influence of the strain rate for hard materials was neglected.
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Figure 11.5 Major constituting phases in typical austenite grain that contributes to the load
carrying capacity [220; 249; 311; 317].

11.4.3 Computational Approach

The computational approach was implemented with the commercial code Abaqus’™

combined with OO FTM  an open source computational tool developed by MIT with
NIST. Two steps of modeling are employed: global model creation and local model
creation. A similar concept was used in previous publications [284; 290]. Figure
11.6 illustrates the simplified concept. The global modeling enables us to apply the
external loading and boundary conditions. This global model is then executed to
obtain the stress and strain values near the area of interest. Using this strain result,
the local model is then computed to obtain the final results. Unlike the traditional
multi-level modeling, this method is not cumbersome. The basic microstructure is
created by using the information of the austenite steel constituents that are simulated.
This digitized micrograph is then meshed into finite element usable data. Using the
strain result from the global model, the boundary condition for the local model is
then set up. The modeling started with the global model creation. For this purpose,
a two-dimensional CT (compact tension) specimen was made. For this simulation,
a plain strain condition was chosen. A similar approach was used [272; 289]. This
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Table 11.1 Main mechanical characteristics of austenite constituents.

Const.

Main characteristics related to modeling

Matrix
y-twin

Boundary

Cr,C,

o -phase

Nitride

o-ferrite

o -phase

Inclusion

UTS 700-850 MPa; can usually be simulated as
elasto-plastic.

Influencing texture of - phase; UTS is assumed
to be 1.02% of that of - phase; same failure law.
Atomic mismatch; stronger than the matrix it-
self. UTS is assumed to be 1.05% of that of -
phase; more chemically reactive than the grain.
It is also a favorite location for the impurities to
exist.

exists as a CroC, or in non-stoichiometric, such
as Cr23Ce, Cr3C, or Cr7Cs. Potential int. fract.
Stiffness of 518.7 GPa, v 0.29. The failure mode
is brittle cracking with strain type failure

Cr or Mo inter-metallic comp. formed due to
slow cooling or dwelling at high temp. (for SS
304/316 ~ 600°C-1050°C); transf. from the
res. J-ferrite at a same temp.; failure type of
brittle failure.

Also brittle; high lattice energy reflects strong
attraction of N3 for metal cat. Failure mode
similar to carbide.

Slightly lower stiffness than that of the matrix;
share similar failure law with that of matrix.
HCP martensite, not orthorombic(au) marten-
site; not as hard as the nitride or the carbide,
similar with that of non-tempered mart.; failure
mode is brittle failure with the failure strength
of 1800 MPa.

Disrupt the homogeneity; brittle failure law is
applied.

Ref.

[65; 322].
[245; 318].
[316; 318;
354].

[215].
[355].
[244].

[63; 403].
[85; 92;
191; 259].
[400].

approach is sufficient to mimic the failure condition well [272]. In this research, the
size of the sample for the global model is 18.75 mm wide with the distance from pin
to pin being 8.25 mm. A displacement of 5x10~2 mm is given to the upper pin, while
the lower pin is held stationary. The analysis was performed under the explicit en-
vironment with the time of 0.1s. This condition simulates a speed of approximately

500um/s or, 30mm/minute.

The result of the global model is then exported to the local model, which is created
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Figure 11.6 Procedure of the modeling. The local model is based on stainless steel with
approximate grain size 6-7 ASTM GS. The square is 50pm x 50um.

using the OO FT™ | Using the strain result from the global model as boundary con-
ditions for the local model enabled us to simulate it efficiently. Further discussion
on the modeling technique is can be found elsewhere [274; 289]. The end results are
the stress distribution .

The failure mechanism of the model is designed based on the individual mecha-
nisms. For the solid solution, twin boundary, grain boundary and ¢ ferrite, Johnson-
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Cook model is used. Similar research has also been published [70; 280]. The dam-
age accumulation w is expressed as the summation of the plastic strain, expressed in
Equations (11.38) and (11.39) [174; 175]:

—pl
w= (Ail > (1138)
cf

where the plastic strain is calculated as:
&
1+ds1n <>] (11.39)
€0

ng)l: |:d1 +d2 exp (dglq))]

where p is the pressure stress and g is the von Mises stress. d; —d, are damage param-
eters, 0.13, 0.13, -1.5, and 0.011, respectively [70; 280]. For the brittle constituents,
the rule of maximum stress/strain was employed.

T = Corit (11.40)
or
T = Copit (11.41)

It is also worth noting that the phase transformation is not considered in the model
here.

11.4.4 Mechanics Point of View

The results of the global model are shown in Figure 11.7. This model is based on the
assumption that the material is homogeneous. The figure shows the von Mises stress
distribution when the model is run using an elastoplastic model. The classical fext-
book style plastic zone is obtained by running the model in a linear elastic approach.
The shape of the plastic zone agrees with the theoretical prediction using the von
Mises yielding condition, which typically appears in elementary fracture mechanics
textbooks, e.g., [54; 274], which is essentially the solution to:
2
PZ:C-<K) (1+3sm20+ cos9> (11.42)
oys 2 2
where the 6 is the angle between the crack line and the location, and K is the SIF
(stress intensity factor).
50 pm to the right of the crack tip, the local models are embedded. Figure 11.8
shows the results of the static analysis or the stress distribution when the sample un-
dergoes slow and small loading, or a static condition, where stress does not cause any
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Figure 11.7 Main results of the global model.

damage. The figure shows that although the stresses do concentrate around the hard
constituents, they are not detrimental at low stress level. In fact, they are beneficial
in increasing the strength of the austenite. This statement generally applicable for all
three conditions, in front of the crack tip, below it and above it. The analysis was
continued with an explicit environment. This environment considered the speed of
the loading. It simulates the more realistic phenomenon of cracking. The yield con-
dition depends upon the strain rate. Figure 11.9 shows the implementation of this.
The data was obtained from the global model. The figure shows one of the evaluation
results, in which the condition is in front of a crack. The velocity here shows that the
slower the velocity is, the lower the yield is, to follow JC equation [174; 175] :

=pl
o= [A+B(e")"] - <1+C~ In <€>> : (1—Tm) (11.43)
€0

where T is the homologous temperature. Cracking path predictions were obtained
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Figure 11.8 Stress distribution of the model at low stress; shown is the von Mises stress
distribution. The local model simulates the condition 50xm in front of the crack tip, S0um
below it, and 50pm above it.

and shown in Figure 11.10. It is predicted based on the amount of the damage, w.
In general, from the mechanics point of view, in all locations, the cracking tends to
initiate near the hard particles. In this case, from the left edges, through the solid
solution nearby the grain boundary, and to the grain boundary where the carbides
exist. It then continues to an area near the d-ferrite. It is worth noting that in this
situation, the nitride did not give a lot of influence due to the elongated shape that
is parallel to the main loading axis. «’ on the other hand gives some influence in
generating high damage. However, it is not as large as the other hard constituents.
Inclusions that are located parallel give less influence than the inclusions that are
elongated perpendicular to the main loading axis. This fact agrees strongly with
the basic principles of fracture mechanics. In short, three factors influencing the
condition are: shape of the particles, strain rate, and failure law for the matrix.

Metallurgical Point of View

It has been known for long that microstructural variables influence the mechanical
properties of materials, e.g., [209; 312]. These property variations and subsequently
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Chapter

Homogenization
Concept
Implemented
with Finite
Element

—_C everal introductory variations of the homogenization theory are available,
(@2 < the simple one is presented here. This chapter is mainly based on the paper
&;@ that the author wrote together with professor Aizawa from the University
OW=3), of Tokyo back in 2001 [6; 277; 285]. In this theory, the local constitutive
structure is thought to have a locally specified periodic unit cell as shown in Figure
12.1. Hence, every physical variable field on this material support can be expressed
by the combination of the averaged part with the local disturbance as depicted in
part (b) of the figure. Assuming that the periodicity, €, should be sufficiently small,
every physical field u(x, y) in total can be represented by the following asymptotic
expansion in e:

1
u(z,y) = ul(x) + eul(z,y) + 56211,2(56, Y) + e fory=x/e (12.1)

or,

u(z,y) ~ u’(z) + eul(z,y) (12.2)
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Chapter

Simple
Analytical
Examples

13.1 Taking Advantage of Polar Coordinate

A polar coordinate system is a two-dimensional coordinate system in which each
point on a plane is determined by a distance from a fixed point and an angle from
a fixed direction. The fixed point (analogous to the origin of a Cartesian system) is
called the pole, and the ray from the pole in the fixed direction is the polar axis. The
distance from the pole is called the radial coordinate or radius, and the angle is the
angular coordinate, polar angle, or azimuth [55]. Using x = rcosf and y = rsinf ,
one can derive a relationship between derivatives in Cartesian and polar coordinates.
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either by comparing the complete expression for Aus in Equation (13.25), or 022
in Equation (13.24) to the analogous small r result, o9 = \/% . For an edge
crack penetrating by depth a into a half-space under the same remote tension, K7 is
famously known to be 1.12 times that value, and for a circular crack of radius a in a
large solid it is 2 /7 times that value. These values are usually known as a greek letter
(. Readers interested in further discussion on this should refer to fracture mechanics
books [108; 124; 264; 274].

The examples shown here are very easily implemented in the materials science
research. The scale of the analysis here can directly be implemented in the mesome-
chanics scale.
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made negative Poisson’s ratio foam (also called anti-rubber, dilational mate-
rial, or auxetic material).

e Measure the amount of permanent compression retained by the specimen by either
measuring the new distance between the marks or by measuring the size of the
transformed sample.

e Other kinds of moulds are possible and have been used successfully by others.

14.8 Concluding Remarks

This chapter shows example of how one can see certain topic purely from the me-
chanics point of view. Auxetic materials have a lot of potential applications from
biomedical to automotive and defense industries. Also, these materials could po-
tentially be used for completely new structures with special functions. However,
more research work needs to be done for further understanding of these materials
and their applications to real components. From the mechanical and computational
point of view, it is predicted that research on this subject will be dominated by the
unit cell concept, hierarchical, homogenization of both periodic/ordered and disor-
dered cells. Until recently, almost all relevant papers have been based on ordered
structures, which is convenient for the purpose of analysis. However, in the near fu-
ture, the work presumably will be dominated by study of disordered structures since
that analysis is closer to real material structures. The author believes that such mate-
rials, with little existing understanding of deformations in the presence of disorder,
will require a newer theory and computational approach that could go beyond the
currently available homogenization concept.
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Chapter

Plastic Zone
of Chiral

Structure
Material

his chapter summarizes the method of analytical formulation and compu-
tational approach of stress intensity factor and plastic zone calculation for
auxetic materials, which have negative Poisson’s ratio. A chiral structure
s based material is selected as an object of the study due to its popular-
ity. The stress intensity factor is used in combination with the von Mises yielding
condition to estimate the plastic zone’s shape and size. The results show that macro-
scopically the shape of the plastic zone for auxetic material is the same with that of
ordinary materials. However, its size is smaller due to the reduction in its Young’s
modulus from the solid material of which the auxetic material is made. Microscopi-
cally, an auxetic material has its plastic zone shape that is unique to its microstructure.
Homogenization theory was convenient to use to bridge between the microscopic and
macroscopic models.
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Chapter 16. Modified Fourier

Figure 16.2 Numerical solution to cylindrical equation for our modified diffusion law.
Constants are made adjustable with M athematica™ to accommodate the variation of
environments and types of surface engineering methods [276].

C5, the condition becomes closer to the actual phenomena. In order to obtain the
value that is closer to the experimental value, modeling in Abaqus”™ is performed.
It is shown in Figure 16.3. In the figure, all parts except the steel part follow the dif-
fusion law. The main diffusion takes place through the channel that is assumed to be
1 pm located in between the steel and the coating. Other sources of diffusion include
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the coating itself. It is also worth noting that the direction of the diffusion is not
necessarily inward. Based on the modified diffusion law and depending on the situ-
ation, the diffusion direction can be from underneath the coating (e.g. pretreatment)
and outward through it. This concept is in agreement with the physical/experimental
observation. The element types used are CPE3 (3-node linear element) and CPE4R

Figure 16.3 Basic modified diffusion modeling.

(4-node bilinear element, with reduced integration). The unit for computation is in
pm. Coating thickness is 50 pum, all other units subsequently to follow this. Figure
16.4 illustrates the fundamental difference between the currently proposed equation
with the conventional diffusion equation.

16.4 Discussion and Conclusions

In this chapter "paper and pencil” approach was used to integrate the mechanics con-
cept into coating problem, the governing law for blister formation and development
using modified Fourier solution for diffusion is developed. Implementation is per-
formed using M athematica™ and Abaqus™™ . The equation is proven capable
of simulating the cathodic blistering closer to reality than those currently available.
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Figure 16.4 Computational results assuming C; and C'> = 0 (conventional diffusion) and
modified diffusion equation ( C; and C> # 0).

It is capable of describing the continuously growing cathodic blistering occurring as
natural phenomena or under laboratory conditions, while the conventional diffusion
equation fails to do so. The result is beneficial for materials engineers and scientists
working with coating or other surface engineering methods similar to coating.
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Rule of
Mixture
based on
Homoge-
nization

phology based on classical continuum mechanics, taking the advantages of fracture
mechanics. As an example, a model that simulates the possible configuration of con-
stituting phases commonly found in austenite microstructure is chosen. The result is
compared with traditional ROM. It is found that although similar, the result is bet-
ter due to the stress amplification that is accommodated in the method, unlike the
traditional ROM, which merely considers only the volumetric ratio.
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17.1 Introduction

In many occasions, the need to homogenize physical properties of heterogeneous
materials is unavoidable. The attempts to improve the method of averaging hetero-
geneous materials have been actively done over the past decades [186; 294; 296; 313;
319; 363]. There were also tendencies to incorporate the characteristics of the chem-
ical compositions and microstructures while doing so [214; 230; 249; 378; 395].
However, to the knowledge of the authors, no article that discusses the incorporation
of the shape of the constituent in the averaging process easily available. Most of the
simple techniques available are basically similar to that of centroid concept, where
almost all physical properties are averaged and treated like body mass, but the reality
is different.

This short chapter highlights methods on how to incorporate the shape of the con-
stituents in a simple manner. Classical continuum mechanics can then be applied and
subsequently, better averaging method can be formulated. Although no new method
is to be presented in this technical note, the idea of using the method for microstruc-
ture has not been done, let alone for austenite constituents.

The ausetenite is chosen due to its popularity. It is one of the common microstruc-
tural forms in steel. Researchers have been fascinated by the characteristics of austen-
ite practically since its discovery and especially with the rise of stainless steels [220;
353]. Publications on the general characteristics of austenite and steel have flour-
ished ranging from the point of view of purely metallurgy to mechanics [29; 100;
241; 348; 402]. At the same time research and understanding on the individual con-
stituting phases have also been increasing both quantitatively and qualitatively, e.g.,
[303]. Among those published researches, several studies discuss the constituents
that are known to contribute and influence the load carrying capacity [130; 220; 249;
311; 317]. The potential of tailoring the microstructure by means of metallurgical
manipulation for particular usage is enormous [330; 354]. This is in parallel with the
dynamic findings on the variation of microstructure stability and instability related
to the facts that the austenite can change to other phases under specific conditions
[198]. Although scarcely, research on the microscopic modeling of the stainless steel
is also available [235]. This short note also aims to contribute to the advance of steel
research by deepening the understanding of the characteristics of austenite by com-
bining the mechanics and metallurgical point of views. Emphasis is put upon the
load carrying capacity. Therefore, stiffness is chosen for the example in this averag-
ing process. Although the computational modeling is based on 3xx stainless steel,
the method should be applicable for other materials too.
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Figure 17.1 Constituting phases that are used for the basic of the model creation, partially
from [286]. Note that the main matrix of austenite is intentionally not displayed on the 3D
model due to visualization purpose.

17.2  Concept of Averaging

17.2.1 Rule of Mixture (ROM)

ROM is mathematical expressions which give some homogeneous property of the
heterogeneous materials in terms of the properties, quantity and arrangement of its
constituents. It is nothing but an operational tool that uses weighted volume average
of the component properties in isolation to obtain the magnitude of the property for
the heterogeneous materials. The simple mathematical expression is:

n — 71 . - . . .
= T ;(m (V) (7.1)
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Figure 17.5 Stress distribution after unit strain application.
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Chapter

Critical View
on A

Standard
Usage

S the failures of orthopaedic devices due to stress corrosion cracking (SCC)
have become more frequent nowadays, research on this area also has be-
come popular. Many published articles show the basic characterizations
- and evaluations of the SCC performed based on ASTM standards by using
the C-ring sample. This paper discusses stress redistribution during SCC testing. The
results show that the stress versus displacement equation presented in the standard is
erroneous as the specimen begins to crack. It is only true for a non-cracked speci-
men. As the crack propagates, the sharpness of the crack tip minimizes the validity
of the equation, even when the thickness reduction is taken into account. Hence, the
chapter here is presented as an easy method of integrating the mechanics concept
into corrosion standard that has been used incorrectly. It is extracted from author’s
publication [278].
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Chapter

Stress
Intensity
Factor in
Coating Life
Prediction

. lysts to be aware of the opportunity provided by an alternative approach.
The authors use energy density mechanics concepts to develop a new parameter in
coating blistering. A mixed mode stress intensity factor is used as a basis for the
derivation. This new parameter will be useful for researchers and practitioners work-
ing with coating life assessment. It is proposed that the assessor combines field-
determined adhesion strength values and blister evaluation, together with laboratory-
derived strain energy density data, to quantitatively predict remaining coating life.
This approach also provides a tool in failure analysis. This chapter is extracted from
one of my publications [288] .
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Chapter

Ferrite
Fraction

a = his chapter shows an example paper on the influence of a ferrite areal frac-

@; tion within a martensite matrix on fatigue crack propagation is studied
\ experimentally, part of my project compiled by one of my PhD students
5 [167]. The variation of the areal fraction is achieved by means of intercrit-
1cal thermal treatment, which specifically aims at optimizing the resistance to fatigue
loading. Within the intercritical annealing temperature range, the areal fraction of
ferrite increases with decreasing soaking temperature. Furthermore, the experiment
also reveals that the highest fatigue strength was achieved when the ferrite areal frac-
tion was approximately 65%, which in this particular test, corresponds to 748°C. It is
concluded that appropriate thermal treatment can contribute to a significant improve-
ment of fatigue properties and strength, which was also verified by computational
modeling.

20.1 Introduction

Recent developments in the research of dual-phase materials has shown both the im-
portance of multi-phase materials and the progress that has been achieved [3; 7; 32;
144; 150; 163; 185; 192; 205; 223; 227; 260; 272; 280; 349; 357]. While conven-
tional steel always makes it impossible to obtain at the same time both good ductil-
ity and high strength, many engineering applications, especially in modern applica-
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tions such as automobile industries, require economical high strength steel with good
formability. Therefore, it would be ideal if multi-phase steels mostly containing fer-
rite and martensite phases could be obtained by a relatively simple thermal treatment
process. This dream has inspired many researchers to put their effort and energy into
this subject.

In general the paths to understanding the characteristics of multi-phase steels are
multiple, e.g., microstructure, thermal treatment technique, chemical metallurgy, dis-
location, etc. Below is a simple classifications of some recent papers:

e Through observation of chemical metallurgy: Researchers in this category
study the effect of carbon content and an alloying element on fatigue strength.
They typically find that the fatigue strength of dual-phase steels is significantly
higher than that of as-received materials, due to the difference in its local chem-
ical metallurgy [280; 357].

e Through observation of dislocation: In this category researchers investigate the
relationship between mechanical properties and dislocation substructures. A
significant improvement of the mechanical properties of dual-phase steel can
be explained by the alteration in its dislocation density [3].

o Through thermal treatment: Researchers in this category usually focus on the
method of achieving the optimum mechanical properties they intent to obtain.
These steels can be produced by annealing plain and low-alloy steels in the
(a—"y) region and cooling it below the martensite start temperature at a suitable
rate [185; 272]. Several researchers claim to have obtained optimum results by
intermediate quenching [32]. Others have obtained this by other thermal treat-
ments, such as intercritical annealing [7; 150; 227; 289; 349]. The methods
also vary from base metals to welding [144]. They are all convinced that bet-
ter mechanical properties correspond to a more homogeneous and dense dis-
tribution of the fine martensite islands in the ferrite matrix obtained by thermal
treatment [144]. They also agree that both the soft and ductile ferrite matrix
and strong and tough martensite particles play an important role in determin-
ing the dual-phase properties, especially the continuous yielding behaviour of
the steel [32; 144].

e Through microstructure research with a focus on morphology: The main
finding in this category is that the volume fraction of proeutectoid ferrite and
martensite can be controlled to influence the strength and ductility [223; 260].
Also, that the yield strength and the ultimate tensile strength increase with
higher intercritical temperatures and cooling rates [163; 205]. They also report
microstructural effects on the fatigue crack growth behavior of a micro-alloyed
steel and these results allow correlating the tensile properties and crack growth
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Chapter 20. Ferrite Fraction

Figure 20.4 Summary of the computational models and their results [272; 289; 290].

20.4 Result and Discussion

20.4.1 Fatigue crack propagation test results

The rate of fatigue crack growth (FCG) was determined from the crack size versus
the elapsed cycles data (a versus V) as shown in Figure 20.5. As can be seen in this
graph, the crack grows gradually, initially at a slow rate and accelerates as the crack
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Figure 20.8 Representative fractographs, on which the striations were evaluated.

bands. Most of microcracks form slip bands adjacent to martensite-ferrite interfaces
due to the side influence of the decreasing of ferrite fraction. Figure 20.8 (a) shows
the striation due to fatigue. Figure 20.8 (b) shows microvoid coalescence (MVC)
fracture, which is the mechanism of ductile transgranular fracture. Figure 20.8 (c)
and (d) illustrates the ductile-to-brittle transition temperature in ferritic steels, and
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Chapter

Wire Rope
Failure
Modeling

> HIS chapter presents an example on how to help designers and materials
scientists to comprehend the mechanics of wire ropes under tension load-
&y ing. It consists of simplified theory as well as computational, mechanical

5 and metallurgical characterizations. The simple approach used enables
one to comprehend the basic concept of wire rope and to utilize it in research, design
and in field failure analysis. It is extracted from my published article [282].

21.1 Concept of Wire Rope

In general, wire rope is a heavy, tensile, strong, weather resistant hoisting cable made
from many small metal filaments wrapped and braided together. Most often wire
rope incorporates steel strands arranged in a collection around a central core. This
design allows the entire wire to hold a lot of weight and still stay flexible. Performing
failure analysis on the wire rope is completely different with that on other structures.
The law of metallurgy, microscopically might be the same, but overall is different.
The fracture mechanics law for wire rope is also different with the rest of the parts,
which usually is continuum. Wire rope is used mainly due to its low bending moment
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Chapter 21. Wire Rope Failure Modeling

Further, it was found that the wire ropes failure modes involved shearing in addition
to regular necking.

Figure 21.6 Failure modes of the wires failed both individually or as parts of wire rope.
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Chapter

Vectors and
Tensors

vector is a quantity having both magnitude and a direction in space, such
as displacement, velocity, force and acceleration. In general it is a mathe-
matical structure formed by a collection of elements, which may be added
- together and multiplied scalars. A tensor is quantity that describes lin-
ear relations between vectors, scalars, and other tensors. Examples of such relations
include the dot product and the cross product. Vectors and scalars themselves are
also tensors. A tensor can be represented as a multi-dimensional array of numerical
values. This chapter is extracted from various reading materials [34; 50; 338; 388]

A-1 Vector Algebra

A unit vector is a vector having magnitude of unity. If a is not a null vector then
ﬁ is a unit vector having the same direction as a. The basic vector algebra includes
operations defined for real numbers, with suitable definitions, capable of extension
to an algebra of vectors. The following definitions are fundamental basic algebraic
rules of vectors:

e Two vectors are equal if they have the same magnitude and direction regardless of
the position of their initial point.
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A vector having direction opposite to a vector a but having the same magnitude
-a is opposite of a .

The resultant is the sum vectors a and b is a vector ¢ formed by placing the initial
point of b on the end point of a and then joining the initial point of a to the end
point of b .

The difference between two vectors, a and b, represented by a-b is the sum a+(-b)

The product of a vector a with a scalar n is a vector m a with magnitude n times the
magnitude of a, with direction the same as or opposite to that of a, depending
on wether m is positive or negative.

It also follows the basic algebraic laws, such as Commutative law for addition, As-
sociate law for addition Associate law for multiplication, Distributive law, Commu-
tative law for multiplication with scalar.

A-1.1 Scalar/Dot Product

The scalar product between two vectors, a and b is defined as:
a-b=a|lblcosb (A-1)

where 0 is the angle between a and b . The projection of a vectora on b is equal to a
- €, , Where ey, is the unit vector of b

A-1.2 Cross Product

The scalar product between two vectors, a and b is defined as:
axb=/a||blsind u (A-2)

where 0 is the angle between a and b . u is a unit vector in the direction perpendicular
to the plane of a and b to follow a right-handed system rule. For cross product, the
following rules apply:

e ax b=a xb,aCross product is not commutative.

(a+b) xc=ax c+b) x cDistributive law.

ax(b)+c=ax b+a) x cDistributive law.

m@xb)=(ma)xb=ax (mb), misa scalar.
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Chapter 22. Vectors and Tensors

where x = (x1, 2, x3). For each of the vector field a;=T - e,

V.-T= Z(V-ai)ei

i

Curl
The Curl of a tensor field T is defined as

Curl(T) =V x T

mn

For each of the vector field a;=T - ¢;

VxT=> (Vxaje,
J

A-2.6 Integral Theorems

Gauss Theorem
Gauss theorem says

/V(zi: dia;)dV = }li(zz: a;n;)dS Vector
/V(; 0;Ty)dV = ﬁ(;Timi)dS Tensor

Stokes Theorem
Stokes theorem for tensor is

/ O eijpdian)nidS = 7{

(Z a;)dx; Vector

ik c
/( E Eijkakal)n,;dS = %( E Tﬂ)dll?7 Tensor
v c =
ijk %
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Chapter

Weight
Function

a = HIS weight function is the one that the author originally developed back
@ @ in 1999. The method is simple and can be applied to any shape of sample
R \\ ' v with any type of stress. The author originally developed it for converting
’ 5 the residual stress to residual stress intensity factor as part of his work
within his PhD thesis.

B-1 Weight Function in LEFM

In here, the application of the weight function in fracture mechanics is briefly de-
scribed. Further discussion is availabe elsewhere [274]. Bueckner and Rice [109;
110; 152; 274; 300] introduced the concept of the weight function (WF), which en-
able one to calculate the stress intensity factor (SIF) for certain loading system by
using a reference SIF for different loading system. A WF exists for any crack prob-
lem specified by the geometry of the component and a crack type. If this function
is known, the SIF can be obtained by simply multiplying this function by the stress
distribution and integrating it along the crack length. Basic Relations: A crack of
length a in a body may be loaded by tractions T acting normal to a curve I, see Fig-
ure B-1. The tractions are responsible for a stress field at the crack tip, which can be
characterized by a SIF KT, where the superscript OTO refers to the loading system.

311



Yoa are welcomed 2o cite and wse materials from CAs
book. For my other publications, £ind out at:

http://scholar.google.com/citationsPuser=sGhH2U4AAAAJ&hl

http://scopus.com/authid/detail.url?authorld=23095465700

Saﬂgesz‘ your //érary to obtain the mdaderial a//reci/y

f’rom"

http:/ /www.lulu.com/shop/search.eprtype=&keyWords=978130
0712350&x=9&y="7&sitesearch=lulu.com&q=



Chapter 2 4

Working
with
Commercial
Codes

HIS chapter, part of appendix, presents the actual example on how to write
) \ the input file related to mechanics application in materials science. The

Wy readers are expected to know the basic usage of any simple analytical tools
s such as Mathematica” ™, MatLab, and any FEA program, such as Abaqus,
Ansys, or Marc. In here Mathematica and Abaqus are used since most universities
and research institutions have licenses of those two. The sources for this chapter are

personal data and several public domain data [155; 199].

C-1 Mathematica

It is a computational software program used for analytical developed by Stephen
Wolfram with his company Wolfram Research of Champaign, Illinois. It has sev-
eral nice features that readers can utilize in their research. From simple elementary
mathematical function library, matrix and data manipulation tools, 2D and 3D data
and function visualization capability, until solvers for systems of equations, includ-
ing PDEs. Here, source codes for the model used in Chapter 16 and Chapter 21 are
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Figure C-1 Source codes for diffusion model discussed in Chapter 16.

shown.

e Implementation of the diffusion using Mathematica. Figure C-1 shows the codes
implemented with Mathematica. If this is implemented, the result would be
that of Figure C-2, where the variable can be adjusted. This simple codes
enables us to simulate the variable in the model in a simple manner. Recall
that this models the situation describes in Figure C-3 discussed in Chapter 16.

e Implementation of the wire rope model using Mathematica. When the codes
shown in Figure C-4 is implemented in Mathematica, the result would be that
of Figure C-5, where the rope can be adjusted. This simple codes enables us
to identify the friction in the model.

Above are two simple models that the readers can use to learn the analytical approach.
Currently, there are at least three simple softwares available that are very easy to use,
Matlab, Mathematica, Maple, etc.
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Figure C-2 Simple implementation of the diffusion model using Mathematica.

C-2 Abaqus

Nowadays, Abaqus became a software suite for finite element analysis and computer
aided engineering, much different with what originally released back in 1978. Since
the author is more familiar with the input file method than with the CAE method,
here the example shown is based on input file. Younger generation typically prefer
the CAE method and that is fine too. CAE method sure is more ’fancy’. In this par-
ticular example, since the model is to be used with materials science, the object is
a three point bending on material with variation of microstructure, shown in Figure
C-6. This example illustrates the modeling of crack length versus time to simulate
crack propagation. and the use of crack opening displacement as a crack propagation
criterion. For stable crack growth in ductile materials, experimental evidence indi-
cates that the value of the crack opening displacement (COD) at a specified distance
behind the crack tip associated with ongoing crack extension is usually a constant.
Abaqus provides the critical crack opening displacement, at a specified distance be-
hind the crack tip, as a crack propagation criterion. The other crack propagation
model used in this example prescribed crack length versus time is usually used to
verify the results obtained from experiments. Abaqus also provides the critical stress
criterion for crack propagation in brittle materials.

In this example an edge crack in a three-point bend specimen is allowed to grow
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Figure C-3 The diffusion modeled using Mathematica.

based on the crack opening displacement criterion. Crack propagation is first mod-
eled by giving the crack length as a function of time. The data for the crack length
are taken from Kunecke, Klingbeil, and Schicker. The data for the crack propaga-
tion analysis using the COD criterion are taken from the first analysis. This example
demonstrates how the COD criterion can be used in stable crack growth analysis.

Problem: An edge crack in a three-point bend specimen in plane strain, subjected
to Mode I loading, is considered. The crack length to specimen width ratio is 0.2.
The length of the specimen is 55 mm, and its width is 10 mm. The specimen is
subjected to bending loads such that initially a well-contained plastic zone develops
for the stationary crack. Subsequently, the crack is allowed to grow.

The analysis is carried out in two stages. The first stage consists of pushing the
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Chapter 24. Working with Commercial Codes

1.855e+11, 0.3125

*Plastic, hardening=JOHNSON COOK
5.8e+08, 8.25e+08, 0.641, 0.076, 1540., 20.
*Rate Dependent, type=JOHNSON COOK
*Material, name=hammer

*Density 1e+38,

*Elastic le+12, 0.3

*Surface Interaction, name=IntProp-1
*Friction

0.,

*Surface Behavior, no separation, pressure-overclosure=sHARD
kk

** BOUNDARY CONDITIONS

kok

** Name: fixing sample Type: Displacement/Rotation
*Boundary

PickedSet31, 2, 2

** STEP: impacting

* Step, name=impacting

impacting

*Dynamic, Explicit

, L.

*Bulk Viscosity

0.06, 1.2

*Boundary, amplitude=smooth pushing, type=VELOCITY
PickedSet32, 2, 2, 5.

** Interaction: touching

*Contact Pair, interaction=IntProp- 1, mechanical constraint=PENALTY, cpset=touching
PickedSurf21, PickedSurf37

*Restart, write, number interval=1, time marks=NO
*QOutput, field, variable=PRESELECT

*End Step
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Figure C-9 Element knock down being employed in Abaqus.

After running this, safe the result and subsequently run the local model using the
B.C from the Global model result. After running the global model, safe the odb file
and run the following as local model. The software will give you a chance to input
the name of the odb global file that you want to extract

*Heading
e ** Job name: 15pct local Model name: 15pct
*Preprint, echo=NO, model=NO, history=NO, contact=NO

o ki
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** PARTS

kek

*Part, name=PART-1

*Node

*Submodel, type=NODE, exteriorTolerance=0.05
LEFT,

BOTTOM,

RIGHT,

TOP,

*End Assembly

*Amplitude, name=Amp-1, definition=EQUALLY SPACED, fixed interval=1.
0.5, 1.

ek

** MATERIALS

skek

*Material, name=ferrite

*Density

7800.,

*Elastic

1.25e+11, 0.3125

*Plastic, hardening=JOHNSON COOK
3.6e+08, 5.45e+08, 0.701, 0.091, 1540., 20.
*Rate Dependent, type=JOHNSON COOK
0.01,1.

in here for element elimination: for constituent 1
*shear failure, type=JOHNSON COOK,
*ELEMENT DELETION=YES
*0.7,2,-1.58,0.0002,0.61

*0.08, 2.1, 0.5, 0.0002, 0.61

*tensile failure

2e8,

**gection control, NAME=Section-1-M1, ELEMENT
DELETION=YES

Sk st ste sfe sk sk sk skt sk sk sk sosieosie sk sk sie skeosie st seoskoske skoskoste sk sk sk skt skoskokoskoskokokosk
*Material, name=martensite

*Density

8100.,

*Elastic
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2e+11,0.3125

*Plastic, hardening=JOHNSON COOK
6.8e+08, 9.13e+08, 0.463, 0.015, 1540., 20.
*Rate Dependent, type=JOHNSON COOK
0.01,1.

in here for element elimination: for constituent 2
**shear failure, type=JOHNSON COOK,
**ELEMENT DELETION=YES
*0.7,2,-1.58,0.0002,0.61

*0.08, 2.1, 0.5, 0.0002, 0.61

*section control, NAME=Section-2-M2, ELEMENT DELETION=YES

s s sfe sfe she sfe sfe sk sk sk sk sk sk sk sk sk sk sk sk sk sie sk sie ste st st ste st sfe st sfe sfe sfe s sfeosfeoskeskoskeoskoskoskok

ek

** BOUNDARY CONDITIONS

in here I used Abaqus Explicit
** STEP: Step-1

skek

*Step, name=Step-1

*Dynamic, Explicit

, 1.

*Bulk Viscosity

0.06, 1.2

kok

** BOUNDARY CONDITIONS
*Qutput, history, variable=PRESELECT
*End Step
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Chapter

Answers to
Practice
Problems

> HIS chapter, part of appendix, consists of solutions to practice problems
presented in the basic theory parts. To make the number of pages of
the book to be minimal, only small number of questions and answers are
: 5 presented. However, readers are encourage to find more questions them-
selves. Solving problems might not needed for some, but generally it helps us under-
stand the concept easier.

D-1 Solution to Practice Problem for Chapter 2

To solve this problem, we need to develop the vector rop. Subsequently, for each
component the equilibrium condition can be applied both for the force and the mo-
ment.

res = 0.9( +j + 2k)
(D-1)

Vv4.86
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unit vector = (i+]j+2k)
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Chapter 25. Answers to Practice Problems

where the notation a,,, means the cos ¢,,. To obtain direction cosines (a;;) shown

Figure D-1 (Redrawn of Figure 3.7) Three dimensional oordinate system transformation.

The stress components acting on two different sets of coordinate systems; (a) original
system, (b) system after rotation.

in Figure 3.7, we need each axis. Vectors K, M can be used to find them.

u; = (111 + 2uy + 3113)

2l
o~

(D-13)
1
uy = —(u; +uz —us)

&

the third axis can be obtained by cross product of the first axis and the second axis.

1
u3 = ——(—5u; +4uy —u D-14
3 \/ZE( 1 2 — U3) ( )
Our transformed stress matrix is:
_1 _2 _3 _1 _2 _3
1 v I IS I B S v B Gt
54 _ 1 ||-5 0 -1 5 4 _ 1
V42 /42 V42 V42 /42 V42
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The answer is therefore,

ol1 oly Ols -1.29 138 198
ohy ohy ohy| =1 139  6.67 —2.76
ohy ohy ol 198 276 —5.38

D-3  Solution to Practice Problem for Chapter 4

The Laplace equation given has the complete form of

Pu o
ox?  0x3  0x%

for the two dimensional problems it reduce to
Pu 0%*u 0
52T 539~
Ox{  O0x5
for simplicity we write as

Ugy + Uyy =0

(D-16)

(D-17)

(D-18)

(D-19)

To solve this, we assume u(z,y) = X (2)Y (y). Therefore, the above equation be-

comes:
Ugy + Uyy =0
XY +XY"=0

X// Y//
-+ ==0
Xy
X// Y//
XY
X y ¥

Hence, we have two differential equation

X"~ X =0
Y’ +puY =0
Recall the B.Cs.
u(0,y) = X(0)Y(y) = f(x)
uw(L,y)=X(L)Y(y) =0 — X(L)=0
u(z,0) =X(x)Y(y) =0 —Y(0)=0
u(lz, M) =Xx)Y(y) =0 —-Y(M)=0

(D-20)

(D-21)

(D-22)



Illustrations

1.1

2.1

2.2

23
24
25
3.1

3.2

3.3
34
35

3.6
3.7

6.1
6.2
6.3
6.4
6.5
6.6
6.7

Graphical depiction of the solid mechanics and the limitation of
the coverage area of thisbook . . . . . .. ... ... .. .....
Graphical description of parallelogram concept applied in two forces
Pand Q. . ... .. . . .. e
Application of parallelogram on concurrent vectors working on
the same particle. . . . . . . ... ... Lo
A force in space and its resolutions. . . . .. ... ..o L.
Concept of unit vector in three dimensional depiction. . . . . ..
A circular door with the weightof 275 N. . . . . .. ... .. ..
Normal stress and internal stress in a body as a result of normal
force. . .. ...
Stress equilibrium in a rigid body undergoing loading. (a) surface
(b)ypoint. . . . ..
Common notation used in describing shear stress. (a) o, (b) 7.
3D stress state expressed in cartesian coordinate system. . . . . .
Two dimensional coordinate system transformation. The stress
components acting on two different sets of coordinate systems; (a)
original system, (b) system rotated by 6. . . . . . ... ... ...
Oblique plane ABC.. . . . . . . . . ... ... oL
Three dimensional oordinate system transformation. The stress
components acting on two different sets of coordinate systems; (a)
original system, (b) system after rotation. . . . .. ... ... ..
A body undergoing motion and subjected to a force P at point A.
A body undergoing visual motion due to force P. . . . . . .. ..
A body undergoing visual motion due to virtual force ¢ P.

A body undergoing virtual movement. . . . . . .. ... .. ...
A body undergoing virtual loading. . . . . . ... ... ... ...
A body undergoing multiple loadings. . . . . ... ... ... ..
A beam deflected due to the loading. . . . . ... ... ......

346

14
15
16
18

21

22
23
23

25
27

30
57
59
60
61
61
64
67



Y. Prawoto: Integration of Mechanics into Materials Science

7.1
7.2
7.3
7.4
8.1
8.2
9.1
9.2
10.1

10.2

10.3
10.4
10.5
10.6
10.7
10.8
10.9
11.1

11.2
11.3
11.4
11.5

11.6

11.7
11.8

11.9

Model of elastic, viscous and viscoelastic materials. . . . . . . .
Creep compliance using Maxwell and Voigt models. . . . . . ..
Relaxation modulus using Maxwell and Voigt models. . . . . ..
Hereditary integral. . . . . . ... ... ... ... ... ...
mplane. . . .. L.
Yieldlocus. . . . . .. .. ..
Typical characteristic of stress vs. strain obtained by tensile test.
Typical impact test using notched sample. . . . . . .. ... ...
One of the world largest iron meteorites, weight of more than 15
TONS. . . . e
One of the early types of Bessemer process for mass producing
steel patented by Sir Henry Bessemer in 1855. . . . .. ... ..
Iron-carbon phase diagram. . . . ... ... ... ... ...
Approximate graphical TTT diagram of steel. . . . . . ... ...
Typical appearance of ferrite structures. . . . . . ... ... ...
Typical appearance of martensite structures. . . . . . ... ...
Typical appearance of austenite structures. . . . . . ... .. ..
Typical appearance of pearlite structures. . . . . . ... ... ..
Typical appearance of bainite structures. . . . . . ... .. ...
Simple equation cannot be implemented in a complicated struc-
ture, but it can be implemented in individual elements. . . . . . .
Simple spring and force system. . . . . . ... .. ... ... ..
Column with a force atthe center. . . . . . ... ... ......
Limitation of the area of discussion, as well as model creation. . .
Major constituting phases in typical austenite grain that contributes
to the load carrying capacity [220; 249; 311; 317].. . . . . . . ..
Procedure of the modeling. The local model is based on stainless
steel with approximate grain size 6-7 ASTM GS. The square is
S0pumx S0pm. . . . ..o
Main results of the globalmodel. . . . . . . ... ... ... ...
Stress distribution of the model at low stress; shown is the von
Mises stress distribution. The local model simulates the condition
50pm in front of the crack tip, 50pm below it, and 50pm above it.
The calculation results of global model, which are the boundary
condition for local models. Shown here are vertical displacement
(top) and velocity (bottom) for sample in front of the crack tip. . .

347

69
72
73
74
89
91
94
103

113

114
115
117
120
121
122
124
127

133

136

138

142

146

148
150

151

152



Hllustrations

11.10Prediction of the crack path based on the amount of the damage

(red dotted line), w. In any cases, the preferred cracking path de-

pends on the configuration of the constituting phases and the shapes.

11.11Experimental data that show the microstructural changes as well

12.1

13.1

13.2

13.3

13.4
14.1

14.2

14.3

14.4

14.5
14.6

14.7

14.8
14.9

as the crack nucleation and propagation. The dependency on the
constituent and the shape is obvious [2;85]. . . . . ... ... ..
(a) A frame of multi-scaling in materials using the homogenization
theory. (b) Local deviation in the field variable to be embedded
into the rationally smoothed distribution [6]. . . . . . . .. .. ..
Stress components in polar coordinates. . . . . . . ... ... ..
Circular hole on an unlimitedly large plate under remote tensile
SLIESS. + v v v i e e e e e e
Elliptical cracks of Kolosov-Inglis. . . . . ... ... ... ....
Coordinate with the origin at the crack tip. . . . . ... ... ...
Graphical description of the relation between the Poisson’s ratio
and the value of [((11_+2”V))
Graphical description of the relation between the Poisson’s ratio
and the valueof Kand G. . . . ... .. ... ... .......
Definition of the Elastic moduli and Poisson’s ratio in isotropic
and orthotropic materials [127]. . . . . .. ... ... ... ...

] for conventional structural materials.

Examples of several auxetic strucutres extracted from several pub-
lications [122; 138; 139; 141;203;219]. . . ... ... ... ..
The basic mechanism of man-made auxetic materials. . . . . ..
The basic hexagonal unit cell used to describe some re-entrant ge-
ometry [129;234]. . . . . . ..
The basic unit cell for re-entrant geometry analyzed by Lira et.al
[217]. .« o
The basic mechanism of polymer auxetic materials [14; 105; 218].

Example of polyurethane foams (left: conventional and right: aux-
etic) [141].. . . . . . . .

14.10Basic model of the unit cell for chiral structure analysis used by

Prall and Lakes [271]. . . . . . . . . . . . . . . . .. .

14.11(a) The structures of NAT, EDI and THO in the (0 O 1) plane

(shown here are the conformation with the rigid tetrahedral) and
the off-axis plots for (b) Poisson’s ratios, (c) Young’s moduli and
(d) shear moduli in the (0 0 1) plane for NAT frameworks of dif-
ferent rigidity [143].. . . . . . . . ... L oL

153

155

157

165

167

168

169

176

177

177

179
180

181

182
183



Y. Prawoto: Integration of Mechanics into Materials Science

14.12Example of star-shaped auxetic structure. Stretching of these sys-
tems result in an increase in the angle 6 between the triangles
which results in a more open structure. Note that if these sys-
tems are viewed from the perspective of the empty spaces (un-
shaded) between the triangles (shaded), then these systems can be
described either in terms of their star shaped perforations, or tri-
angular shaped perforations in the special case when the angles

between the triangles is 60° (the middle structure) [142]. . . . . . 187
14.13 A more general connected triangles system constructed out of isosce-
les triangles rather than equilateral triangles. [142]. . . . . . . .. 188

14.14auxetons made of three-contact building blocks used by Blumen-

feld. Each auxeton can expand and rotate when forces are applied

toitsends [43]. . . . . ... 189
14.15A section of a disordered auxetic structure, made of joining aux-

etons at their contacts. The contacts are joined by straight lines

(blue dashed) into a triangle. [43]. . . . . .. .. ... ... ... 189
14.16The basic free body diagram (FBD) assumption for regular tetrakaidec-

ahedron (left) and re-entrant unit cell (right) proposed by Choi [75]. 192
14.17The basic mechanism deformation behaviors near the hardness in-

dentor tips [103; 104].. . . . . . . . . ... 194
14.18Crack propagation observed by Maiti. (a) is through the bending

failure on the non-vertical cell elements, and (b) is through the

tensile fracture of the vertical cell elements [225]. . . . . .. . .. 195
14.19Unit cell used by Scarpa. left: based for analytical approach, right:

brick element to model the computation [309]. . . . . . . ... .. 196
14.20Comparison between FE and analytical non-dimensional collapse

stressused by Scarpa [309]. . . . . . ... ... 197
14.21Micrograph of the auxetic UHMWPE (ultra high molecular weight

polyethylene) developed by by Alderson and Evans [15]. . . . . . 200
15.1 Basic usage of fracture mechanics concept [272]. . . . . . .. .. 206
15.2 Theoretical crack tip. . . . . . . .. ... ... ... ... ... 207
15.3 Deformation of the ligament [271]. . . . ... ... ... .... 208

15.4 Chiral unit cell used for computational purpose. The brown area

could also be used as a unit cell. In this research, larger unit cell

is chosen to accommodate plastic zone calculation easier. . . . . . 210
15.5 Part of the unit cell shown in various numbers of elements. The

total number of elements represent the total number of the element

in the entire unitcell. . . . . ... ... ... ... ... ... 211



15.6

15.7

15.8

15.9
16.1

16.2

16.3
16.4

17.1

17.2
17.3
17.4
17.5
18.1
18.2
18.3
18.4
18.5
18.6
18.7

18.8

Hllustrations

Implementation of the homogenization theory on the chiral struc-
ture using commercial software Abaqus. . . . . . .. ... .. ..
von Mises stress distribution near the crack tip of the global mod-
els. The plastic zone here is defined as the locations where the von
Mises stresses exceed the yield strength. . . . . . ... ... ...
Evolution of the von Mises stress distribution near the crack tip of
the local models. The plastic zone here is defined as the locations
where the von Mises stresses exceed the yield strength. Red arrows
in (A) and (B) are added to help the readers identifying the location
of plasticzones. . . . . . . . ... ... L
Values of Q implemented in Mathematica™ . . . . . . . . ...
Basic usage of fracture mechanics and diffusion concepts in blister
development [281;288]. . . . . . ... ..o
Numerical solution to cylindrical equation for our modified diffu-
sion law. Constants are made adjustable with Mathematica™™
to accommodate the variation of environments and types of sur-
face engineering methods [276]. . . . . . . .. ... ... ..
Basic modified diffusion modeling. . . . . . . .. ... ... ...
Computational results assuming C; and C'y = 0 (conventional dif-
fusion) and modified diffusion equation ( C; and Cs # 0).
Constituting phases that are used for the basic of the model cre-
ation, partially from [286]. Note that the main matrix of austenite
is intentionally not displayed on the 3D model due to visualization
PUIPOSE. « o v v v vt e e e e e e e e e e e e e
Nine constituting phases are merged into é of aunitcell. . .. ..
Displacement U;; distribution after simple tension and simple shear.
Stress distribution after simple tension and simple shear. . . . . .
Stress distribution after unit strain application. . . . . . . . . . ..
Cring specimen used in experiment. . . . . . . ... ... .. ..
Stress redistribution caused by crack propagation. . . . . . . . ..
Global and local models used in this research. . . . . . .. .. ..
Relation between the pH and crack length. . . . . . ... ... ..
Relation between immersion time and crack length. . . . . . . ..
SEM evaluation of development of cracks. . . . . . .. .. .. ..
Global model analysis results. Shown are the boundary conditions
and Von Mises stress distribution. . . . . . ... ... ... ...
Local model analysis results. Shown here are Von Mises stress
distribution. . . . ... ..o

212

213

215
216

219

224
225

226

230
238
239
240
241
248
250
252
253
254
255

256

257



Y. Prawoto: Integration of Mechanics into Materials Science

18.9

Relation between crack length and average stress around the crack

18.10Crack propagation rate as a function of crack length at a particular

environment. . . . . . . .. ... e e e 259

18.11Normalized crack propagation rate before and after the stress re-

19.1

19.2

19.3

20.1

20.2
20.3

20.4
20.5
20.6
20.7

20.8

distribution is taken intoaccount. . . . . . ... ... ... .. .. 260
Optical micrographs illustrating the phenomenon of osmotic blis-
tering in enamel. (A,B) Optical microscopy photographs illustrat-
ing the phenomenon of osmotic blistering in enamel bonded with
one-step self-etch adhesives such as (A) Adper Prompt and (B)
iBond. Water blisters (pointers) are present between the adhesive
and enamel (E) after the bonded specimen was immersed in wa-
ter for 30 min. No water blisters can be observed in the bonded
dentin (D). (C,D) A series of photographs taken from specimens
bonded with One-Up Bond F, showing the effect of reversal of
the osmotic gradient on existing water blisters. (C) Water blisters
that were formed in enamel (pointer) but not dentin after immer-
sion in distilled water for 30 min. (D) The same specimen after
re-immersion in the CaCl2 solution for 10 min. Collapse of the
blisters occurred due to the withdrawal of water from the blisters

into the external salt solution [115]. . . . . ... ... ... ... 264
Polynomial fitting can be done based upon the experimental ob-

SErVation. . . . . . ... 267
Coating life assessment using the parameter of strain energy den-

sity factor. . . . . .. L. 269
Test specimen for fatigue crack propagation. . . . . ... ... .. 273
Microstructure of as-received materials, low carbon steel. . . . . . 275

Optical micrograph of dual phase material consisting of polygonal
ferrite (white region) and martensite (dark region) (a) MPM-748,
(b) MPM-768, (c) MPM-789, (d) MPM-809, (¢) MPM-830 and

(f) MPM-1000. . . . . . ... 276
Summary of the computational models and their results [272; 289;

200]. . . . 278
Crack size versus elapsed cycles data (a versus N). . . . . . ... 279
Fatigue crack growth behavior of MPM samples. . . ... .. .. 280
Variation of threshold stress intensity factor with areal percentage

offerrite. . . . . . ... 282

Representative fractographs, on which the striations were evaluated. 283

351



20.9
21.1
21.2
213
214
215
21.6

D-2

D-3

Hllustrations

Fatigue striation spacing constant, ¢ versus ferrite fraction.

Bending moment of solid rod and wire rope that have the same areas.

Wire rope being stretched resulting in the friction among its wires.
Wire rope computation using submodelling technique. . . . . . .
Cross section of the wirerope. . . . . . . ... ... ... ....
Tensile test of wire rope and their un-wound wires. . . . . . . ..
Failure modes of the wires failed both individually or as parts of
WITE TOPE. . « . v v v v e e e e e e e e e e e e e e
Crack loaded by body tractions . . . . . . ... .. ... .....
Stress along a virtual crack . . . . ... ... oo
Source codes for diffusion model discussed in Chapter 16.

Simple implementation of the diffusion model using Mathematica.
The diffusion modeled using Mathematica. . . . . . . ... .. ..
Source codes for wire rope model discussed in Chapter 21. . . . .
Simple implementation of the wire rope model using Mathematica.
Model of three point bending. . . . . . . . ... ... ... ...
Plastic zone and Von Mises distributions. . . . . ... ... ...
Sub-modeling being employed in Abaqus. . . . . . ... ... ..
Element knock down being employed in Abaqus. . . . . . .. ..
(Redrawn of Figure 3.7) Three dimensional oordinate system trans-
formation. The stress components acting on two different sets of
coordinate systems; (a) original system, (b) system after rotation. .
Simple algorithm to model 1D perfect plasticity (taken from Prof.
Louie L. Yaw from Walla Walla University website .. . . . . . . .
Simple algorithm to model 1D general isotropic plasticity (taken
from Prof. Louie L. Yaw from Walla Walla University website . . .

352

284
289
292
293
294
295

296
312
313
315
316
317
318
319
319
321
325
327

334

341

343



Tables

9.1
9.2

9.3

94

11.1
14.1

15.1
17.1
17.2
18.1
18.2
20.1
20.2
20.3

20.4

20.5
211

Approximate Hardness Conversion. . . . . . . ... ... ....
Approximate Young’s modulus and Poisson’s ratios for commonly
known engineering materials. . . . . . . ... ... 0oL
(Continued) Approximate Young’s modulus and Poisson’s ratios
for commonly known engineering materials . . . . ... ... ..
Approximate fracture toughness for commonly known engineer-
ingmaterials. . . . ... ... L
Main mechanical characteristics of austenite constituents. . . . . .
Summary of the applications of the auxetic materials (in alphabet-
ical order) [9-11;26;31; 117;250]. . . ... . ... ... ....
Analytical and computational results of the plastic zone size in
frontofacracktip. . . ... ... . ... oL
Main elastic properties of austenite constituents. . . . . . . . . ..
Volumetric percentage of austenite constituents. . . . . . . . . ..
Nominal composition of Type 304 and 316L stainless steels (in
wt.%) measuredby GDS. . . . . .. ... oL
Main mechanical characteristics of types 304 and 316L stainless
steels. . ..
Chemical composition of the steel obtained by GDS (glow dis-
charge spectroscopy), Wt% . . . . .. ..o L.
Ferrite areal fractionofa — Fe. . . . .. ... ... ... ...
Conditions of all samples at all stages and their ranks . . . . . . .
Variation of threshold stress intensity factor range, A Kpp and
Paris coefficient, m . . . . . . . ... ...
Variation of fatigue striation spacing constant . . . . ... . ...
Summary of the hardness and tensile test results. . . . . . .. ..

353



Bibliography

[1] Stress and strain concentration at a circular hole in an infinite plate. National
Advisory Committee for Aeronautics, Washington, D.C., 1950.

[2] Microstructure associated with crack initiation during low-cycle fatigue in
a low nitrogen duplex stainless steel. International Journal of Fatigue,
29(4):758 — 764, 2007.

[3] A.J. Abdalla, T. M. Hashimoto, C. M. Neto, and M. S. Pereira. Relationship
between microstructure, mechanical properties and dislocation substructures
in a multiphase steel. Revista Brasileira de Aplicacoes de Vcuo, 23:52-57,
2004.

[4] J Aboundi. Mechanics of composite materials: Unified micromechanical ap-
proach. 1991.

[5] Z Ahmad. Principles of Corrosion Engineering and Corrosion Control.
Butterworth-Heinemann, Oxford UK, 2006.

[6] Tatstuhiko Aizawa, Yunan Prawoto, and Fujio Tsumori. Coupled, macro-
micro modeling for hot deformation and sintering. Journal of Computational
and Applied Mathematics, 149(1):307 — 324, 2002.

[7]1 S.K. Akay, M. Yazici, A. Bayram, and A. Avinc. Fatigue life behaviour of the
dual-phase low carbon steel sheets. Journal of materials processing technol-
ogy, 209:3358-3365, 2009.

[8] T Ala-Nissila and SC Ying. Microscopic theory of surface diffusion. Physical
Review B, 42(16):10264-10274, 1990.

[9] A. Alderson. A triumph of lateral thought. Chemistry and Industry (London),
(10):X-391, 1999.

[10] A. Alderson and KL. Alderson. Expanding materials and applications: ex-
ploiting auxetic textiles. J. Aerospace Eng., 14:29-34, 2005.

[11] A. Alderson and KL. Alderson. Auxetic materials. J. Aerospace Eng.,
221:565-575, 2007.

354



Y. Prawoto: Integration of Mechanics into Materials Science

[12] KL Alderson, A P Kettle, P J Neale, A P Pickles, and K E Evans. The effect of
the processing parameters on the fabrication of auxetic polyethylene. Journal
of Materials Science, 30(16):4069-4075, 1995.

[13] K L Alderson, R S Webber, A P Kettle, and K E Evans. Novel fabrication
route for auxetic polyethylene. part 1. processing and microstructure. Polymer
Engineering Science, 45(4):568-578, 2005.

[14] K.L Alderson and K.E. Evans. Microphorous materials with negative pois-
son’s ratio: The fabrication of microphorous polyethylene negative poisson’s
ratio. J. Phys. D: Appl. Phys., 22(12):1877-1882, 1989.

[15] K.L Alderson and K.E Evans. The fabrication of microporous polyethylene
having a negative poisson’s ratio. Polymer, 33(20):4435 — 4438, 1992.

[16] TL. Anderson. Fracture Mechanics: Fundamentals and Applications. CRC
Press, 2nd edition, 1995.

[17] Anders Andrae and Otto Andersen. Life cycle assessment of integrated circuit
packaging technologies. The International Journal of Life Cycle Assessment,
16(3):258-267, 2011.

[18] Renato Altobelli Antunes and Mara Cristina Lopes de Oliveira. Corrosion
fatigue of biomedical metallic alloys: Mechanisms and mitigation. Acta Bio-
materialia, 8:(937-962), 2012.

[19] F. Arago. Oeuvres complétes. Number v. 2 in Oeuvres completes. 1854.

[20] ASTM. Standard practice for making and using c-ring stress-corrosion
test specimen. In ASTM:G38. ASTM International Publisher, West Con-
shohocken, PA., 2007.

[21] ASTM. Standard test method for evaluation of painted or coated specimens
subjected to corrosive environments. In ASTM:D1654. ASTM International
Publisher, West Conshohocken, PA., 2008.

[22] ASTM. Standard test method for measurement of fatigue crack growth rates.
In ASTM:E647. ASTM International Publisher, West Conshohocken, PA.,
2008.

[23] ASTM. Standard test methods for tension testing of metallic materials. In
ASTM:ES. ASTM International Publisher, West Conshohocken, PA., 2008.

[24] ASTM. Standard practice for cyclic salt fog/uv exposure of painted metal,
(alternating exposures in a fog/dry cabinet and a uv/condensation cabinet).
In ASTM:D5894. ASTM International Publisher, West Conshohocken, PA.,
2009.

[25] ASTM. Standard practice for modified salt spray (fog) testing. In ASTM:G>5.
ASTM International Publisher, West Conshohocken, PA., 2009.

355



Bibliography

[26] M. Avellaneda and PJ. Swart. Calculating the performance of 1-3 piezo
composites for hydrophone applications: An effective medium approach. J.
Acoust. Soc. Am., 103(3):1449-1467, 1998.

[27] S Azari, M Eskandarian, M Papini, JA Schroeder, and JK Spelt. Fracture load
predictions and measurements for highly toughened epoxy adhesive joints.
Engineering Fracture Mechanics, 76(13):2039-2055, 20009.

[28] W.L. Azoti, Y. Koutsawa, N. Bonfoh, P. Lipinski, and S. Belouettar. On
the capability of micromechanics models to capture the auxetic behavior
of fibers/particles reinforced composite materials. Composite Structures,
94(1):156 — 165, 2011.

[29] Riad Badji, Mabrouk Bouabdallah, Brigitte Bacroix, Charlie Kahloun,
Brahim Belkessa, and Halim Maza. Phase transformation and mechanical
behavior in annealed 2205 duplex stainless steel welds. Materials Character-
ization, 59(4):447 — 453, 2008.

[30] F. Baldoni. On slippage induced by surface diffusion. Journal of Engineering
Mathematics, 30(6):647-659, 1996.

[31] RH. Baughman, J-M. Shacklette, AA. Zakhidev, and SS Stafstrom. Nature,
128:362-365, 1998.

[32] A. Bayram, A. Uguz, and M. Ula. Effects of microstructure and notches on
the mechanical properties of dual phase steels. Materials Characterizations,
43:259-269, 1999.

[33] Ferdinand P. Beer and E. Russell Johnston. Mechanics of materials. McGraw-
Hill, New York, 1981.

[34] Ferdinand Pierre Beer and Elwood Russell Johnston. Vector mechanics for
engineers, volume 1. Tata McGraw-Hill Education, 1988.

[35] Tom Bell. Thermochemical surface engineering 2005. Surface Engineering,
21(3):161-162, 2005.

[36] Abderrezak Bezazi and Fabrizio Scarpa. Tensile fatigue of conventional and
negative poisson’s ratio open cell pu foams. International Journal of Fatigue,
31(3):488 — 494, 2009.

[37] Abderrezak Bezazi, Fabrizio Scarpa, and Chrystel Remillat. A novel cen-
tresymmetric honeycomb composite structure. Composite Structures, 71(3-
4):356 — 364, 2005. Fifth International Conference on Composite Science
and Technology.

[38] H. K. D. H. Bhadeshia and R. W. K. Honeycombe. Steels microstructure and
properties, 2006.

[39] M. Bianchi, F. Scarpa, M. Banse, and C.W. Smith. Novel generation of auxetic

356



Y. Prawoto: Integration of Mechanics into Materials Science

open cell foams for curved and arbitrary shapes. Acta Materialia, 59(2):686
- 691, 2011.

[40] J. P. Birat. The relevance of sir henry bessemer’s ideas to the steel industry in
the twenty-first century. Ironmaking and Steelmaking, 31(3):183-189, 2004.

[41] N Birbilis, K Meyer, BC Muddle, and SP Lynch. In situ measurement of
corrosion on the nanoscale. Corrosion Science, 51(8):1569-1572, 2009.

[42] D. R. Bland. The theory of linear viscoelasticity. Pergamon Press, Oxford;
New York, 1960.

[43] R. Blumenfeld and S.F. Edwards. Theory of strains in auxetic materials. Con-
densed mat. Matrl-sci, arXiv:111.66684v1 (nov-2011), 2011.

[44] Jean-Paul Boehler. Applications of tensor functions in solid mechanics, vol-
ume 292. Springer, 1987.

[45] J Bolander and S Saito. Fracture analyses using spring networks with random
geometry. Engineering Fracture Mechanics, 61(5-6):569-591, 1998.

[46] G Bombara and M Cavallini. Stress corrosion cracking of bone implants.
Corrosion Science, 17:77-85, 1977.

[47] Arthur P Boresi and Kenneth P Chong. Elasticity in engineering mechanics.
Wiley, 2010.

[48] Arthur Peter Boresi and Omar Marion Sidebottom. Advanced mechanics of
materials. John Wiley and Sons, page 763, 1985.

[49] D.Bornengo, F. Scarpa, and C. Remillat. Evaluation of hexagonal chiral struc-
ture for morphing airfoil concept. Proc IME GJ Aero Eng., 210:185-192,
2005.

[50] Ray M. Bowen and Chao-cheng Wang. Introduction to vectors and tensors.
Plenum Press, New York, 1976.

[51] H. M. Boylston. An introduction to the metallurgy of iron and steel,. J. Wiley
& Sons; Chapman & Hall, New York; London, 1936.

[52] A.C. Branka and K.W. Wojciechowski. Auxeticity of cubic materials: The
role of repulsive core interaction. Journal of Non-Crystalline Solids, 354(35-
39):4143 — 4145, 2008.

[53] R. L. Brockenbrough and Frederick S. Merritt. Structural steel designer’s
handbook. McGraw Hill, New York, 2011.

[54] D Broek. Elementary Engineering Fracture Mechanics. Springer USA, 1982.

[55] Richard G. Brown, Andrew M. Gleason, and Littell. McDougal. Advanced
mathematics : precalculus with discrete mathematics and data analysis. Mc-
Dougal Littell, Evanston, I11., 2003.

[56] H. Brunner and J.P. Simpson. Fatigue fracture of bone plates. Injury,
11(3):203 — 207, 1980.

357



Bibliography

[57] Bernard. Budiansky, Robert J. Vidensek, and United States. National Advi-
sory Committee for Aeronautics. Analysis of stresses in the plastic range
around a circular hole in a plate subjected to uniaxial tension. National Ad-
visory Committee for Aeronautics, Washington, D.C., 1955.

[58] S. Bugat, J. Besson, and A. Pineau. Micromechanical modeling of the behav-
ior of duplex stainless steels. Computational Materials Science, 16(1-4):158
- 166, 1999.

[59] J.H. Bulloch and A.G. Callagy. A detailed study of the relationship between
fatigue crack growth rate and striation spacing in a range of low alloy ferritic
steels. Engineering Failure Analysis, 17(1):168 — 178, 2010. Papers presented
at the 25th meeting of the Spanish Fracture Group.

[60] M Cakmak and GP Srivastava. Theoretical study of the gaas(110)-(1x1)-h2s
surface. Surface Science, 402-404:658-662, 1998.

[61] William Callister. Materials Science and Engineering: An Introduction. Wi-
ley, 7 edition, 2006.

[62] Harry Huse Campbell. The manufacture and properties of iron and steel. Hill,
New York, 1907.

[63] P.H.S Cardoso, C Kwietniewski, J.P Porto, A Reguly, and T.R Strohaecker.
The influence of delta ferrite in the aisi 416 stainless steel hot workability.
Materials Science and Engineering: A, 351:1 — 8, 2003.

[64] J. Chakrabarty. Applied plasticity, 2010.

[65] G. Chakraborty, S. Bandyopadhyay, B. Haldar, and R. Das. Diffusion phe-
nomena in the signg4-solid solution and 304/ stainless steel static interaction
couple. Ceramics International, 37(3):1011 — 1016, 2011.

[66] N. Chan and KE Evans. Fabrication methods for auxetic foams. Journal of
Materials Science, 32:5945-5953, 1997.

[67] Che Chang, Hung Lien, and Chen Lin. Determination of the stress intensity
factors due to corrosion cracking in ferroconcrete by digital image processing
reflection photoelasticity. Corrosion Science, 52(5):1570-1575, 2009.

[68] M. Chapetti, H. Miyata, T. Tagawa, T. Miyata, and M. Fujioka. Fatigue crack
propagation behaviour in ultra-fine grained low carbon steel. International
Journal of Fatigue, 27(3):235-243, 2005.

[69] M. Chapetti, T. Tagawa, T. Miyata, and M. Fujioka. Fatigue of an ultra-fine
grained low carbon steel. volume 2 Physical Metallurgy and Alloy Design,
pages 813-828, 2008.

[70] A.Y. Chen, H.H. Ruan, J. Wang, H.L. Chan, Q. Wang, Q. Li, and J. Lu. The
influence of strain rate on the microstructure transition of 304 stainless steel.
Acta Materialia, 59(9):3697 — 3709, 2011.

358



Y. Prawoto: Integration of Mechanics into Materials Science

[71] B. Chen, P.E.J. Flewitt, D.J. Smith, and C.P. Jones. An improved method
to identify grain boundary creep cavitation in 316h austenitic stainless steel.
Ultramicroscopy, 111(5):309 — 313, 2011.

[72] J Chen and JD Lee. Multiscale modeling of fracture of mgo: Sensitivity of in-
teratomic potentials. Theoretical and Applied Fracture Mechanics, 53(1):74—
79, 2010.

[73] X Chen, XG Li, CW Du, and YF Cheng. Effect of cathodic protection
on corrosion of pipeline steel under disbonded coating. Corrosion Science,
51(9):2242-2245, 2009.

[74] Kilwon Cho and Eun Cho. Effect of the microstructure of copper oxide on
the adhesion behavior of epoxy/copper leadframe joints. Journal of Adhesion
Science and Technology, pages 1333-1353, 2000.

[75] J.B Choi and R.S Lakes. Analysis of elastic modulus of conventional foams
and of re-entrant foam materials with a negative poisson’s ratio. International
Journal of Mechanical Sciences, 37(1):51 — 59, 1995.

[76] J.B Choi and R.S Lakes. Fracture toughness of re-entrant foam materials with
a negative poisson’s ratio: experiment and analysis. International Journal of
Fracture, 80:73-83, 1996.

[77] Shuang-Ling Chong. Comparison of accelerated tests for steel bridge coat-
ings in marine environments. Journal of Protective Coatings and Linings,
14(3):21-33, 1997.

[78] T.-J Chuang, T. Nguyen, and S. Lee. Micro-mechanic model for cathodic
blister growth in painted steel. Journal of Coatings Technology, 71(895):75—
85, 2011.

[79] ML. Cohen. Physics Review, B 32, 1985.

[80] Bethlehem Steel Company. Modern steels and their properties; carbon and
alloy steel bars. Bethlehem, Pa., 1961.

[81] Republic Steel Corporation. Mechanical properties of alloy steels. Republic
Steel Corp., Cleveland, 1961.

[82] Richard Courant. Variational methods for the solution of problems of equilib-
rium and vibrations. [s.n.], [S.1., 1943.

[83] N. Cristescu. Dynamic plasticity. North-Holland Pub. Co., Amsterdam, 1967.

[84] D Dias da Costa, J Alfaiate, L Sluys, and E Jdlio. A comparative study on
the modelling of discontinuous fracture by means of enriched nodal and el-
ement techniques and interface elements. International Journal of Fracture,
161(1):97-119, 2010.

[85] Arpan Das and Soumitra Tarafder. Experimental investigation on martensitic

359



Bibliography

transformation and fracture morphologies of austenitic stainless steel. Inter-
national Journal of Plasticity, 25(11):2222 — 2247, 2009.

[86] E. Paul DeGarmo. Materials and processes in manufacturing. Wiley, Hobo-
ken, N.J., 2003.

[87] W. H. Dennis. Foundations of iron and steel metallurgy,. Barking (Ex.) Else-
vier, Amsterdam; New York, 1967.

[88] Oxford English Dictionary. Concise oxford english dictionary. revised and
edited by C. Soanes & A. Stevenson, Oxford University Press, Oxford, 2006.

[89] Ellis Harold Dill. Continuum mechanics : elasticity, plasticity, viscoelasticity.
CRC Press, Boca Raton, 2007.

[90] J. Dirrenberger, S. Forest, D. Jeulin, and C. Colin. Homogenization of periodic
auxetic materials. Procedia Engineering, 10(0):1847 — 1852, 2011.

[91] D.J. and Blackwood. 2.27 - corrosion in body fluids. In Shreir’s Corrosion,
pages 1308 — 1322. Elsevier, Oxford, 2010.

[92] A.V Dobromyslov and V.A Elkin. Martensitic transformation and metastable
betha-phase in binary titanium alloys with d-metals of 4-6 periods. Scripta
Materialia, 44(6):905 — 910, 2001.

[93] Dongli and Fan. Ifhtse global 21: heat treatment and surface engineering in the
first decades of the twenty-first century: Part 2 heat treatment in china: present
and future. International Heat Treatment: Surface Engineering, 1(2):53-59,
2007.

[94] Huayun Du, Yinghui Wei, Wanming Lin, Zengqing Liu, Lifeng Hou, Wenfu
Yang, and Yanli An. One way of surface alloying treatment on iron surface
based on surface mechanical attrition treatment and heat treatment. Applied
Surface Science, 255(20):8660-8666, 2009.

[95] Kai Duan, Xiaozhi Hu, and Gwidon Stachowiak. Modified essential work
of fracture model for polymer fracture. Composites Science and Technology,
66(16):3172-3178, 2006.

[96] MR. Dudek and KW. Wojciechowski. Magnetic films of negative poisson’s
ratio in rotating magnetic fields. Journal of Non-Crystalline Solids, 354(35-
39):4304 — 4308, 2008.

[97] HI. Edwards and RJH. Wanhill. Fracture Mechanics. Edward-Arnold. New
York, 1986.

[98] E. Egli. Indentation of foamed plastic. J. Cell. Plast., 8:245, 1972.

[99] AH England. On stress singularities in linear elasticity. International Journal
of Engineering Science, 9(6):571-585, 1971.

[100] F. Ernst, Y. Cao, G.M. Michal, and A.H. Heuer. Carbide precipitation in

360



Y. Prawoto: Integration of Mechanics into Materials Science

austenitic stainless steel carburized at low temperature. Acta Materialia,
55(6):1895 — 1906, 2007.

[101] Esfandiari and Dong and. Plasma surface engineering of precipitation hard-
ening stainless steels. Surface Engineering, 22(2):86-92, 2006.

[102] K.E. Evans, A. Alderson, and F.R. Christian. Auxetic two-dimensional poly-
mer networks. an example of tailoring geometry for specific mechanical prop-
erties. Journal of the Chemical Society, Faraday Transactions, 91(16):2671—
2680, 1995.

[103] K.E. Evans and K.L. Alderson. Auxetic materials: Functional materials and
structures from lateral thinking. Adv Mate., 12(9):617-628, 2000.

[104] K.E. Evans and K.L. Alderson. Auxetic materials: the positive side of being
negative. Engineering Science and Education Journal, 9(4):148—154, 2000.

[105] K.E. Evans and B.D. Caddock. Microphorous materials with negative
poisson’s ratio: Mechanism and interpretation. J. Phys. D: Appl. Phys.,
22(12):1883-1887, 1989.

[106] KE. Evans, JP. Donoghue, and KL. Alderson. The design, matching and man-
ufacture of auxetic carbon fibre laminates. J. Compos. Mater., 38:95 — 106,
2004.

[107] KE.Evans, MA. Nkansah, 1J. Hutchinson, and SC. Rogers. Molecular network
design. Nature, 353:124-128, 1991.

[108] H. L. Ewalds and R. J. H. Wanhill. Fracture mechanics. E. Arnold ; Delftse
Uitgevers Maatschappij, London; Delft, Netherlands, 1984.

[109] Hans F. and Bueckner. Weight functions and fundamental fields for the penny-
shaped and the half-plane crack in three-space. International Journal of Solids
and Structures, 23(1):57-93, 1987.

[110] Hans F. and Bueckner. Observations on weight functions. Engineering Anal-
ysis with Boundary Elements, 6(1):3-18, 1989.

[111] HA Farzad, MT Peivandi, and S.M.R.Y Sani. In-body corrosion fatigue fail-
ure of a stainless steel orthopaedic implant with a rare collection of different
damage mechanisms. Engineering Failure Analysis, 14:1205-1217, 1987.

[112] Nabil Fatahalla, Aly AbuElEzz, and Moenes Semeida. C, si and ni as al-
loying elements to vary carbon equivalent of austenitic ductile cast iron: Mi-
crostructure and mechanical properties. Materials Science and Engineering:
A, 504(1-2):81 — 89, 2009.

[113] P Ferguson, DF Wallis, and C Hauvet. Surface plasma waves in the noble
metals. Surface Science, 82(1):255-269, 1979.

[114] P.S. Follansbee and U. F. Kocks. A constitutive description of the deformation

361



Bibliography

of copper based on the use of the mechanical threshold stress as an internal
state variable. Acta Metallurgica, 36(1):81-93, 1988.

[115] Tay FR, Lai C, and Chersoni S. Osmotic blistering in enamel bonded with one-
step self-etch adhesives. JOURNAL OF DENTAL RESEARCH, 83(7):290—
295, 2004.

[116] Pascal] Frey, Houman Borouchaki, and Paul-Louis George. 3d delaunay mesh
generation coupled with an advancing-front approach. Computer Methods in
Applied Mechanics and Engineering, 157:115 — 131, 1998.

[117] E.A.Friis, R.S. Lakes, and J.B. Park. J. Mater. Sci., 23(12):4406—4414, 1988.
[118] A.Fukumoto. First-principles pseudopotential calculations of the elastic prop-
erties of diamond, si, and ge. Physics Review, B 42:7462-7469, 1990.

[119] YC. Fung. Foundations of Solid Mechanics. Prentice-Hall, New York, 1968.
[120] Huajian Gao. Application of fracture mechanics concepts to hierarchical
biomechanics of bone and bone-like materials. International Journal of Frac-

ture, 138(1-4):101-137, 2006.

[121] AM. Garber. Pyrolytic materials for thermal protection systems. Aerospace
Eng, 22:126-137, 1963.

[122] N Gaspar, X Ren, C Smith, J Grima, and K Evans. Novel honeycombs with
auxetic behaviour. Acta Materialia, 53(8):2439-2445, 2005.

[123] V.G Gavriljuk, H Berns, C Escher, N.I Glavatskaya, A Sozinov, and Yu.N
Petrov. Grain boundary strengthening in austenitic nitrogen steels. Materials
Science and Engineering: A, 271(1-2):14 — 21, 1999.

[124] E. E. Gdoutos. Fracture mechanics an introduction, 2005.

[125] AN Gent and J Schultz. Effect of wetting liquids on the strength of adhesion
of viscoelastic material. The Journal of Adhesion, 3(4):281-294, 1972.

[126] WW Gerberich and MJ Cordill. Physics of adhesion. Reports on Progress in
Physics, 69(7):2157-2203, 2006.

[127] H. Gercek. Poisson’s ratio values for rocks. International Journal of Rock
Mechanics and Mining Sciences, 44(1):1 — 13, 2007.

[128] LJ. Gibson and MF. Ashby. Cellular Solids: Structure and Properties. Perg-
amon Press, London, 1988.

[129] LJ. Gibson, MF. Ashby, GS. Schajer, and CI. Robertson. The mechanics of
two dimensional cellular materials. JProc Lond. Royal Soc., 382:25-42, 1982.

[130] B.M Gonzalez, C.S.B Castro, V.T.L Buono, J.M.C Vilela, M.S Andrade,
J.M.D Moraes, and M.J Mantel. The influence of copper addition on the
formability of aisi 304 stainless steel. Materials Science and Engineering:
A, 343(1-2):51 - 56, 2003.

362



Y. Prawoto: Integration of Mechanics into Materials Science

[131] Phillip L. Gould. Introduction to linear elasticity. Springer-Verlag, New York,
1983.

[132] GN. Greaves, AL. Greer, RS. Lakes, and T. Rouxel. Poisson’s ratio and mod-
ern materials. Nature Materials, 10(11):823-837, 2011.

[133] A. E. Green and Wolfgang. Zerna. Theoretical elasticity. Clarendon P., Ox-
ford, 1968.

[134] D.J. Green. Fabrication and mechanical properties of lightweight ceramics
produced by sintering of hollow spheres. Journal of the American Ceramic
Society, 68(7):403-409, 1985.

[135] H. J. Greenfield and D. Miller. Spatial patterning of early iron age metal
production at ndondondwane, south africa: The question of cultural conti-
nuity between the early and late iron ages. Journal of Archaeological Science,
31(11):1511-1532, 2004.

[136] JA Greenwood and KL Johnson. The mechanics of adhesion of viscoelastic
solids. Philosophical Magazine A, 43(3):697-711, 1981.

[137] J N Grima and D Attard. Auxetic behaviour from rotating rhombi. Physica
Status Solidi B, 242(3), 2008.

[138] J N Grima, E Manicaro, and D Attard. Auxetic behaviour from connected
different-sized squares and rectangles. Phys. Society, 467(2126):439—-458,
2010.

[139] JN. Grima, A. Alderson, and KE. Evans. Auxetic behaviour from rotating
rigid units. Phys. Stat. Sol., 242:561-575, 2005.

[140] JN. Grima, R. Gatt, A. Alderson, and KE. Evans. On the potential of connected
stars as auxetic systems. Molecular Simulation, 31(13):925-935, 2005.

[141] Joseph N Grima and Kenneth E Evans. Auxetic behavior from rotating trian-
gles. Journal of Materials Science, 41(10):3193-3196, 2006.

[142] Joseph N. Grima, Ruben Gatt, Brian Ellul, and Elaine Chetcuti. Auxetic be-
haviour in non-crystalline materials having star or triangular shaped perfora-
tions. Journal of Non-Crystalline Solids, 356(37-40):1980 — 1987, 2010.

[143] Joseph N. Grima, Victor Zammit, Ruben Gatt, Daphne Attard, Christian Caru-
ana, and Trevor G. Chircop Bray. On the role of rotating tetrahedra for gener-
ating auxetic behavior in nat and related systems. Journal of Non-Crystalline
Solids, 354(35-39):4214 — 4220, 2008.

[144] A. Gural, B. Bostan, and A.T. Ozdemir. Heat treatment in two phase region
and its effect on microstructure and mechanical strength after welding of a low
carbon steel. Materials and Design, 28:897-903, 2007.

[145] Linda Gustafsson and Pal Borjesson. Life cycle assessment in green chemistry.
The International Journal of Life Cycle Assessment, 12(3):151-159, 2007.

363



Bibliography

[146] Heon-Young Ha, Seong-Jun Park, Jun-Yun Kang, Hoon-Dong Kim, and Man-
Been Moon. Interpretation of the corrosion process of a galvannealed coating
layer on dual-phase steel. Corrosion Science, 53(7):2430-2436, 2011.

[147] Olivier Haillant. Accelerated weathering testing principles to estimate the
service life of organic pv modules. Solar Energy Materials and Solar Cells,
95(5):1284-1292, 2011.

[148] F. W. Harbord. The metallurgy of steel,. C. Griffin & Co.; J.B. Lippincott Co.,
London; Philadelphia, 1923.

[149] Philip D. Harvey and American Society for Metals. Engineering properties
of steel. American Society for Metals, Metals Park, Ohio, 1982.

[150] F. Hayat and H. Uzun. Effect of heat treatment on microstructure, mechanical
properties and fracture behaviour of ship and dual phase steels. Journal of
Iron and Steel Research International, 18(8):65-72, 2011.

[151] C.B. He, P.W Liu, and A.C Griffin. Toward negative poisson ratio polymers
through molecular design. Macromolecules, 31:3145-3147, 1998.

[152] H.F and Bueckner. On a class of singular integral equations. Journal of Math-
ematical Analysis and Applications, 14(3):392-426, 1966.

[153] R. C. Hibbeler. Mechanics of materials. Prentice Hall, Upper Saddle River,
N.J., 1997.

[154] Russell C Hibbeler and SC Fan. Statics and mechanics of materials, volume 2.
Prentice Hall, 2004.

[155] Hibbit, Karlsson, and Sorensen. ABAQUS/Standard Analysis User’s Manual.
Hibbit, Karlsson, Sorensen Inc., USA, 2007.

[156] Rodney Hill. The mathematical theory of plasticity. Clarendon Press, Oxford,
1950.

[157] Leslie Holliday. Composite materials. Elsevier Pub. Co., Amsterdam; New
York, 1966.

[158] Gerhard A Holzapfel. Nonlinear solid mechanics: a continuum approach for
engineering. 2000.

[159] E.J. Horrigan, C.W. Smith, F.L. Scarpa, N. Gaspar, A.A. Javadi, M.A. Berger,
and K.E. Evans. Mechanics of Materials, 41(8):919 — 927, 2009.

[160] William F. Hosford. Solid mechanics, 2010.

[161] A. Hrennikoff. Plane stress and bending of plates by method of articulated
frame work. Massachusettes Institute of Technology, O.O., 1940.

[162] Kenneth H. Huebner. The finite element method for engineers. Wiley, New
York, 1975.

364



Y. Prawoto: Integration of Mechanics into Materials Science

[163] A. Huseyin, K. Havva, and K. Ceylan. Effect of intercritical annealing pa-
rameters on dual phase behavior of commercial low-alloyed steels. Journal of
Iron and Steel Research International, 17(4):73-78, 2010.

[164] John W. Hutchinson and Theodore Y. Wu. Solid mechanics, 1997.

[165] Iand Gurappa. Characterization of different materials for corrosion resistance
under simulated body fluid conditions. Materials Characterization, 49(1):73
—79,2002.

[166] FIacoviello. Microstructure influence on fatigue crack propagation in sintered
stainless steels. International Journal of Fatigue, 27(2):155 — 163, 2005.

[167] Roslinda Idris and Yunan Prawoto. Influence of ferrite fraction within marten-
site matrix on fatigue crack propagation: An experimental verification with
dual phase steel. Materials Science and Engineering: A, 552(0):547 — 554,
2012.

[168] A. Nasery Isfahany, H. Saghafian, and G. Borhani. The effect of heat treat-
ment on mechanical properties and corrosion behavior of aisi420 martensitic
stainless steel. Journal of Alloys and Compounds, 509(9):3931 — 3936, 2011.

[169] Y. Ishibashi and MJ Iwata. A microscopic model of a negative poisson’s ratio
in some crystals. J. Phys. Soc. Jpn., 69:2702-2703, 2000.

[170] Yu Ivanov, Yu Kolubaeva, S Konovalov, N Koval’, and V Gromov. Modifi-
cation of steel surface layer by electron beam treatment. Metal Science and
Heat Treatment, 50(11):569-574, 2008.

[171] JJ Jacobs, JL Gilbert, and RM Urban. Corrosion of metal orthopaedic im-
plants. Journ. Bone Joint Surg. Am, 80:268-282, 1998.

[172] MQ. Jiang and LH Dai. Short-range-order effects on the intrinsic plasticity of
metallic glasses. Phil. Mag. Letters, 90:269-277, 2010.

[173] Milan Jirdsek and Zden¢k Bazant. Macroscopic fracture characteristics of
random particle systems. International Journal of Fracture, 69(3):201-228,
1994.

[174] GR Johnson and WH Cook. A constitutive model and data for metals subjected
to large strains, high strain rates and high temperatures. 7th International
Symposium on Ballistics, (6):541-547, 1983.

[175] GR Johnson and WH Cook. Fracture characteristics of three metals subjected
to various strains, strain rates, temperatures and pressures. Engineering Frac-
ture Mechanics, 21:31-48, 1985.

[176] W. Johnson, P. B. Mellor, and W. Johnson. Engineering plasticity. Van Nos-
trand Reinhold Co., London; New York, 1973.

[177] DIG. Jones. Handbook of viscoelastic vibration damping. John Wiley and
Sons. New York, 2001.

365



Bibliography

[178] E. T. Moyer Jr. and G. C. Sih. Fatigue analysis of an edge crack specimen:
hysteresis strain energy density. J. of Eng. Fracture Mechanics, 4(19):269—
280, 1984.

[179] Wan Kai-Tak and Mai Yiu-Wing. Fracture mechanics of a new blister test
with stable crack growth. Acta Metallurgica et Materialia, 43(11):4109-4115,
1995.

[180] John Kanis, Helena Johansson, Anders Oden, and Eugene McCloskey. As-
sessment of fracture risk. European journal of radiology, 71(3):392-397,
2009.

[181] MB Kannan and RKS Raman. Evaluating the stress corrosion cracking sus-
ceptibility of mg—al—zn alloy in modified-simulated body fluid for orthopaedic
implant application. Scripta Mat, 59:175-178, 2008.

[182] NR. Keskar and JR. Chelikowsky. Structural properties of nine silica poly-
morphs. Physical Review B, 46(1):1-13, 1992.

[183] ME Khosroshahi, M Mahmoodi, and J Tavakoli. Characterization of ti6al4v
implant surface treated by nd:yag laser and emery paper for orthopaedic ap-
plications. Applied Surface Science, 253(21):8772-8781, 2007.

[184] MHO Kiiniinen, Lavonius E.T, and JK Kivilahti. Sem observations on stress
corrosion cracking of commercially pure titanium in a topical fluoride solu-
tion. Dent Mater, 11:269-272, 1995.

[185] C. Kim. Modeling tensile deformation of dual-phase steel. Metall. Trans,
19A:1263-1268, 1988.

[186] Hyoung Seop Kim, Sun Ig Hong, and Sun Jae Kim. On the rule of mixtures for
predicting the mechanical properties of composites with homogeneously dis-
tributed soft and hard particles. Journal of Materials Processing Technology,
112(1):109 — 113, 2001.

[187] H Kimizuka, H. Kaburaki, and Y. Kogure. Mechanism for negative poisson ra-
tios over the alpha- beta transition of cristobalite, sio2: A molecular-dynamics
study. Phys. Rev. Lett., 84:5548-5551, Jun 2000.

[188] H Kimizuka, H. Kaburaki, and Y. Kogure. Molecular-dynamics study of the
high-temperature elasticity of quartz above the alpha-beta phase transition.
Phys. Rev. B, 67:024105, Jan 2003.

[189] H Kimizuka, Shigenobu S. Ogata, and Y. Shibutani. Atomistic characteriza-
tion of structural and elastic properties of auxetic crystalline sio2. physica
status solidi (b), 244(3):900-909, 2007.

[190] Daniel. Kleppner and Robert J. Kolenkow. An introduction to mechanics.
McGraw-Hill, New York, 1973.

366



Y. Prawoto: Integration of Mechanics into Materials Science

[191] K.M. Knowles and D.A. Smith. The nature of the parent-martensite interface
in titanium-manganese. Acta Metallurgica, 29(8):1445 — 1466, 1981.

[192] K. Kocatepe, M. Cerah, and M. Erdogan. Effect of martensite volume fraction
and its morphology on the tensile properties of ferritic ductile iron with dual
matrix structures. Journal of Materials Processing Technology, 178(1-3):44—
51, 2006.

[193] P. Kolat, B.M. Maruszewski, and K.W. Wojciechowski. Solitary waves in
auxetic plates. Journal of Non-Crystalline Solids, 356(37-40):2001 — 2009,
2010.

[194] H. Kolsky. Stress Waves in Solids. New York: Dover Publications, 1963.

[195] Gang Kong, Liu Lingyan, Jintang Lu, Chunshan Che, and Zheng Zhong. Cor-
rosion behaviour of lanthanum-based conversion coating modified with citric
acid on hot dip galvanised steel in aerated 1 m nacl solution. Corrosion Sci-
ence, 53(4):1621-1626, 2011.

[196] BartJ. Kooi, Marcel A. J. Somers, Robin H. Jutte, and Eric J. Mittemeijer. On
the oxidation of fe and fean; . residual strains and blisters in the oxide layer.
Oxidation of Metals, 48:111-128, 1997.

[197] M. Kowalik and K.W. Wojciechowski. Poisson’s ratio of orientationally disor-
dered hard dumbbell crystal in three dimensions. Journal of Non-Crystalline
Solids, 352(40-41):4269 — 4278, 2006.

[198] T Krumil, J Potak, and S Degallaix. Microstructure in 316I/n stainless steel
fatigued at low temperature. Materials Science and Engineering: A, 293(1-
2):275 — 280, 2000.

[199] G. Kunecke. Presented at the abaqus german fracture mechanics group meet-
ing in stuttgart. September 1993.

[200] R Lakes. Foam structures with a negative poisson’s ratio.  Science,
235(4792):1038-1040, 1987.

[201] R Lakes. Negative poisson’s ratio materials: The negative poisson effect is
not due to cosserat elasticity. Science, 238:551-551, 1987.

[202] RS. Lakes. Adv. Mater., 5:293-296, 1993.

[203] RS. Lakes and R. Witt. Making and characterizing negative poisson’s ratio
materials. Inter. J. Mech. Eng. Edu, 30:50-58, 2002.

[204] Daniel N Lapedes. Mcgraw-hill dictionary of scientific and technical terms.
1978.

[205] D. Laurito, C. Baptista, M. Torres, and A. Abdalla. Microstructural effects
on fatigue crack growth behavior of a microalloyed steel. volume 2, pages
1915-1925, 2010.

367



Bibliography

[206] HY Lee and J Qu. Microstructure, adhesion strength and failure path at a poly-
mer/roughened metal interface. Journal of Adhesion Science and Technology,
pages 195-215, 2003.

[207] Jinhee Lee, J. B. Choi, and K. Choi. Application of homogenization fem
analysis to regular and re-entrant honeycomb structures. Journal of Materials
Science, 31:4105-4110, 1996.

[208] TH Lee and UC Lee. Safeguard assessment for life extension in nuclear power
plants (npps) using a production function. Nuclear Engineering and Design,
(241):826-831, 2011.

[209] Woei-Shyan Lee and Chi-Feng Lin. Impact properties and microstructure evo-
Iution of 3041 stainless steel. Materials Science and Engineering: A, 308(1-
2):124 - 135, 2001.

[210] C. Lees, JFV Vincent, and JE. Hillerton. Poisson’s ratio in skin. Biomed.
Mater. Eng., 1:19-23, 1991.

[211] Jean Lemaitre and Jean-Louis Chaboche. Mechanics of solid materials.
Cambridge university press, 1994.

[212] Youri N Lenets and Richard S Bellows. Crack propagation life prediction for
ti-6al-4v based on striation spacing measurements. International Journal of
Fatigue, 22(6):521 — 529, 2000.

[213] Zoe A.D. Lethbridge, Jennifer J. Williams, Richard I. Walton, Christopher W.
Smith, Robert M. Hooper, and Kenneth E. Evans. Direct, static measurement
of single-crystal youngs moduli of the zeolite natrolite: Comparison with dy-
namic studies and simulations. Acta Materialia, 54(9):2533 — 2545, 2006.

[214] Chen Li, Wei Yan, Zhu Shaowu, Cai Hongzhong, Mao Chuanjun, and
Hu Changyi. Micro-structures and mechanical properties of nb/re layered
composite produced by cvd. Materials Science and Engineering: A, 536(0):1
—-17,2012.

[215] Yefei Li, Yimin Gao, Bing Xiao, Ting Min, Ying Yang, Shengqgiang Ma, and
Dawei Yi. The electronic, mechanical properties and theoretical hardness
of chromium carbides by first-principles calculations. Journal of Alloys and
Compounds, 509(17):5242 — 5249, 2011.

[216] G Lilliu and J van Mier. 3d lattice type fracture model for concrete. Engineer-
ing Fracture Mechanics, 70(7-8):927-941, 2003.

[217] C. Lira, P. Innocenti, and F. Scarpa. Transverse elastic shear of auxetic multi
re-entrant honeycombs. Composite Structures, 90(3):314 — 322, 2009.

[218] Q. Liu. Literature Review: Materials with Negative Poisson’s Ratios and Po-
tential Applications to Aerospace and Defence. Defence Science and Tech-
nology Organisation, Victoria Australia, 2006.

368



Y. Prawoto: Integration of Mechanics into Materials Science

[219] Y. Liu and H Hu. A review on auxetic structures and polymeric materials.
Scientific Research and Essays, 5(10):1052-1063, 2010.

[220] K.H. Lo, C.H. Shek, and J.K.L. Lai. Recent developments in stainless steels.
Materials Science and Engineering: R: Reports, 65(4-6):39 — 104, 2009.

[221] AEH. Love. A treatise on the mathematical theory of elasticity. Dover Publi-
cations, New York, 1944.

[222] Jacob. Lubliner. Plasticity theory. Macmillan ; Collier Macmillan, New York;
London, 1990.

[223] J. Luo, W. Shi, Q. Huang, and L. Li. Heat treatment of cold-rolled low-carbon
si-mn dual phase steels. Journal of Iron and Steel Research International,
17(1):54-58, 2010.

[224] M. and Sauzay. Modelling of the evolution of micro-grain misorientations
during creep of tempered martensite ferritic steels. Materials Science and
Engineering: A, 510-511(0):74 — 80, 2009.

[225] S.K.Maiti, M.F. Ashby, and L.J.. Gibson. Fracture toughness of brittle cellular
solids. Scripta Metall., 18(3):213-217, 1984.

[226] Majumdar and Jyotsna Dutta. Prospects and future applications for diode
lasers in surface engineering. Surface Engineering, 23(2):73-75, 2007.

[227] M. Maleque, Y. Poon, and H. Masjuki. The effect of intercritical heat treat-
ment on the mechanical properties of aisi 3115 steel. Journal of Materials
Processing Technology, 153-154(1-3):482—487, 2004.

[228] Shoudong Mao, Hengxiu Yang, Zhenlun Song, Jinlong Li, Huagen Ying, and
Kefei Sun. Corrosion behaviour of sintered ndfeb deposited with an alu-
minium coating. Corrosion Science, 53(5):1887-1894, 2011.

[229] P. Marshall. Austenitic stainless steels : microstructure and mechanical prop-
erties. Elsevier Applied Science, London, 1984.

[230] F. Martin, C. Garcia, and Y. Blanco. Effect of chemical composition and
sintering conditions on the mechanical properties of sintered duplex stainless
steels. Materials Science and Engineering: A, 528(29-30):8500-8511, 2011.

[231] John Brand. Martin. Plasticity. The MIT Press, 1975.

[232] M. Martin, S. Weber, W. Theisen, T. Michler, and J. Naumann. Effect
of alloying elements on hydrogen environment embrittlement of aisi type
304 austenitic stainless steel. [International Journal of Hydrogen Energy,
36(24):15888 — 15898, 2011.

[233] N. Maruyama, D. Mori, S. Hiromoto, K. Kanazawa, and M Nakamura. Fa-
tigue strength of 316]-type stainless steel in simulated body fluids. Corrosion
Science, 53:2222-2227, 2011.

369



Bibliography

[234] IG. Masters and KE. Evans. Models for the elastic deformation of honey-
combs. Composite Structure, 35:403-408, 1996.

[235] M Matthias. Phase field modeling of microstructure evolution in steels. Cur-
rent Opinion in Solid State and Materials Science, 15(3):106 — 115, 2011.

[236] David J McGill and Wilton W King. Engineering Mechanics: An Introduction
to Statics. PWS Pub. Co., 2000.

[237] PJ. McIntyre and A.D. Mercer. 2.34 - corrosion testing and determination of
corrosion rates. In Shreir’s Corrosion, pages 1443 — 1526. Elsevier, Oxford,
2010.

[238] William G McLean, Eric William Nelson, and AH Bassim. Schaum’s out-
line of theory and problems of engineering mechanics: statics and dynamics.
McGraw-Hill, 1978.

[239] GuoZhe Meng, JinLiang Fu, FeiLong Sun, YaWei Shao, Tao Zhang, and
FuHui Wang. Study on blister of the coating on solid cantilevers of hy-
draulic supports for coal mining. SCIENCE CHINA Technological Sciences,
53(12):3183-3188, 2010.

[240] Merriam-Webster. The Merriam-Webster Dictionary. Merriam-Webster, Inc
and Zane Publishing, Inc, New York, 1995.

[241] M.H and Lewis. Precipitation of (fe, cr) sigma phase from austenite. Acta
Metallurgica, 14(11):1421 — 1428, 1966.

[242] GW. Milton. Composite materials with poisson’s ratios close to -1. J. Mech.
Phys. Solids, 40:1105-1137, 1992.

[243] O.V. Mishin, V.Y. Gertsman, [.V. Alexandrov, and R.Z. Valiev. Grain bound-
ary character distributions and mechanical properties of 304 stainless steel.
Materials Science and Engineering: A, 212(2):281 — 283, 1996.

[244] M. Miyano, T. Sasaki, S. Takago, Si Ejiri, and Y. Hirose. X-ray elastic con-
stants of sintered high chromium steel containing titanium nitride : Compari-
son of models. JCPDS-International Centre for Diffraction Data 1999, 1:509
- 517, 1999.

[245] JMizera and JW Wyrzykowski. An analysis of the effect of twin boundaries on
mechanical properties of austenitic steel. Materials Science and Engineering:
A, 112:39-42, 1989.

[246] Pedro M.G.P. Moreira, Paulo F.P. de Matos, and Paulo M.S.T. de Castro. Fa-
tigue striation spacing and equivalent initial flaw size in al 2024-t3 riveted
specimens. Theoretical and Applied Fracture Mechanics,43(1):89 —99, 2005.

[247] UK. Mudali, TM. Sridhar, and B. Raj. Corrosion of bio implants. Sadhana,
28:601-637, 2003.

[248] N. and Gaspar. Mechanics of Materials, 42(7):673 — 677, 2010.

370



Y. Prawoto: Integration of Mechanics into Materials Science

[249] S. Nachum and N.A. Fleck. The microstructure and mechanical properties of
ball-milled stainless steel powder: The effect of hot-pressing vs. laser sinter-
ing. Acta Materialia, 59(19):7300 — 7310, 2011.

[250] M. Nakamura. Fundamental properties of intermetallic compounds. Mater.
Res. Soc. Bull., 8:33-39, 1995.

[251] J.W. Narojczyk, A. Alderson, A.R. Imre, F. Scarpa, and K.W. Wojciechowski.
Negative poisson’s ratio behavior in the planar model of asymmetric trimers
at zero temperature. Journal of Non-Crystalline Solids, 354(35-39):4242 —
4248, 2008.

[252] J.W. Narojczyk and K.W. Wojciechowski. Elastic properties of degenerate
f.c.c. crystal of polydisperse soft dimers at zero temperature. Journal of Non-
Crystalline Solids, 356(37-40):2026 — 2032, 2010.

[253] Sia Nemat-Nasser and Muneo Hori. Micromechanics: overall properties of
heterogeneous materials, volume 2. Elsevier Amsterdam, 1999.

[254] Siavouche Nemat-Nasser. Plasticity. Cambridge University Press, Cambridge,
2004.

[255] Tinh Nguyen, Eric Byrd, and Changjian Lin. A spectroscopic technique for in
situ measurement of water at the coating/metal interface. Journal of Adhesion
Science and Technology, 5:697-709, 1991.

[256] F.L. Nie, S.G. Wang, Y.B. Wang, S.C. Wei, and Y.F. Zheng. Comparative
study on corrosion resistance and in vitro biocompatibility of bulk nanocrys-
talline and microcrystalline biomedical 304 stainless steel. Dental Materials,
27(7):677 — 683, 2011.

[257] T. Niendorf, F. Rubitschek, H.J. Maier, J. Niendorf, H.A. Richard, and
A. Frehn. Fatigue crack growth microstructure relationships in a high-
manganese austenitic twip steel. Materials Science and Engineering: A,
527(9):2412 - 2417, 2010.

[258] S Nikolenko, A Kuz’menko, D Timakov, and P Abakymov. Nanostructur-
ing a steel surface by electrospark treatment with new electrode materials
based on tungsten carbide. Surface Engineering and Applied Electrochem-
istry, 47(3):217-224, 2011.

[259] Yasuya Ohmori, Toshitaka Ogo, Kiyomichi Nakai, and Sengo Kobayashi. Ef-
fects of omega phase precipitation on transformations in a metastable titanium
alloy. Materials Science and Engineering: A, 312(1-2):182 — 188, 2001.

[260] M. Okayasu, K. Sato, M. Mizuno, D. Hwang, and D. Shin. Fatigue properties
of ultra-fine grained dual phase ferrite/martensite low carbon steel. Interna-
tional Journal of Fatigue, 30(8):1358-1365, 2008.

[261] Committee on Research Opportunities in Corrosion Science, Engineering, and

371



Bibliography

National Research Council. Research Opportunities in Corrosion Science and
Engineering. National Academies Press, 2011.

[262] E. Pasternak and AV. Dyskin. Materials and structures with macroscopic neg-
ative poisson’s ratio. International Journal of Engineering Science, 52:103—
114, 2112.

[263] J. Pavan, E. Jimanez-Piqua, M. Anglada, S. Lopez-Esteban, E. Saiz, and A.P.
Tomsia. Stress corrosion cracking by indentation techniques of a glass coat-
ing on ti6al4v for biomedical applications. Journal of the European Ceramic
Society, 26(7):1159 — 1169, 2006.

[264] Nestor Perez. Fracture mechanics, 2004.

[265] CA. Perottoni and JAH DaJornada. First-principles calculation of the struc-
ture and elastic properties of a 3d-polymerized fullerite. Phil. Mag. Letters,
B65:224208, 2002.

[266] A. C. Pipkin. Lectures on viscoelasticity theory. Springer-Verlag, New York,
1972.

[267] Podgornik, Vizintin, , and Hogmark and. Improvement in galling performance
through surface engineering. Surface Engineering, 22(4):235-238, 2006.

[268] JP Poirier. Introduction to the Physics of the Earth’s Interior. Cambridge
Univ. Press, 2000.

[269] James M. Pommersheim, Tinh Nguyen, and Zhuohong Zhang. Cation dif-
fusion at the polymer coating/metal interface. J. Adhesion Sci. Technol.,
9(7):935-951, 1995.

[270] James M. Pommersheim, Tinh Nguyen, Zhuohong Zhang, and Joseph B. Hub-
bard. Degradation of organic coatings on steel: Mathematical models and
predictions. Progress in Organic Coatings, 25(1):23-41, 1994.

[271] D. Prall and RS. Lakes. Properties of a chiral honeycomb with a poisson’s
ratio of -1. Int. J. Mech. Sci., 39:305-314, 1997.

[272] Y. Prawoto. Designing steel microstructure based on fracture mechanics ap-
proach. Materials Science and Engineering: A, 507(1-2):74 — 86, 2009.

[273] Y. Prawoto. Quantitative failure analysis using simple finite element analy-
sis. In Proceedings of the 4th International Conference on Recent Advance in
Materials Minerals and Environment and 2nd Asian Symposium on Materials
Processing (RAMM2009) Penang Malaysia June 2009. 2009.

[274] Y Prawoto. Application of Linear Elastic Fracture Mechanics in Materials
Science and Engineering. Lulu Enterprise, North Carolina USA, 2011.

[275] Y. Prawoto. Seeing auxetic materials from mechanics point of view: A struc-
tural review on the negative poisson’s ratio. Computational Materials Sci-
ence., 58:140-153, 2012.

372



Y. Prawoto: Integration of Mechanics into Materials Science

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

Y. Prawoto. Unified model for blister growth in coating degradation using
weight function and diffusion concepts. Materials and Corrosion, (DOI:
10.1002/maco0.201106404), 2012.

Y. Prawoto and T. Aizawa. Coupled, macro-micro modeling for hot deforma-
tion and sintering. In Proceedings of the 15" Toyota Conference: Scientific
and Engineering Computations for the 21st Century. 2001.

Y. Prawoto, J.R.P. Djuansjah, W.B. Wan Nik, and E. Enemuoh. Critical view
on the usage of c-ring specimen for stress corrosion crack (scc) test on ortho-
pedic implant: Experimental, numerical and analytical approaches. Materials
Science and Engineering: C, 32(5):1271 — 1279, 2012.

Y. Prawoto, J.R.P. Djuansjah, and N.B. Shaffiar. Re-visiting the rule of mixture
used in materials with multiple constituting phases: A technical note on mor-
phological considerations in austenite case study. Computational Materials
Science, 65:528-535, 2012.

Y. Prawoto, M. Fanone, S. Shahedi, M.S. Ismail, and W.B. Wan Nik. Com-
putational approach using johnson—cook model on dual phase steel. Compu-
tational Materials Science, 54(0):48 — 55, 2012.

Y Prawoto, N. Kamsah, MA. Mat Yajid, and Z. Ahmad. Energy density me-
chanics applied to coating blistering problems. Theoretical and Applied Frac-
ture Mechanics, 56:89-94, 2011.

Y. Prawoto and R.B. Mazlan. Wire ropes: Computational, mechanical, and
metallurgical properties under tension loading. Computational Materials Sci-
ence, 56:174-178, 2012.

Y Prawoto, A Moin, M Tadjuddin, and WB Wan Nik. Effect of microstruc-
tures on scc of steel; field failure analysis case study and laboratory test result.
Engineering Failure Analysis, 2011.

Y. Prawoto, A. Tange, M. Ikeda, and S. Manville. Designing multiphase
medium carbon steel for spring steel based on fracture mechanics approach.
In Materials Science and Technology, volume 3, pages 43-54, 2005.

Y. Prawoto, F Tsumori, and T Aizawa. Microstructure model for hot deforma-
tion and creep behavior on the basis of homogenization theory. In Proceedings
of the7th. International Conference on Plasticity paper #338 Yokohama, Oc-
tober 28, 2002. 2002.

Y. Prawoto and M. A. Mat Yajid. Stress distribution among constituting phases
within the austenite microstructure: Mechanics and metallurgical approaches

using 2-d model of stainless steel compact tension specimen. Computational
Materials Science, 60(0):105 — 112, 2012.

373



Bibliography

[287] Yunan Prawoto. Quantitative failure analysis using a simple finite element
approach. Journal of Failure Analysis and Prevention, 2009.

[288] Yunan Prawoto and Barry Dillon. Failure analysis and life assessment of coat-
ing: The use of mixed mode stress intensity factors in coating and other sur-
face engineering life assessment. Journal of Failure Analysis and Prevention,
12:190-197, 2012.

[289] Yunan Prawoto, Roslinda Idris, Nazri Kamsah, and Nasir Tamin. Two-
dimensional modeling to compute plastic zone in front of compact tension
sample of a multiphase material. Computational Materials Science, 2009.

[290] Yunan Prawoto, Roslinda Idris, Nazri Kamsah, and Nasir Tamin. Three-
dimensional modeling to compute plastic zone in front of crack in compact
tension sample of multiphase material. Computational Materials Science,
50(4):1499 — 1503, 2011.

[291] Yunan Prawoto and Irwan H. Onn. Application of j-integral concept on blister
coating problem. Engineering Fracture Mechanics, 92(0):114 — 125, 2012.

[292] D. L. Preston, D. L. Tonks, and D. C. Wallace. Model of plastic deformation
for extreme loading conditions. Journal of Applied Physics, 93(1):211-220,
2003.

[293] Prateek Puri, Paul Compston, and Victor Pantano. Life cycle assessment of
australian automotive door skins. The International Journal of Life Cycle
Assessment, 14(5):420-428, 2010.

[294] Prabhakar R. and Marur. An engineering approach for evaluating effective
elastic moduli of particulate composites. Materials Letters, 58(30):3971 —
3975, 2004.

[295] T Raeker and A Depristo. Theoretical studies of dynamical phenomena in
epitaxial surface systems. Surface Science, 248(1-2):134-146, 1991.

[296] Andrew J. Rapoff, Dennis M. Heisey, and Ray Vanderby Jr. A probabilistic
rule of mixtures for elastic moduli. Journal of Biomechanics, 32(2):189 — 193,
1999.

[297] K.L. Ravirala, N.and Alderson, P.J. Davies, V.R. Simkins, and A. Alderson.
Negative poisson’s ratio polyester fibers. Textile Research Journal, 76(7):540—
546, 2006.

[298] L Reclaru, R Lerf, PY Eschler, and JM Meyer. Corrosion behavior of a welded
stainless-steel orthopaedic implant. Biomaterials, 22:269-279, 2001.

[299] J. N. Reddy. An introduction to the finite element method. McGraw-Hill, New
York, 1984.

[300] J. Rice. Some remarks on elastic crack-tip stress field. International Journal
Solids Structure, (8), 1972.

374



Y. Prawoto: Integration of Mechanics into Materials Science

[301] J. R. Rice and American Society of Mechanical Engineers. Committee on
Solid Mechanics Research Directions. Solid mechanics research trends and
opportunities : a report of the Committee on Solid Mechanics Research Direc-
tions, Applied Mechanics Division, ASME. American Society of Mechanical
Engineers, New York, N.Y. (345 E. 47th St., New York 10017), 1985.

[302] William Franklin Riley, Leroy D Sturges, and Don H Morris. Statics and
mechanics of materials: an integrated approach. Wiley, 1995.

[303] P.R. Rios and A.F. Padilha. Precipitation from austenite. In Encyclopedia of
Materials: Science and Technology (Second Edition), pages 1 — 7. Elsevier,
Oxford, second edition edition, 2005.

[304] Srdjan Nesic RO Rihan. Erosion—corrosion of mild steel in hot caustic. part
i: Naoh solution. Corrosion Science, 48(9):2633-2659, 2006.

[305] Adel S Saada. Elasticity: theory and applications. J Ross Pub, 2009.

[306] MH. Sadd. Elsevier Burlington MA, 2005.

[307] E. Salahinejad, R. Amini, and M.J. Hadianfard. Structural evolution during
mechanical alloying of stainless steels under nitrogen. Powder Technology,
215-216(0):247 — 253, 2012.

[308] C. Sanchez-Valle. J. Chem. Phys, 128:184503, 2008.

[309] F. Scarpa, S. Blain, T. Lew, D. Perrott, M. Ruzzene, and J.R. Yates. Elastic
buckling of hexagonal chiral cell honeycombs. Composites Part A: Applied
Science and Manufacturing, 38(2):280 — 289, 2007.

[310] I Schmidt and NA Fleck. Ductile fracture of two-dimensional cellular struc-
tures - dedicated to prof. dr.-ing. d. gross on the occasion of his 60th birthday.
International Journal of Fracture, 111(4):327-342, 2001.

[311] A.J. Sedriks. Effects of alloy composition and microstructure on the passivity
of stainless steels. Corrosion, 42(7):376-389, 1986.

[312] Indrani Sen, E. Amankwah, N.S. Kumar, E. Fleury, K. Oh-ishi, K. Hono, and
U. Ramamurty. Microstructure and mechanical properties of annealed sus
304h austenitic stainless steel with copper. Materials Science and Engineer-
ing: A, 528(13-14):4491 — 4499, 2011.

[313] Hyoung Seop and Kim. On the rule of mixtures for the hardness of particle
reinforced composites. Materials Science and Engineering: A, 289:30 — 33,
2000.

[314] Irving Herman Shames and James M Pitarresi. Introduction to solid mechan-
ics. Prentice-Hall, 1989.

[315] AK Sharma. Surface engineering for thermal control of spacecraft. Surface
Engineering, 21(3):249-253, 2005.

375



Bibliography

[316] P. Sharmaa) and S. Ganti. On the grain-size-dependent elastic modulus of
nanocrystalline materials with and without grain-boundary sliding. J. Mater.
Res., 18(8):1267 — 1279, 2003.

[317] F.S Shieu, M.J Deng, and S.H Lin. Microstructure and corrosion resistance
of a type 316l stainless steel. Corrosion Science, 40(8):1267 — 1279, 1998.

[318] M Shimada, H Kokawa, ZJ Wang, YS Sato, and I Karibe. Optimization
of grain boundary character distribution for intergranular corrosion resistant
304 stainless by twin-induced grain boundary engineering. Acta Materialia,
50:2331-2341, 2002.

[319] Shinji and Muraishi. Mixture rule for indentation derived young’s modulus in
layered composites. Thin Solid Films, 518(1):233 — 246, 2009.

[320] Suman Shrestha. Magnesium and surface engineering. Surface Engineering,
26(5):313-316, 2010.

[321] Amit Shyam and Edgar Lara-Curzio. A model for the formation of fatigue
striations and its relationship with small fatigue crack growth in an aluminum
alloy. International Journal of Fatigue, 32(11):1843 — 1852, 2010.

[322] Henrik Sieurin, Johan Zander, and Rolf Sandstram. Modelling solid solution
hardening in stainless steels. Materials Science and Engineering: A, 415(1-
2):66 — 71, 2006.

[323] G. C. Sih and D. Y. Jeong. Hysteresis loops predicted by isoenergy density
theory for polycrystals. part i. Theoretical and Applied Fracture Mechanics,
41:233-266, 2004.

[324] G. C. Sih and D. Y. Jeong. Hysteresis loops predicted by isoenergy density
theory for polycrystals. part ii cyclic heating and cooling effect predicted from
non equilibrium theory for 6061-t6 al , sae 4340 steel, and ti-8al-1mo-1v cylin-
drical bars. Theoretical and Applied Fracture Mechanics, 41:267-289, 2004.

[325] G. C. Sih and E. T. Moyer Jr. Path dependent nature of fatigue crack growth.
J. of Eng. Fracture Mechanics, 3(17):643-652, 1983.

[326] C. H. Simpson, C. J. Ray, and B. S. Skerry. Accelerated corrosion testing
of industrial maintenance paints using a cyclic corrosion weathering method.
Journal of Protective Coatings and Linings, 8(5):28-36, 1991.

[327] S. Sivakumar and S. Rajeswari. Investigation of failures in stainless steel or-
thopaedic implant devices: pit-induced stress corrosion cracking. Journal of
Materials Science Letters, 11:1039-1042, 1992.

[328] Brian S. Skerry, Charles H. Simpson, and Guy R. Wilson. Combined corro-
sion/weathering testing of coated steel products for automotive applications.
In Proceedings-Society of Automotive Engineers, pages 143—153, 1991.

376



Y. Prawoto: Integration of Mechanics into Materials Science

[329] M.R. Sloan, J.R. Wright, and K.E. Evans. The helical auxetic yarn: A novel
structure for composites and textiles; geometry, manufacture and mechanical
properties. Mechanics of Materials, 43(9):476 — 486, 2011.

[330] R.E. Smallman, I.R. Harris, and M.A. Duggan. Microstructure and materials
processing. Journal of Materials Processing Technology, 63(1-3):18 — 29,
1997.

[331] C.W. Smith, K.E. Evans, and F. Lehaman. Strain densification during inden-
tation in auxetic foams. Cell. Poly., 18:79-101, 1999.

[332] WA. Smith. Direct, static measurement of single-crystal youngs moduli of the
zeolite natrolite: Comparison with dynamic studies and simulations. Proc. of
IEEE Ultrasonic Symp., IEEE:661-666, 1991.

[333] WA. Smith. Composite piezoelelctrics utilizing a negative poisson’s ratio
polymer. US Patent., 5334903, 1994.

[334] W. O. Soboyejo. Mechanical properties of engineered materials, 2003.

[335] IS. Sokolnikoff and E Stafford. Higher Mathematics for Engineers and Physi-
cists. New York; London: McGraw-Hill Book, 1934.

[336] FM Song. Predicting the mechanisms and crack growth rates of pipelines
undergoing stress corrosion cracking at high ph. Corrosion Science, 51:2657—
2674, 2009.

[337] A. Spadoni, M. Ruzzene, and F Scarpa. Global and local linear buckling
behavior of a chiral cellular structure. Phys. Stat. Sol., 242:695-709, 2005.

[338] Murray R. Spiegel. Schaum’s outline of theory and problems of vector analysis
and an introduction to tensor analysis. Schaum Pub. Co., New York, 1959.

[339] S Spigarelli, M Cabibbo, E Evangelista, and G Palumbo. Materials Science
and Engineering: A, 352(1-2):93 — 99, 2003.

[340] E. Stanova, G. Fedorko, M. Fabian, and S. Kmet. Computer modelling of wire
strands and ropes part i: Theory and computer implementation. Advances in
Engineering Software, 42(6):305 — 315, 2011.

[341] E. Stanova, G. Fedorko, M. Fabian, and S. Kmet. Computer modelling of
wire strands and ropes part ii: Finite element-based applications. Advances in
Engineering Software, 42(6):322 — 331, 2011.

[342] D.J. Steinberg, S. G. Cochran, and M. W. Guinan. A constitutive model for
metals applicable at high-strain rate. Journal of Applied Physics, 51(3):1498—
1504, 1980.

[343] AL Stepanov and VN Popok. Nanostructuring of silicate glass under low-
energy ag-ion implantation. Surface Science, 566-568(Part 2):1250-1254,
2004.

377



Bibliography

[344] PJ. Stott, R. Mitchell, K. Alderson, and A. Alderson. Growth industry. Mate-
rials World, 8(10):12—-14, 2000.

[345] B.M. Strauss and W.H. Cullen. E-24 on Fracture Testing, Fractography in
failure analysis. ASTM Committee, New York, 2003.

[346] T. Strek, P. Kedziora, B. Maruszewski, A.A. Pozniak, K.V. Tretiakov, and
K.W. Wojciechowski. Finite element analysis of auxetic obstacle deforma-
tion and fluid flow in a channel. Journal of Non-Crystalline Solids, 355(24-
27):1387-1392, 2009.

[347] Tomasz Strek, Bogdan Maruszewski, Jakub W. Narojczyk, and K.W. Woj-
ciechowski. Finite element analysis of auxetic plate deformation. Journal of
Non-Crystalline Solids, 354(35-39):4475 — 4480, 2008.

[348] S. Stupkiewicz, G. Maciejewski, and H. Petryk. Low-energy morphology of
the interface layer between austenite and twinned martensite. Acta Materialia,
55(18):6292 — 6306, 2007.

[349] K. V. Sudhakar and E. S. Dwarakadasa. A study on fatigue crack growth in
dual phase martensitic steel in air environment. Bull. Mater. Sci., 23:193-199,
2000.

[350] KV Sudhakar. Metallurgical investigation of a failure in 316l stainless steel
orthopaedic implant. J Eng. Failure Analysis, 12:249-256, 2005.

[351] M. Sumita, T. Hanawa, I. Ohnishi, and T. Yoneyama. 9.04 - failure processes
in biometallic materials. In Comprehensive Structural Integrity, pages 131 —
167. Pergamon, Oxford, 2003.

[352] Peter J. Szabo. Effect of partial recrystallization on the grain size and grain
boundary structure of austenitic steel. Materials Characterization, 66(0):99 —
103, 2012.

[353] M Tadashi. Stainless steel: progress in thermomechanical treatment. Current
Opinion in Solid State and Materials Science, 2(3):290 — 295, 1997.

[354] L Tan, K Sridharan, TR Allen, RK Nanstad, and DA McClintock. Microstruc-
ture tailoring for property improvements by grain boundary engineering. Jour-
nal of Nuclear Materials, 374:270-280, 2008.

[355] Xiaoli Tang. Sigma phase characterization in aisi 316 stainless steel. Micro-
scopic Analysis, (11):78-79, 2005.

[356] YC. Tang, S. Katsuma, S. Fujimoto, and S. Hiromoto. Electrochemical study
of type 304 and 316l stainless steels in simulated body fluids and cell cultures.
Acta Biomaterialia, 2, 2006.

[357] M. Tayanc, A. Aytac, and A. Bayram. The effect of carbon content on fatigue
strength of dual-phase steels. Materials and design, 28:233-266, 2007.

378



Y. Prawoto: Integration of Mechanics into Materials Science

[358] K.F.Tee, A. Spadoni, F. Scarpa, and M. Ruzzene. Wave propagation in auxetic
tetrachiral honeycombs. Journal of Vibration and Acoustics, 132(3):031007,
2010.

[359] PS. Theocaris, GE. Stavroulakis, and PD. Panagiotopoulos. Negative pois-
son’s ratio in materials with a star-shaped microstructure: A numerical ho-
mogenization approach. Arch. Appl. Mech., 67:274-286, 1997.

[360] Stephen Timoshenko and James M. Gere. Mechanics of materials. Van Nos-
trand Reinhold Co., New York, 1972.

[361] TCT. Ting. Very large poisson’s ratio with a bounded tranverse strain in
anisotropic elastic materials. J. Elasticity, 77(2):163-176, 2005.

[362] TCT. Ting and T. Chen. Poisson’s ratio for anisotropic elastic materials can
have no bounds. Quart J Mech Appl Math, 58(1):73-82, 2005.

[363] Moritz to Baben, Denis Music, Jens Emmerlich, and Jochen M. Schneider.
Extending the rule of mixture to the sub unit-cell level. Scripta Materialia,
65(8):735 — 738, 2011.

[364] Milan Trtica, Biljana Gakovic, Dimitri Batani, Tara Desai, Peter Panjan, and
Bojan Radak. Surface modifications of a titanium implant by a picosec-
ond nd:yag laser operating at 1064 and 532 nm. Applied Surface Science,
253(5):2551-2556, 2006.

[365] M. Tu, C. Hsu, W. Wang, and Y. Hsu. Comparison of microstructure and
mechanical behavior of lower bainite and tempered martensite in jis sk5 steel.
Materials Chemistry and Physics, 107(2-3):418-425, 2008.

[366] Aasis Unnanuntana, Brian Gladnick, Eve Donnelly, and Joseph Lane. The
assessment of fracture risk. The Journal of bone and joint surgery. American
volume, 92(3):743-753, 2010.

[367] Deepti Upadhyay, Manoj A. Panchal, R.S. Dubey, and V.K. Srivastava. Corro-
sion of alloys used in dentistry: A review. Materials Science and Engineering:
A, 432(1-2):1 - 11, 2006.

[368] W.D. van Driel, P.J.J.H.A. Habets, M.A.J. van Gils, and G.Q. Zhang. Charac-
terization of interface strength as function of temperature and moisture condi-
tions. In Electronic Packaging Technology, 2005 6th International Conference
on, pages 1 -6, sept. 2005.

[369] AA. Vasiliev, SV. Dimitriev, Y. Ishibashi, and T. Shinegari. Elastic properties
of a two-dimensional model of crystals containing particles with rotational
degrees of freedom. Phys. Rev, 65:094101, 2002.

[370] John D. Verhoeven. Steel metallurgy for the non-metallurgist, 2007.

[371] DR Veronda and RA Westmann. Mechanical characterization of skin-finite
deformations. J. Biomech., 3:111-124, 1970.

379



Bibliography

[372] MA Virk, IH Khan, KM Deen, M Ahmad, and AN Butt. Corrosion failure
analysis of spent caustic drainage line pipe. J Eng. Failure Analysis, 17:128—
134, 2010.

[373] Alex Volinsky, Joseph Vella, and William Gerberich. Fracture toughness,
adhesion and mechanical properties of low-k dielectric thin films measured
by nanoindentation. Thin Solid Films, 429(1-2):201-210, 2003.

[374] KY Volokh. Nonlinear elasticity for modeling fracture of isotropic brittle
solids. Journal of Applied Mechanics, 71(1):141-143, 2004.

[375] M. Khurram Wadee, M. Ahmer Wadee, and Andrew P. Bassom. Effects of
orthotropy and variation of poisson’s ratio on the behaviour of tubes in pure
flexure. Journal of the Mechanics and Physics of Solids, 55(5):1086 — 1102,
2007.

[376] Y.D. Wang, H.B. Tang, Y.L. Fang, and H.M. Wang. Effect of heat treat-
ment on microstructure and mechanical properties of laser melting deposited
lcr12ni2wmovnb steel. Materials Science and Engineering: A, 528(1):474 —
479, 2010.

[377] Z.G. Wang. Fatigue of martensite-ferrite high strength low-alloy dual phase
steels. IS1J Int., 39:747-759, 1999.

[378] Arnaud Weck, Philippe Bisaillon, Lihang Nong, Trevor Meunier, Haiou Jin,
and Mark Gallerneault. Mechanical properties of the aluminum roll-bond
laminate 5005, 5083, 5005. Materials Science and Engineering: A, 528:6186
—6193,2011.

[379] L Whitmore. Surface structure of zinc oxide (1010), using an atomistic, semi-
infinite treatment. Surface Science, 498(1-2):135-146, 2002.

[380] JL Williams and JL Lewis. Properties and an anisotropic model of cancellous
bone from the proximal tibial epiphysis. J. Biomech. Eng., 104:50-56, 1982.

[381] W. Wittke. Rock mechanics-theory and applications with case histories (trans-
lator: R Sykes). Springer Berlin, 1990.

[382] K.W. Wojciechowski. Constant thermodynamic tension monte carlo studies of
elastic properties of a two-dimensional system of hard cyclic hexamers. Mol.
Phys, 61:1247-1258, 1987.

[383] KW. Wojciechowski. Non-chiral, molecular model of negative poisson’s ratio
in two dimensions. J. Phys. A: Math. Gen., 36:11765-11778, 2003.

[384] KW. Wojciechowski. Remarks on poisson ratio beyond the limits of the elas-
ticity theory. J. Phys. Soc. Jpn, 72:1819-1820, 2003.

[385] KW. Wojciechowski and AC. Branka. Negative poisson ratio in a two dimen-
sional isotropic solid. Phys. Rev. A, 40:7222-7225, 1989.

380



Y. Prawoto: Integration of Mechanics into Materials Science

[386] KW. Wojciechowski, KV. Tretiakov, and M. Kowalik. Elastic properties of
dense solid phases of hard cyclic pentamers and heptamers in two dimensions.
Phys. Rev., E67:036121, 2003.

[387] Soo Woo and Nam. Materials Science and Engineering: A, 322(1-2):64 — 72,
2002.

[388] Robert C. Wrede. Introduction to vector and tensor analysis. Wiley, New
York, 1963.

[389] Wu-Cheng. Theoretical study of stress concentrations at circular holes and
inclusions in strain hardening materials. SAS j/cja:jid ; International Journal
of Solids and Structures, 8(2):149-192, 1972.

[390] J. Xie, AT. Alpas, and DO. Northwood. Materials Characterization, 48:271—
277, 2002.

[391] Gao Xin, Wang Hangong, Kang Xingwu, and Jiang Liangzhou. Analytic so-
lutions to crack tip plastic zone under various loading conditions. European
Journal of Mechanics - A/Solids, 29(4):738 — 745, 2010.

[392] BS Xu. Development of surface engineering in china. Surface Engineering,
26(1-2):123-125, 2010.

[393] T Yamada, N Harada, K Kitahara, and A Moritani. Study of mechanism of
plasma surface modifications in si by spectroscopic ellipsometry. Surface and
Coatings Technology, 174-175:854-857, 2003.

[394] W. Yang, ZM. Li, W. Shi, BH. Xie, and MB. Yang. Review on auxetic mate-
rials. Journal of Materials Science, 39:3269-3279, 2004.

[395] Y.F. Yang, S.D. Luo, C.J. Bettles, G.B. Schaffer, and M. Qian. Materials
Science and Engineering: A, 528(24):7381 — 7387, 2011.

[396] J. Yu, Z Zhao, and L Li. Corrosion fatigue resistances of surgical implant
stainless steels and titanium alloy. Corrosion Science, 35:587-597, 1993.

[397] Maohong Yu. Generalized plasticity, 2006.

[398] Samuel Zelinka, Dominique Derome, and Samuel Glass. Combining hy-
grothermal and corrosion models to predict corrosion of metal fasteners em-
bedded in wood. Building and Environment, 46(10):2060-2068, 2011.

[399] F. J. Zerilli and R. W. Armstrong. Dislocation-mechanics-based constitu-
tive relations for material dynamics calculations. Journal of Applied Physics,
61(5):1816-1825, 1987.

[400] C Zhang, ZX Xia, ZG Yang, and ZH Liu. Influence of prior austenite defor-
mation and non-metallic inclusions on ferrite formation in low-carbon steels.
Journal of Iron and Steel Research, International, 17(6):36 — 42, 2010.

[401] Jianbin Zhang, Phillip Cole, Umang Nagpal, Christopher Macosko, and Tim-
othy Lodge. Direct correlation between adhesion promotion and coupling

381



Bibliography

reaction at immiscible polymer-polymer interfaces. The Journal of Adhesion,
82(9):887-902, 2006.

[402] Peng Zhang, Hongyan Hu, Yuanyuan Liu, Yue Zhang, Yuan Fang, Xuejun
Ren, Bo Liao, and Qingxiang Yang. Investigation on cracking mechanism of
austenite stainless steel during in situ tension in transmission electron micro-
scope. Materials Science and Engineering: A, 528(3):1201 — 1204, 2011.

[403] W. Zhang, T. DebRoy, T.A. Palmer, and J.W. Elmer. Modeling of ferrite for-
mation in a duplex stainless steel weld considering non-uniform starting mi-
crostructure. Acta Materialia, 53(16):4441 — 4453, 2005.

[404] Yingjun Zhang, Yawei Shao, Tao Zhang, Guozhe Meng, and Fuhui Wang.
The effect of epoxy coating containing emeraldine base and hydrofluoric acid
doped polyaniline on the corrosion protection of az91d magnesium alloy. Cor-
rosion Science, 53(11):3747-3755, 2011.

[405] Z. Zhang, G. Bernhart, and D. Delagnes. Cyclic behaviour constitutive mod-
elling of a tempered martensitic steel including ageing effect. International
Journal of Fatigue, 30(4):706-716, 2008.

[406] MingHao Zhao, WeiLing Zheng, and CuiYing Fan. Mechanics of shaft-loaded
blister test for thin film suspended on compliant substrate. International Jour-
nal of Solids and Structures, 47(18):2525-2532, 2010.

[407] C Zhong, X Tang, and Y Cheng. Corrosion of steel under the defected coating
studied by localized electrochemical impedance spectroscopy. Electrochimica
Acta, 53(14):4740-4747, 2008.

[408] Olgierd Cecil Zienkiewicz and Robert Leroy Taylor. The Finite Element
Method: Solid Mechanics, volume 2. Butterworth-heinemann, 2000.

[409] J Zuo, MA Sutton, and X Deng. Basic studies of ductile failure processes
and implications for fracture prediction. Fatigue and Fracture of Engineering
Materials and Structures, pages 231-243, 2004.

382



Index

OOFTM 146 Brinell hardness test (HB), 96
AKyp, 279 Bulk modulus, 99, 175

(o) Alpha phase, 118 C-ring, 245

(a’) Alpha’ phase, 145, 232 C-ring specimen, 245

(B) Beta phase, 118 Carbide, 144, 232
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Cementite (iron carbide, Fe,C,), 118
Chaboche, 83

Charpy, 104

Chiral structure, 182, 203

Cleavage, 283

Coating life prediction, 260

Cold working, 108

Commercial codes, 132, 312
Compact tension (CT) specimen, 104
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Crack path, 150
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Deformation gradient, 36
Degree of freedom (DOF), 134
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Determinant, 300

Deviatoric Stress, 50
Deviatoric stress invariant, 82, 88
Differential equation, 33
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Dislocation density, 129
Disordered structure, 187
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Divergence theorem, 307
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Dry friction, 102
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Ductile brittle transition, 106

Edgar Bain, 124
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Elastic strain energy, 57
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Energy and virtual work, 56
Energy of friction, 102
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Failure, 51

Failure analysis, 260

Fatigue, 106

Fatigue crack propagation, 271

Index

Ferrite, 119

Ferrite fraction, 269
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Finite element analysis, 154

Finite element method (FEM), 131
First deviatoric stress invariant, 50
First stress invariant, 49

Flow equation, 82

Flow Rule, 85
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Fracture mechanics, 194, 268
Fracture toughness, 104

Friction, 102

Galerkin, 131
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Gradient, 302, 307

Grain boundary, 143, 232

Grain boundary strengthening, 130
Graphite (allotrope of carbon), 118
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Haigh, 52
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Hamiltonian mechanics, 5
Hardening, 82, 86

Hardening modulus, 85
Hardness, 93

Hardness conversion, 97
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Hencky, 78

Henry Bessemer, 113
Hexaferrum, 118

Hierarchical structure, 195
Hill, 78

Hohenemser, 83
Homogenization, 196, 227, 235
Homogenization concept, 156
Homogenized tensor, 159
Hooke’s law, 45

Hooke’s law for plane strain, 46
Hooke’s law for plane stress, 44
Hrennikoff, 132

Hydrostatic pressure, 79
Hydrostatic stress, 50

Ideal plasticity, 79
Impact, 103
Inclusion, 145, 232
Incompressible, 78
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Integral theorem, 305, 308 Moment, 134

Isotropic, 45, 78, 166 Multi phase, 269
Isotropic hardening, 87 Newton, 10

Isotropic material, 45
Isotropic yield criteria, 88

Newton first law, 14
Newton’s three fundamental laws, 10

Janka hardness test, 96 Newtonian mechanics, 5, 9
Johnson-Cook model, 109, 143 Nitride, 144, 232

Kelvin, 70 Node, 131
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Knoop hardness test (HK), 96 Orthonormal, 299

Koiter, 78 Orthopaedic or orthopedic, 244
Kronecker, 299 Other Yield functions, 90
Kronecker delta, 49 Parallelogram, 10
Kurdjumov-Sachs, 126 Paris coefficient, 279
Lagrangian, 34, 36, 39, 41 Partial differential equation (PDE), 131
Lagrangian displacement, 36 Pearlite, 123
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Lagrangian strain tensor, 36 Persistent slip band, 107
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Laplacian, 302 Plane strain, 24, 165

Lattice mismatch, 130 Plane stress, 24, 165
Levi-Civita, 300 Plastic strain, 85, 86

Levy, 78 Plastic zone, 203

Life assessment, 261 Plasticity, 77

Line integral, 303 Poisson’s ratio, 78, 174, 203
Lorentz factor, 5 Polar coordinate, 163
Lower bainite, 126 Position vector, 34
Lubrication, 102 Potential energy, 56, 135

Power law, 108

Practical yield criteria, 88

Prager, 78, 83

Prandtl, 78

Precipitation hardening, 129
Preston-Tonks-Wallace model, 109
Principal stress, 48

Principle of moments, 18
Principles of mechanics, 9

Macauley bracket, 83
Macroindentation, 96
Martensite, 119

Martensite finish, 120
Martensite start, 120

Mass, 9, 93

Mass density, 78
Mathematica”?, 215, 258, 312
Matrix algebra, 307

Maxwell, 70 Q value, 216

Maxwell-Betti, 54 Quasi-thermodynamics postulate, 87
Mechanical properties, 92 Rankine, 51
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Microcracks, 107 Relativistic mechanics, 9
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Modeling with austenite, 141 Residual stress intensity factor, 309
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Reynolds transport, 41
Rockwell hardness test (HR), 96
Rule of mixture, 227, 229

Saint Venant, 51, 78

Scalar product, 298

Scratch hardness, 94

Second deviatoric stress invariant, 50
Second stress invariant, 50

Shear modulus, 175

Shear modulus of elasticity, 78
Shore hardness test, 96

Simple shear, 233

Simple tension, 233

Single edge notch bend (SENB), 104
Sir Isaac Newton, 14

Smelting, 115

Softening, 82

Solid solution, 129, 232

Space, 9

Spheroidite, 118

Spring, 70

Star-shape structure, 184

Static friction, 102
Steinberg-Cochran-Guinan-Lund model, 109
Stiffness, 45

Stokes Theorem, 308

Stokes theorem, 305

Strain energy, 60

Strain energy density (SED), 220, 260
Strain hardening, 107

Strain rate, 108

Strain-displacement relation, 36
Stress concentration, 166

Stress corrosion cracking, 104, 243
Stress intensity factor, 149

Stress invariant, 88

Stress invariants, 48

Stress transformation, 24
Summation convention, 42
Superposition principle, 54

Surface integral, 304

Tensor, 297, 306

Thermal coefficient of expansion, 78
Third deviatoric stress invariant, 51
Third stress invariant, 50

Three point bend, 104

Time, 9

Torque, 9

Toughness, 102

Transformation hardening, 130
Transmission electron microscope, 154
Transpose, 306

Tresca, 52, 78, 90, 143

TRIP steel, 120

Twinning, 143

Unit cell, 195
Upper bainite, 126

Vector, 297

Vector Differentiation, 300
Vector integration, 301
Vickers hardness test (HV), 96
Virtual energy, 60

Virtual movement, 60
Virtual work, 135
Viscoelastic operator, 75
Viscoelasticity, 68
Viscoplastic potential, 82
Viscoplasticity, 81

Voigt, 70

Volume, 93

Volume integral, 305

Von Mises, 52, 78, 82, 233

Weight function, 258, 309
Widmanstitten, 113, 119
Work hardening, 129
Yield criterion, 84

Yield function, 82

Yield locus, 90

Yield strength, 78

Yield surface, 81

Zerilli-Armstrong model, 109
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