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Foreworad

i

The field of damage mechanics has made considerable headway since its initial
conception over 50 years ago as a means of associating changes of material com-
pliance and strain localization with evolving creep damage of materials. Develop-
ment of basic concepts in this field has evolved in several directions, with one stream
focused on continuum thermodynamics based on damage field variables and another
appealing to continuum micromechanics, attempting to account for explicit
defects and microstructure and linking to cooperative behavior through elastic
interactions. Although continuum damage mechanics and analytical/computational
micromechanics of materials may appear to have taken distinct and parallel courses
of development from the mid-1980s onward, the theoretical connections between
these two paths are rich and deep, rooted in thermodynamics and kinetics. This is
effectively expressed using internal state variables as a means to reduce the degrees
of freedom of the model description while maintaining consistency with damaged
material response at the level of a representative volume element.

This handbook thoroughly explores these connections, combining works in
foundational topics such as fabric tensors to represent networks of cracks or other
modes of damage with explicit modeling of microstructure and associated damage
mechanisms. Authored by a series of leading international experts in the field,
a unifying theme of the articles in this handbook is the treatment of structural-level
degradation of response. Damage mechanics has been fruitfully applied as a
practical approach for applications that involve complex aspects of distributed,
evolving damage. Examples in this volume are varied:

» Low cycle fatigue via damage mechanics coupled with internal state variable
crystal plasticity in polycrystalline metals

« Distributed particle/fiber cracking and interfacial debonding in particle- and
fiber-reinforced composites, including both implicit and explicit consideration
of damage modes

= Internal state variable modeling of distributed damage in polymers

» Damage evolution and failure of electronic materials and packaging

« Damage evolution and failure of materials subjected to extreme conditions,
including dynamic loading conditions, irradiation in nuclear power plant
components, and large-deformation metal forming

* Ductile fracture and damage localization in metals



vi Foreword

In addition to applications, fundamental aspects of thermodynamics of damaged
solids are addressed. including isotropic and anisotropic damage mechanics.
Readers will also find substantial treatment of multiscale modeling and various
approaches to homogenization of damage evolution processes. Emerging concepts
in the evolution of damage, such as fractal theory and discrete damage models.
round out theoretical aspects and explore the connectivity of damage mechanics
with statistical physics.

Finally, the handbook provides an overview of recent experimental methods to
measure evolving distributed damage in materials, with an emphasis on digital
image correlation, as well as characterization and inverse modeling. The reader will
find linkages between state-of-the-art theory, experiments, and applications in this
volume, establishing an invaluable contribution to the literature.

[ trust that you will find this Handbook of Damage Mechanics an inspiring and
indispensable reference.

May 2014 David L. McDowell
Regents” Professor and Carter N. Paden,

Jr. Distinguished Chair in Metals Processing

Georgia Institute of Technology

Atlanta, GA

USA



Damage characterization and mechanics is a broad and highly interdisciplinary field
that has been continuously evolving in the last half century. This handbook is an
attempt to cover the wide spectrum of topics of damage mechanics in a single book
in order to reach a wide audience of readers ranging from students to active
researchers in both academia and industry. This was a monumental challenge for
the authors involved to overcome. An enormous group of internationally recog-
nized authors from both academia and industry assembled from three continents to
write 47 chapters on this topic and its various branches.

Tremendous developments have taken place within the research topic of con-
tinuum damage mechanics in the past 50 years. There are currently one dedicated
journal to this topic as well as numerous books and thousands of research papers.
In the framework of continuum damage mechanics, the collection of micro-defects
(like micro-cracks, micro-voids, etc.) are treated as a continuous region within
which the laws of continuum mechanics are assumed to apply. This is in contrast to
what is done in fracture mechanics where individual defects are treated separately
and discontinuities are allowed.

Our goal was to assimilate the existing damage mechanics knowledge of
academic interest into one consistent, self-contained volume accessible to engineers
in practice. researchers in this field, and interested people in academia and to
motivate nonspecialists with a strong desire to learn damage mechanics. Such a
task was beyond the scope of each of the collected research papers. which by nature
focus on narrow topics using very specialized terminology. Our intent was to
provide a detailed presentation of those areas of damage mechanics which we
have found to be of great practical utility in our industrial experience, while
maintaining a sufficiently formal approach both to be suitable as a trustworthy
reference for those whose primary interest is further research and to provide a solid
foundation for students and others first learning the subject.

Each chapter was written to provide a self-contained treatment of one major topic.
Collectively, however, the chapters have been designed and carefully integrated to
be entirely complementary with respect to definitions, terminology. and notation.
Furthermore, there is essentially no duplication of material across chapters.

The Handbook of Damage Mechanics comprises 12 distinet sections including
47 chapters covering the basics of damage mechanics as well as recent research,

vii



viii Preface
The topics covered include the fundamentals of continuum damage mechanics, dam-
age in disordered media, damage in crystalline metals and alloys, damage in structures,
damage in electronic packaging, damage in metal forming. micromechanics of dam-
age in composite materials, coupled elastoplastic damage and healing mechanics in
granular materials, damage under dynamic loading. experimental characterization of
damage. micromechanics of damage in laminated composites. nuclear damage char-
acterization, and recent trends in damage and healing mechanics.

One of the major features of the Handbook of Damage Mechanics is coverage of
the latest research in the new topic of healing mechanics of materials. The handbook
includes four chapters on this emerging subject. In addition, it includes three chapters
on the experimental characterization of damage in materials. The fundamentals of
continuum damage mechanics are presented in four chapters of the very first section.

The handbook integrated knowledge from the theoretical, numerical. and experi-
mental areas of damage mechanics. This book mainly targets graduate students of
damage mechanics, researchers in academia and industry who are active or intend to
become active in this field, and practicing engineers and scientists who work in this
topic and would like to solve problems utilizing the tools offered by damage mechan-
ics. This handbook should serve as an excellent text for a series of graduate courses in
mechanical engineering, civil engineering. materials science. engineering mechanics,
aerospace engineering, applied mathematics, applied physics. and applied chemistry.

The handbook is basically intended as a textbook for university courses as well
as a reference for researchers in this field. It will serve as a timely addition to the
literature on damage mechanics and as an invaluable resource to members of the
international scientific and industrial communities.

We hope that the reader will find this handbook a useful resource as he/she
progresses in their study and research in damage mechanics. We would also like to
wish the readers much success and welcome their suggestions for future improve-
ment of the handbook.

Each of the individual sections of this handbook could be considered a compact,
sell-contained mini-book right under its own title. However, these topics are
presented in relation to the basic principles of damage mechanics.

What is finally presented in the handbook is the work contributed by celebrated
international experts for their best knowledge and practices on specific and related
topics in damage characterization and mechanics.

The editor would like to thank all the contributors who wrote chapters for this
handbook. Finally, the editor would like to acknowledge the help and support of his
family members and the editors at Springer who made this handbook possible.

March 2014 George Z. Voyiadjis
Baton Rouge, LA
USA
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Dr. Voyiadjis® research has been performed on developing numerical models
that aim at simulating the damage and dynamic failure response of advanced
engineering materials and structures under high-speed impact loading conditions.
This work will guide the development of design criteria and fabrication processes of
high-performance materials and structures under severe loading conditions.
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under his direction. He has also supervised numerous postdoctoral associates.
Voyiadjis has been extremely successful in securing more than $20.0 million in
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Republic of Korea, and Poland.
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