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Foreword

The authors of this book, Eugene D. Shchukin and Andrei S. Zelenev, represent the well-known
Russian school of colloid and interface science, although both have been residing and working in the
United States since the early 1990s. Dr. Shchukin has been a professor at Johns Hopkins University
in Baltimore, Maryland, while continuing to teach and supervise research at the Colloid Chemistry
Division at the Chemistry Department of Moscow State University, Moscow, Russia and at the
Institute of Physical Chemistry of the Russian Academy of Science, Moscow, Russia. Dr. Zelenev
has been pursuing a career as an industrial scientist holding a number of research and managerial
positions with international chemical companies. This book is the authors’ second joint project
aimed at introducing the results and accomplishments of the Soviet and Russian school of colloid
and interface science to the English-speaking audience.

Physical-chemical mechanics is a fundamental interdisciplinary area of science addressing the
reciprocal effects of physical-chemical surface phenomena in disperse systems and materials and
their mechanical behavior. Although it is based on colloid chemistry and material science, it is prin-
cipally different from both of these disciplines. Colloid chemistry addresses the properties of mat-
ter in the dispersed state, and material science deals with properties of bulk materials. Conversely,
physical-chemical mechanics is focused on the processes of transformation of disperse systems
with a broad range of particle size from nanometers to millimeters into a material, as well as on
the inverse processes of the transformation of materials into individual particles. The former takes
place in various processes involving particle bridging, pressing, sintering, hydration hardening and
sol-gel transitions, while the latter are encountered in material dispersion and failure by wear, fric-
tion, milling, various mechanical treatment, etc. The description of processes of material degrada-
tion and disintegration utilizes the principles and methods of material science as they apply to the
description of mechanical strength. Although these two groups of processes are seemingly opposite
to each other, they are united by the universal role of surface phenomena, such as adsorption of
surface-active substances and media-induced lowering of interfacial free energy. These phenomena
constitute a physical-chemical basis for the formation and healing of microscopic surfaces in the
course of origination, development, and destruction of contacts between the particles. Contact inter-
actions are the cornerstone subject of physical-chemical mechanics. Controlling contact interac-
tions provides one with the means to influence numerous industrially important processes, such as
those of increasing the strength of catalysts, drilling for oil and gas, papermaking, and many others.

Theoretical and experimental investigation of contact interactions is the leading theme of this
book, while the chapters addressing the subjects of colloid and surface science and of material sci-
ence are written with a level of detail that is necessary for understanding contact interactions and
the transformation of individual particles into a material, and contrarily the conversion of a material
into individual particles. Physical-chemical mechanics covers the broad spectrum of objects and
systems, from milli- to nano-sized, and establishes the fundamental basis for controlling and tuning
the properties of such systems and the processes taking place in them.

Physical-Chemical Mechanics of Disperse Systems and Materials contains seven chapters.
Section I, with four chapters, presents the basics, starting from surface forces and the contact of
particles with liquids. Chapter 2 is dedicated to adsorption phenomena, accumulation of surface-
active molecules at various interfaces, and the importance of surfactant’s adsorption on the contact
between particles. The bulk properties of particle dispersions in liquids are discussed in Chapter 3
in terms of coagulation processes and the rheological behavior. Chapter 4 describes in a compre-
hensive way the stability of disperse systems and emphasizes the Rehbinder effect as an important
mechanism in stable colloidal systems. Section 1l consists of three chapters. Chapter 5 provides an
introduction to the methodology of mechanical testing; Chapter 6 describes in detail the structures
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with phase contacts, emphasizing numerous industrially important applications, such as hydration
hardening of mineral binders; and Chapter 7 focuses on the essence and role of interfacial phenom-
ena in the deformation and fracture of solids with different types of chemical bonding, with special
attention to the role of active media, that is, on the Rehbinder effect.

We are very happy that this book, unique in its topic and way of dealing with disperse systems
and materials, is published as Volume 6 in the series Progress in Colloid Interface Science.

Reinhard Miller
Potsdam, Germany

Libero Liggieri
Genoa, Italy



Preface

This book provides a comprehensive description of physical-chemical mechanics, which is a
discipline that uniquely bridges solid-state physics and materials science and colloid and surface
chemistry. While colloid and surface science deals mainly with the properties of a substance in
a dispersed state, and solid-state physics/material science are concerned mainly with the proper-
ties of a substance making up a solid phase, the scope of physical-chemical mechanics is different
from the traditional studies of the properties of substances in that it consists of the investigation
of complex physical-chemical interfacial phenomena taking place (1) in the course of the transi-
tion of a dispersed system into a material and/or, conversely, (2) in the course of the dispersion of
a bulk material. This book is based on a critical assessment of results published in the literature,
mostly in Russian, over the past four decades, and on the materials used in the lecture course on
physical-chemical mechanics developed and taught by Professor Eugene D. Shchukin over many
years at the Chemistry Department of Moscow State University in the USSR, and then in Russia,
and at Johns Hopkins University in Baltimore, Maryland. The author has also taught the course on
physical-chemical mechanics at the University of Sofia, Bulgaria, at Havana University in Cuba, at
the Institute of Surface Chemistry (YKI) in Stockholm, Sweden, and at the Helsinki University of
Technology in Finland. Many illustrations encountered throughout the book are based on the slides
used in those lecture classes.

Professor Eugene D. Shchukin was a long-time collaborator and close friend of Professor Peter
Alexandrovich Rehbinder (1898-1972), the founder of physical-chemical mechanics. Over many
years, he worked closely with Rehbinder at the Laboratory of Physical-Chemical Mechanics at the
Frumkin Institute of Physical Chemistry in Moscow and at the Chemistry Department of Lomonosov
Moscow State University and continued to pursue active research in the area following Rehbinder’s
death. In the course of his work, Professor Shchukin has served as an advisor, co-advisor, and direct
participant on numerous PhD and doctor of science thesis research projects. Some of the results pre-
sented in the book were generated as part of such thesis research. Those studies are not readily acces-
sible to the English-speaking scientific community but are critical for understanding the underlying
principles behind the formation of contacts and structures and common processes leading to wear,
fracture, and failure, as well as the ambient media effects in these processes.

Since 1991, Professor Shchukin has resided in Baltimore, Maryland, where he has continued
with his work in physical-chemical mechanics. The work conducted in Baltimore included the stud-
ies on contact interactions between cellulosic fibers in the presence of polyelectrolytes and sur-
factants, also included in this book. This was a joint project between Professor Eugene Shchukin,
Dr. Igor Vidensky, and Dr. Andrei S. Zelenev, who is the second author of this book. Dr. Zelenev
is a graduate of the Chemistry Department of Moscow State University and of Clarkson University
(Potsdam, New York), where he earned his PhD in physical chemistry under the supervision of
Professor Egon Matijevi¢. Following graduation, Dr. Zelenev pursued a career in industrial research
focusing on developing specialty chemicals for pulp and paper and later for oil and gas production.
While belonging to the younger generation of scientists, Dr. Zelenev has a long history of collabora-
tion with Professor Shchukin. The authors previously jointly coauthored the textbook Colloid and
Surface Chemistry (Elsevier, 2001), which laid the path for preparing this book.

The present book is composed of the seven chapters that cover the material used as the basis for
the lecture course on physical-chemical mechanics and basic material essential for understanding
the content from the areas of colloid and surface chemistry, strength of materials, rheology, and
tensors. Such coverage makes the book suitable for readers who do not have extensive knowledge
and expertise in any of these areas. The book also devotes a lot of attention to the experimental
methods used in physical-chemical mechanics and the relevant instruments, many of which were
built and developed over the years by collaborators of Professor Shchukin. Where appropriate and

xi
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relevant, the authors have included a somewhat detailed description of specific significant studies.
These studies are included in the corresponding chapters as essays. Some examples include studies
on fluorinated systems, the damageability of glass, the strength of catalysts, etc. Dr. Andrei Zelenev
has brought together and organized all of this very different material into a continuously flowing
text. In order to maintain proper emphasis and the integrity of the presentation, the authors have
occasionally used the same illustrations in different chapters.

The authors acknowledge the contribution from several critical participants of this project. They
are indebted to Dr. Aksana M. Parfenova, who has prepared many others original illustrations used
by Professor Shchukin in lecture classes. The authors also thank Harald Hille, a retired United
Nations translator and terminologist, who read through the manuscript to check for infelicities in the
English text, a language of which none of the authors is a native speaker, although they have worked
as scientists in the United States for many years. Finally, the authors are indebted to Dr. Kristina
D. Kitiachvili, who has provided invaluable help with the editing and prepublication organization
of the manuscript.
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Introduction

Looking at the title of this book, Physical-Chemical Mechanics of Disperse Systems and Materials,
the first and very important question one might ask is what does it mean. Each of the six terms has
a distinct and well-defined meaning, and together they define the scientific discipline originally
introduced by Peter A. Rehbinder. The essence of physical-chemical mechanics is schematically
illustrated by the chart shown in Figure I.1. Over many years, this chart was used by Professor
Shchukin in lecture classes on the subject.

Let us try to understand which principal factors are the same for both disperse systems and the
resulting materials.

First, there is the universal importance of mechanical properties defined in a broad sense as the
ability of a material to resist mechanical action and the interest of both science and industry to con-
trol those properties. Depending on the need, one may seek to increase the resistance to mechanical
action, thus ensuring strength and durability, or one may want to decrease that resistance in order to
improve one’s ability to form and machine a material.

Second, we deal with the real physical structure of a material, with the numerous defects associ-
ated with it, that is, micro- and ultra-micro-heterogeneity, defined by the connectivity between its
many particles. Those connected particles form the basis for the structure. That implies that there
is a universal nature of the disperse state with its highly developed internal and external surfaces.

Third, we consider the critical role played by various chemical and physical-chemical phenom-
ena taking place at these surfaces and specifically the role of surface-active components present in
the ambient medium.

Fourth, all of the mechanical processes of the deformation and fracture of a solid are of interest,
and those involving the rupture and reformation of contacts between individual particles, as they
constitute the processes of the rupture and restructuring of chemical bonds; that is, these are the
physical-chemical processes.

Fifth, both disperse systems and the materials associated with them are united in the same cycle
of transformations taking place in nature and technology. The universal nature of these mutual
transitions is illustrated on the left-hand and right-hand squares shown in the diagram in Figure 1.1
and reflect Rehbinder’s principle of “achieving strength via damage.”

The discussion of the transformation, rupture, and reformation of the bonds between the particles,
and of the influence of the medium on these processes, constitutes the main subject of the first part
of the book, which addresses structures with “weak™ coagulation contacts between the particles, and
the second part, which is devoted to the description of structures with “strong”™ phase contacts and of
continuous materials. It would be useful to define these two broad classes of systems here.

Free-disperse systems are typically represented by dilute sols having low concentrations of parti-
cles, while the connected-disperse systems are those in which one typically encounters high particle
concentrations, such as concentrated sediments or pastes (Figure 1.2).

When the contacts between the particles in a free-disperse system are established, the transi-
tion of the system into a connected-disperse state takes place. This transition is associated with the
development of a spatial network of particles in which the cohesive forces between the particles
forming a network are sufficiently strong to resist thermal motion and the action of external forces.
As a result of the transition, the system acquires a set of new structural-mechanical (rheological)
properties that characterize the ability of the system to resist deformation and separation into indi-
vidual parts. That is, the system acquires mechanical strength, which is the principal and universal
characteristic of all solid and solid-like materials. For many materials, their mechanical strength
defines the conditions of their use.

Although it may sound intuitively obvious that one would want to get durable and long-lasting
materials, strength is not always the feature that is sought. Some examples where that is the case

XV
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Disperse systems:
« Sols, gels, pastes
¢ Sediments, powders
Key properties
Rheology, thixotropy

Coalescence, particle bridging: Comminution, dispersion:
* Sintering * Coarse and fine grinding
¢ Plastic deformation

s Hydration hardening
« Sols—gel transitions

¢ Friction and wear
¢ Fracture

. ) ) * Mechanical treatment
Transformation of weak coagulation
contacts between particles into Rupture of bonds in phase

strong phase contacts contacts and compact materials

Materials:

¢ Metals, ceramics
* Cements, composites
¢ Minerals
Key properties
Strength, durability

FIGURE I.1 The main objects of physical-chemical mechanics and the relationships between them.

Free-disperse
(dilute)

system

Connected-disperse
(concentrated)
system

FIGURE 1.2 Free-disperse systems and connected disperse systems.

include various processes involving the formation of disperse systems, the packing of powders, the
densification of suspensions or in the treatment of metals in the course of grinding, cutting, or press-
ing. In all of these applications, the main goal is to decrease mechanical resistance to treatment.
At the same time, a decrease in strength may result from specific use conditions, and one needs to
pay special attention to such factors in the numerous and dangerous processes of wear and failure
in construction materials and the parts of various machines and mechanisms, etc. In order to seek
ways to prevent and minimize potential damage, a good understanding of the underlying mecha-
nisms is needed.

The understanding of structure formation in disperse systems, including the investigation of the
mechanical properties of various structured systems, the optimal conditions for their formation,



Introduction xvii

treatment, and fracturing (with a special emphasis on the role of active media), is one of the central
subjects in the study of the physical-chemical mechanics of disperse systems and materials.

Physical-chemical mechanics originated in the 1930s and 1940s and in the 1950s became a
separate and unique discipline bridging colloid and interface science with material science. Critical
contributions to this area were made by various academic and industrial research groups working
in the former USSR, specifically by scientists belonging to the scientific school established by Peter
Alexandrovich Rehbinder (1898—1972), the discoverer of the Rehbinder effect. Numerous early and
highly significant studies in the area conducted over the span of several decades are reviewed and
referenced throughout the book.

Physical-chemical mechanics addresses a great variety of different objects and applications.
These include various disperse systems, such as pastes, powders, and suspensions, encountered
in various areas and applications; various materials used in modern technology; and such natural
objects as minerals, soils, and bone tissue. This great variety emphasizes the universal nature of the
disperse state of matter and the universal importance of mechanical properties.

Among the variety of disperse systems, fine disperse systems with particles in the range of
1-100 nm, commonly referred to as nanosystems, play an important role. Achieving a fine degree
of dispersion and the highest possible uniformity is the prerequisite for obtaining strong and durable
materials. At the same time, the high surface area of such materials provides for the highest effec-
tiveness of various heterogeneous chemical processes involving mass and heat transfer.

The highest possible degree of dispersion cannot be achieved by simple comminution and
grinding, that is, by dispersion processes. It can only be achieved by condensation methods. The
latter involve the nucleation of a new phase in the initial homogeneous system at high levels of
supersaturation.

Due to the large number of contacts between the particles, one encounters difficulties in stabiliz-
ing and molding fine disperse colloidal systems. The cohesive forces existing between the particles
in such systems constitute the manifestation of physical-chemical interactions. By investigating the
relationship that exists between the mechanical properties of disperse systems and materials, their
structure, and interfacial phenomena, one seeks to find new ways to tune and control the properties
of materials. This is achieved by using a controlled combination of mechanical action (including
vibration) and physical-chemical means of controlling the interfacial phenomena—for example, by
using surfactants.

Within the scope of physical-chemical mechanics, various approaches are used to describe the
mechanical properties of various liquid-like and solid-like bodies and materials. These include
the methods of macro- and microrheology, and molecular dynamic experiments, allowing one to
approach the problem at the molecular dimension. The combination of these approaches provides
one with the means to analyze the properties of real disperse systems and with methods for con-
trolling them. Special attention is devoted to the Rehbinder effect, that is, to the adsorption-related
influence of the dispersion medium on the mechanical properties of solids.

The structure formation that takes place in disperse systems is the result of spontaneous, ther-
modynamically favorable processes of particle cohesion, leading to a decrease in the free energy of
the system, such as particle coagulation or substance condensation at the points of particle contact.
The development of spatial networks of various types is the foundation for the ability of a disperse
system to transform into a material. As a result of such a transformation, the system acquires new
characteristics and properties that are completely different from those in the original state.

Material strength, P, (N/m), is the principal characteristic of a given material, determining the
ability of a material to resist fracture under the action of external stresses. In disperse systems of
globular type (Figure 1.3), the strength P, is determined by the combination of cohesive forces act-
ing in the particle—particle contacts and the number of such contacts per unit area, that is,

P =yp
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FIGURE I.3 The model of a globular disperse structure.

Both p, and y can be obtained experimentally and estimated theoretically, as will be thoroughly
discussed in the book.

The value of y is determined by system geometry, primarily by the particle size (radius r, if the
particles are spherical) and the particle packing density. In the case of moderately dense structures,
such as those with a primitive cubic lattice with the coordination number of 6, one can approxi-
mately write that

1
= an
which provides one with the means to establish the spectrum of possible y values in real systems.
In particular, for 2r ~ 100 pm, y ~ 10*~10* contacts per cm?; for 2 =~ 1 pm, x ~ 10’=10® contacts
per cm?; and for 27 =~ 10 nm, y ~ 10'"'=10" contacts per cm?.

This description holds true for disperse systems of the globular type, in which a continuous back-
bone is formed due to the cohesion of the individual particles in the course of transformation of a
free disperse system into a connected disperse system. In such systems, the backbone formed is the
main carrier of the strength. At the same time, there are also other types of systems, for example,
those with a cellular structure (solidified foams or emulsions). Such structures are typical in poly-
meric systems and may form in the course of new phase formations by condensation in mixtures of
polymers. An individual approach also needs to be employed in the description of the mechanical
properties of structures with anisometric particles, due to the specifics of the cohesive forces in such
systems. In addition to porous structures, we also consider various compact microheterogeneous
structures, such as mineral rocks, modern composite materials, and natural materials such as bone
and wood.

Depending on the nature of the forces involved in the particle cohesion, the contacts can be
subdivided into coagulation contacts and phase contacts, as schematically shown in Figure 1.4.
Coagulation contacts are discussed in detail in the first section of the book. In these contacts, par-
ticle—particle interactions are limited to direct “touching,” either directly, or via the remaining gaps
filled with the dispersion medium (Figure 1.4). The strength of the coagulation contacts is determined

(a) (b) (c)

FIGURE 1.4 Contacts between particles: (a and b) coagulation and (c¢) phase.
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FIGURE I.5 Structures with (a) coagulation contacts, (b) phase contacts, and (c) a continuous body.

by the surface forces of the intermolecular interactions and for spherical particles with radii of 10 nm,
1 pm, and 1 mm, which is on the order of 10—107'%, 107—10-%, and 10-*~10~° N, respectively.

Structures based on coagulation contacts (Figures 1.4 and 1.5) are typically characterized by
low strength and mechanical reversibility manifested in their ability to spontaneously restore their
previous structure after mechanical degradation (thixotropy, see Chapter 3).

The presence of an essentially similar liquid medium and of surfactant adsorption influences the
magnitude and nature of the surface forces and may result in weakened cohesion in the contacts by
two to three orders of magnitude. In a lyophilized, highly concentrated system in which the particles
are brought into mechanical contact, this is revealed through lower resistance to deformation, t*,
and results in a plasticizing of the system (see Chapters 2 and 3). When the disperse phase concen-
tration is low, lyophilization leads to the preservation of the colloidal stability of a free-disperse
system, that is, the resistance of the system to coagulation (see Chapter 4).

The second section of the book principally deals with different types of contacts—the so-
called phase contacts. These contacts are substantially stronger than coagulation contacts and
are mechanically irreversible. The transition from coagulation contacts to phase contacts cor-
responds to a transition from a simple “touching contact” (due to weak van der Waals forces) to
the “accretion” of particles over a significant area (Figures 1.4 and 1.5). The accretion process is
associated with the formation of a bridge of the new phase. This takes place in various processes
involving the mutual plastic deformation of particles subjected to compressive forces, in sinter-
ing, the hydration hardening of mineral binders, and in sol-gel transitions.

In phase contacts, the cohesion between the particles is caused by short-range cohesion forces,
which propagate over the area, significantly exceeding the dimensions of an elementary cell. There
are about 10°-10? interatomic bonds involved in the cohesion, and the contact surface may be com-
pared to the region of a grain boundary in polycrystalline material. Once phase contact has been
established, the transition from one bridged particle to the other can be accomplished within the
same phase (Figure 1.4), which is the reasoning behind the terminology.

For a large number of materials, the minimal value of the strength of such contacts is in the
range between 10~* and 10-® N. As the area increases, the strength of the phase contacts also
increases, reaching ~ 107*~1073. The strength of structures with phase contacts covers a range from
10* to 10* N/m? or even broader. In contrast to coagulation contacts, phase contacts are fractured
irreversibly. Structures with phase contacts and the corresponding materials are discussed in detail
in Chapter 6.

Consequently, we can see that physical-chemical mechanics is the interdisciplinary area of sci-
ence that employs the principles and concepts of colloid and surface chemistry on the one hand and
of physics and material science on the other.
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At the same time, physical-chemical mechanics should not be viewed as a simple combina-
tion of particular fields of these areas of science. The main subject of colloid and surface chem-
istry concerns the properties of a substance in the disperse state, which is a microheterogeneous
state characterized by highly developed interfaces. Material science and physics mainly address
the properties of a substance in the state of a solid phase. This state is characterized by the absence
of highly developed interfaces. Physical-chemical mechanics connects these two principally differ-
ent areas by addressing the physical-chemical interfacial phenomena involved in the mutual trans-
formation of a disperse system into a material, or in the conjugate processes of the dispersion of
solids, rather than by focusing on the substance properties. Within the scope of physical-chemical
mechanics, the general thermodynamic, kinetic, and structural regularities describing the forma-
tion of cohesive contacts or the onset of damage as principally surface phenomena are identified.
Physical-chemical mechanics especially focuses on the determining role of initial surface defects in
the origination and further development of damage in solids. The presence of the active components
of the medium, of adsorption, or of contact with the related liquid phases may significantly influ-
ences the processes of particle cohesion or the formation of cracks. Depending on the conditions,
the latter can be both facilitated and retarded. Among such physical-chemical processes studied
by physical-chemical mechanics, special attention is devoted to the media-induced lowering of the
strength of solids due to the lowering of surface energy, known as the Rehbinder effect, which is
discussed in detail in Chapter 7.



