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Preface

The field of polymer blends, or alloys, has experienced enormous growth in size and
sophistication over the past two decades in terms of both the scientific base and tech-
nological and commercial development. It has become clear to us that an appropriate
summary of this progress is needed to educate and to guide professionals working in
this area into the twenty-first century. This two-volume set is a multiauthored trea-
tise that might be viewed as an updated version of the analogous set edited by Paul
and Newman and published in 1978. (See the reading list at the end of Chapter 1.)
The book is intended to be a coherent entity rather than a collection of separate
chapters, and a great deal of effort has been devoted to coordinating the content and
style of the chapters. The editors intended each chapter to be far more than an en-
cyclopedic summary of the literature or a review focusing only on the most recent
advances in research. The authors were asked (a) to provide enough background in
each chapter to enable beginners to work in the field by reading this book; (b) to sift
critically through the literature and present only the most important issues (not every
reference deserves mention); and (c) to write clearly but concisely, using carefully
selected graphics, in order to make the important conceptual points and capture the
attention of the browser.

It is the goal of these two volumes to be the authoritative source that profession-
als of the next decades will seek out to learn about this important field and use to
set directions for future research and product development. The two volumes are
roughly equal in length. Volume 1 is subtitled Formulation and is largely about the
physics, chemistry, and processing issues associated with the formation of polymer
blends and the evaluation and control of their structure. Volume 2 is subtitled Perfor-
mance and is primarily concerned with how blends perform in practical situations.
Naturally, there is a heavy emphasis on mechanical performance, but several chap-
ters deal with a range of other properties as well. At some risk of oversimplification,
it can be said that Volume 1 is about structure, while Volume 2 is about properties.
Thus, the two-volume set provides a broad view of the structure—property relation-
ships for polymer blends as seen by experts from around the world.

The editors have been friends and colleagues for many years. Their professional
interests have been somewhat different over their careers, but there are many points
of intersection. These differences and similarities have been helpful during the course
of planning, which started in early 1994, and development of this book. A common
view was needed in order to foster agreement on the scope, content, and choice of
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authors. The differences in expertise led Don Paul to have primary responsibility for
Volume 1 and Clive Bucknall to oversee Volume 2.

We are thankful to many colleagues and friends who have encouraged us and
given us advice on many issues.

D. R. PAUL
C. B. BUCKNALL
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I. INTRODUCTION

The development of polymer technologies, allowing an ever-increasing range of
particulate-filled (rigid or soft) polymers, is leading to increasing need for predictive
modeling. The full experimental investigation of all possible materials is becoming

Polymer Blends, Volume 2: Performance. Edited by D. R. Paul and C. B. Bucknall.
ISBN 0-471-35280-2. (© 2000 John Wiley & Sons, Inc.



2 QUASIELASTIC MECHANICAL PROPERTIES

uneconomic, so predictive modeling is becoming more important as a cost-effective
method of material investigation; with predictive modeling, elastic properties can
be predicted and failure mechanisms can be investigated. This chapter is principally
concerned with the prediction of quasielastic properties. Although such simulation
can never entirely replace experimental investigation, its importance as an investiga-
tive tool is becoming readily apparent.

The analytical methods for simulation are first considered. It is notable that the
earliest attempts to model the elastic properties of composite materials are found
in the literature of the 19th century; even today, this subject is under investiga-
tion. Consideration of the methods of analytical modeling demonstrates the need
for microstructural characterization of multiphase materials and for suitable particle-
distribution models. Finally, the elastic properties of some filled polymers are pre-
sented, divided into overall categories based on the type of particle.

II. ANALYTICAL METHODS

Numerous analytical models have been proposed for the description of both the over-
all elastic properties of multiphase materials and the stress distributions within them.
Some of the different methods of analysis and the main assumptions underlying them
are presented in this section.

A. Classical Mechanics

The stress distributions within the matrix around an isolated spherical or cylindri-
cal inclusion, made up of a void or a linearly elastic material, were first obtained
by Goodier [1]. Later, the self-consistent approach, based on the theory of elasticity,
was used to find the stress distributions around rigid spheres [2] or elastic spheres, or
ellipsoids [3], embedded in an infinite elastic matrix. Eshelby’s theory was general-
ized to include the interaction of filler particles, and expressions for elastic constants
were derived by Chow [4]. Identical equations for materials containing spherical
particles were obtained independently by Kerner [5]. These analyses are based on
modeling the composite as an assembly of elements, each consisting of a spherical
filler particle embedded in a spherical shell of the matrix, which is itself surrounded
by an infinite matrix of material possessing properties of the “composite.” Thus, it is
inherent in this self-consistent approach that interparticle interactions are ignored.
Further analyses, producing bounds on elastic moduli, are based on the deter-
mination of the first-order moments of the random stress and strain fields in the
heterogeneous solid. The exact stress fields around heterogeneities can be found as
analytical solutions only in cases that allow the definition of regular unit cells. These
“classical” analytical methods are based on the assumption of a defined unit cell
surrounding each filler particle. The bounds generally arise from the assumption of
conditions of equal stress or equal strain within the different unit cells. These ap-
proaches are well known in the analysis of continuous-fiber composites, where these
simple averages are used to predict the values of longitudinal and transverse stiffness
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of the overall composite [6, 7]. These analyses are essentially based on parallel or
series spring models in which interactions between neighboring fibers are ignored.

The bounds obtained from some of these analyses are widely spaced. Paul [8] pro-
duced bounds for the bulk modulus and shear modulus by incorporating variational
principles, but his analysis involved averaging the stress fields. These bounds were
improved by Hashin and Shtrikman [9] using the variational principle. This approach
is based on the idea of a homogenous reference medium that allows the definition of
reference values of stress and strain. It can be shown that the bounds due to Paul [8]
arise from the extreme values of the trial stress field. A full derivation of the Hashin
and Shtrikman bounds was later given by Willis [10].

The various models were considered by Ishai and Cohen [11], leading to the
derivation of the most closely spaced bounds to apply to a particle-filled material.
The (cubic) particles were assumed to be regularly arranged in perfect cubic pack-
ing. Bounds were derived only for values of tensile moduli; lateral contractions were
ignored, so these bounds do not include the full elastic properties of the composite
material. The interactions between neighboring particles were not fully taken into
account. These bounds are compared with experimental values of tensile moduli for
filled polymers containing hard and soft particles later in this chapter.

An alternative analytical approach is based on an effective medium approxima-
tion. Such approaches rely on the assumption that the second phase occupies only a
small fraction of the volume of the composite material, such that the overall changes
in the elastic constants between the matrix material alone and the composite are
relatively small. The effective elastic constants can then be calculated using pertur-
bation theory. As is apparent from the use of perturbation theory, these methods are
applicable only to materials containing low concentrations of the second phase. Fur-
ther assumptions include that the “ligament’ lengths”—that is, the distance between
particles—are treated as independent variables; in other words, the value of one in-
terparticle distance is unaffected by the values of other interparticle distances. This
assumption is obviously erroneous for a distribution of particles. The perturbation
method has been applied to describe elastic properties of particulate-filled materials
(e.g., [12, 13]).

B. Finite-Element Analysis

The limitations of the aforementioned analytical methods are apparent. Many of
these limitations are overcome by the use of numerical methods. In recent years, the
finite-element-analysis method has become increasingly accessible to nonspecialist
users through the development of numerous graphical interfaces for both preprocess-
ing and postprocessing and through the increasing power of “desktop” workstations
for the processing of solutions. However, it is important to emphasize that increas-
ing accessibility and increasing computer power do not necessarily correlate with
increasing accuracy of the resulting solutions. It remains the responsibility of the an-
alyst to make the correct choice of the many parameters required for the analysis, in-
cluding the overall geometry to be analyzed, the element type (including formulation
and integration), the mesh density, the material model, and the boundary conditions.
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This list is not exhaustive, but the number of available parameters points to the care
that must always be exercised when approaching this method of analysis.

Numerical models include the derivation of lateral contractions; in other words,
values of Poisson’s ratio v are obtained. Assuming that the material is macroscopi-
cally isotropic, the values of shear modulus G and bulk modulus K can be calculated
simply from the values of Poisson’s ratio and Young’s modulus E, using the follow-
ing well-known expressions for isotropic elastic solids:

G = E/[20+V)] (19.1)
K = E/[301 -2v)]. (19.2)

The importance of this full description of the elastic properties of filled polymers is
becoming increasingly important as the range of their applications is growing.

The choice of overall geometry to be analyzed is the initial step in carrying out
any numerical analysis. The calculations are always based on the analysis of a unit
cell that is representative of the overall structure. The choice of the unit cell is de-
pendent on the materials model chosen, as discussed in Section IV. The boundary
conditions imposed on the cell reflect its interactions with its neighboring cells. Simi-
larly, some choices regarding element type—for example, whether two-dimensional,
three-dimensional, or axisymmetric elements are required—arise directly from the
definition of the unit cell. Further details regarding the elements used to create the
mesh, such as the integration or formulation required for a given problem, and the
most suitable mesh density to be used are beyond the scope of this chapter, but may
be found in several texts (e.g., [14-16]).

The models chosen to represent the properties of the different constituents must
also be considered. Since this chapter is concerned with the quasielastic properties
of multiphase materials, the material property models considered here are gener-
ally based on linear elasticity. All analyses carried out using “classical” methods,
described in the previous section, are based on linear elastic behavior. Further finite-
element simulations of these materials can now include sophisticated material prop-
erty models using either the models provided in the package or new ones written
specifically for the application; some of the material property models available have
been reviewed recently [17].

III. MICROSTRUCTURAL CHARACTERIZATION

Quantitative descriptions of the spatial arrangement of particles can now be obtained
using automatic image analysis. The quantitative methods described here generally
lead to descriptions of the microstructure that may be used directly in analytical
techniques, such as finite-element analysis. Other methods used for the description
of particle arrangement may be described as functional methods; the microstructure
is described by some parameter or function. The spatial distribution of the parameter
is measured using a specialized image analyzer or software package, and the data are
often transferred (for example, to a PC) for further computation. These functional



