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Preface

The idea of this book, “Rheological and Morphological Properties of Dispersed Poly-
meric Materials,” came up during my work, together with F.R. Schwarzl, on our
book, “Deformation and Flow of Polymeric Materials,” published in 2014. Writing
the manuscript, we found that we had to restrict ourselves to homogeneous poly-
mer melts in order to keep the volume at a reasonable size. It is obvious, however,
that flow properties of heterogeneous polymeric systems are of interest from two
points of view. First, materials of that kind play an important role in practice as
filled polymers and polymer blends. Their rheological behavior is the basis for an
assessment of processing. In addition to the molecular structure as in the case of
homogeneous melts, the heterogeneous components may build up morphological
features that affect various properties. Second, it is challenging from a more funda-
mental aspect to find out what can be learned from rheological properties with
respect to interactions between fillers and matrix molecules and those between the
heterogeneous phases themselves.

Another interesting topic is the different nature of the heterogeneous phases used:
rigid particles in filled polymeric materials and deformable organic phases in poly-
mer blends. In particular, the latter ones offer a wide scope for variation and,
consequently, lead to a variety of physical effects. However, an understanding of
properties of heterogeneous materials is not possible without a comprehensive
knowledge of the morphological development. This is different, of course, for poly-
mers filled with particles and polymer blends. Especially interesting from a funda-
mental point of view and, therefore, particularly suited to educate students in the
field of rheology are comparisons of the different properties of heterogeneous
phases with respect to their influences on the rheological behavior. On the other
hand, morphologies can be generated or changed under the influence of flow fields
in the molten state. The interplay between morphology and rheology is an interest-
ing field of research with respect to fundamental insights and applications.

Investigations of this kind on polymeric materials have been scarce in the litera-
ture and that was the reason why, over the years, research has been performed at
the Institute of Polymer Materials of the Friedrich-Alexander-University Erlangen-
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Nuremberg. The results of diploma and doctoral theses gradually became actual
parts of the lectures for students in advanced phases of their studies. This book
contains some teaching topics and, therefore, may be particularly suited for stu-
dents interested in the interaction of rheological and morphological features of
heterogeneous systems. Moreover, the book is thought to offer an introduction
to dispersed polymers and provide valuable information for those working in
research, development, and application of these materials.

By using measurements on well-defined samples it is shown how the introduction
of a second phase to a polymer matrix changes rheological properties. As far as
possible, the underlying mechanisms are explained, leading the reader to a broader
understanding and a knowledge-based assessment of the influence of a dispersed
phase on the rheological behavior. In the case of polymer blends, the interplay
between morphology changes and flow patterns is a key point that is elucidated.

Several doctoral works and publications that resulted from them became the basis
of this book. The investigations on polyisobutylene with various glass beads and
on polymethylmethacrylate with nanoparticles were so comprehensive that my
former doctoral students Michael Schmidt and Christian Triebel are coauthors
of the corresponding Chapters 4 and 5. Markus Heindl as doctoral student and
Zdenek Stary as senior researcher at the Institute performed many investigations
on the morphology development within polymer blends under elongation. That is

the reason why they are coauthors of the corresponding Chapter 17. Moreover,
Zdenek Stary was the initiator of the work on compatibilized blends and most of
the investigations were performed under his guidance. Therefore, he coauthors the
presentations in this field described in Chapter 18.

Some readers may criticize the relatively small numbers of references on each
topic. But since the book is based on many in-house results, it seemed to be an
appropriate way to cite the original works that contain, of course, further literature
relating to the special field. The easy access to various data bases and electronic
bibliographies today allows the reader of the book to go more into details according
to his or her needs and interests.

However, some experimental information, which is very special and not easily
available from general sources, is given in one appendix to the particle-filled poly-
meric materials (Chapter 10) and in another to polymer blends (Chapter 19). The
appendices are intended to guide those readers who are interested in details of the
experiments. Furthermore, some results of the investigations are described in the
appendices that lie somewhat outside the main topics of the book, but present
interesting data with some potential for applications.

Special acknowledgement goes to the former doctoral students of mine whose results
from the theses they performed under my supervision have been used in this book:
Dr. Marcus Heindl, Dr. Jens Hepperle, Dr. Nikolaos Katsikis, Dr. Ute M. Kessner,
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Dr. Andreas Kirchberger, Dr. Michael Schmidt, and Dr. Christian Triebel. I am
grateful for their permission to use results from their works beyond the publica-
tions in scientific journals.

Additionally, the coauthors of some chapters, Dr. Marcus Heindl, Dr. Michael
Schmidt, Dr. Zdenek Stary, and Dr. Christian Triebel, are thanked for many fruitful
discussions and their proof reading.

The comments of Privatdozent Dr. Ulrich A. Handge on the rheological properties
of particle-filled polymeric materials and immiscible and compatibilized blends,
particularly from the doctoral thesis of Dr. Christian Sailer working under his guid-
ance, are gratefully acknowledged. Discussions with Prof. Dr. Florian J. Stadler are
also appreciated.

The experimental results forming the core of this book would not have been possi-
ble without the consistently high engagement of the technicians of the Institute of
Polymer Materials and the motivated work of many diploma and master students.
In particular, results from the diploma or master theses of Tobias Koniger, Thomas
Koppl, and Johannes A. Kriickel are appreciated who have become PhDs in the
meantime. Last but not least, M.Sc. Andrea Dornhofer, M.Sc. Alexander Heitbrink,
and M.Sc. Ute Zeitler supported me in getting the many figures ready. All of them
are thanked for their skillful assistance.

Special thanks go to Cheryl Hamilton from the Hanser Publishing Company who

edited the manuscript with great care and competence.
Erlangen, June 2016 Helmut Miinstedt







Contents

Preface

1 Introduction

1.1 References

General Rheological Features of Polymeric Materials

Experimental Modes

211 Definitions

2.1.2 Creep and Creep Recovery

21.3 Stressing Experiments

214 Dynamic-Mechanical Experiments
2.1.5 Cox-Merz Rule

2.1.6 Temperature Dependence

Experimental Methods
2.2.1 Rotational Rheometry
2.211 Cone-and-Plate Rheometer
2.2.1.2 Plate-Plate Rheometer
2.21.3 Couette Rheometer
2.2.2 Capillary Rheometry
2.2.21 Determination of Slip
2.2.3 Extensional Rheometry
Special Aspects Regarding Rheological Measurements on Suspensions .

References

Characteristic Properties of Particles
Size and Distribution of Particles
Interactions between Particles

Interparticle Distances




Contents

Sedimentation

References

Rheological Properties of Newtonian Polymeric Materials
Filled with Microparticles
Coauthored by Michael Schmidt

Filled Systems with a Newtonian Behavior

Filled Systems with Non-Newtonian Behavior
4.21 Phenomenology of Shear Thinning
4.2.2 Viscous Behavior in Shear
4.2.3 Elastic Behavior in Shear
4.24 Temperature Dependence of Viscosity
4.2.5 Influence of the Viscosity of Matrix Fluids on the Flow Behavior 67
4.2.6 Dependence of the Viscosity on Filler Concentration
4.2.7 Dependence of the Viscosity on Particle Size and Distribution ... 72
4.27.1 Viscosity of Bidisperse Suspensions
4.2.7.2 Viscosities of Suspensions with Various Polydisperse
Particles
4.2.8 Relations between Maximum Packing Density and Polydispersity 80
4.2.9 Influence of Surface Properties of Particles on Viscosity
4.2.10 Influence of Humidity on Flow Behavior

Flow Behavior in Oscillatory Shear

References

Rheological Properties of Polymeric Materials Filled with
Nanoparticles
Coauthored by Christian Triebel

Investigations on the Thermal Stability of Polymer/Particle Composites 93

General Aspects of the Influence of Nanoparticles on Processing
Properties

5.2.1 Viscosity Functions

5.2.2 Extrudate Swell

Linear Rheological Behavior

5.3.1 Dynamic-Mechanical Experiments

5.3.2 Creep and Creep-Recovery Experiments

5.3.3 Comparison between Dynamic-Mechanical and Creep
and Creep-Recovery Experiments

5.3.4 Dependence of 1, and /2 on Particle Concentration

5.3.5 Retardation Spectra




Contents

5.3.6 Extension of the Frequency Range of Dynamic-Mechanical
Experiments by Retardation Spectra
5.3.7 Model
5.3.8 Dispersion of Nanosilica
5.3.9 Influence of the Specific Surface Area on Rheological Properties 117
5.3.10 Influence of the Molecular Structure of the Matrix on
Rheological Properties of Silica-Filled Polymers
5.3.11 Temperature Dependence of Rheological Properties
of Silica-Filled PMMA

Stress Dependence of the Recoverable Compliance

Rheological Properties of PMMA Filled with Nanoclay
5.5.1 Characterization of Nanoclay
5.5.2 Rheological Properties

References

Rheological Properties of Thermoplastic Materials with
Carbon Fillers

Properties of Thermoplastic Materials Filled with Carbon Black

6.1.1 General Properties

6.1.2 Rheological Behavior

6.1.3 Electrical Behavior

6.1.4 Comparison of the Effect of Carbon Black on the Storage Modulus
and the Electrical Conductivity

Graphite and Graphene as Fillers for Thermoplastics
6.2.1 Graphite
6.2.2 Graphene

Properties of Polymer Melts Filled with Carbon Nanotubes
6.3.1 Carbon Nanotubes
6.3.2 Rheological Properties of Polymethylmethacrylate Filled
with Multiwall Nanotubes
6.3.3 Rheological Properties of Polypropylene Filled
with Multiwall Carbon Nanotubes

References

Rheological Properties of Filled Thermoplastics with
Respect to Applications

General Properties of Filled Thermoplastics

Viscosity Functions of Filled Thermoplastics
7.2.1 Polystyrene Filled with Glass Beads or Calcium Carbonate




XIl Contents

Viscosity Functions of Various Thermoplastics Filled with

Glass Fibers

Numerical Descriptions of Viscosity Functions

7.2.3.1 Numerical Descriptions of Viscosity Functions of
Unfilled Thermoplastics

7.2.3.2 Numerical Description of Viscosity Functions of
Filled Thermoplastics with a Yield Stress

Entrance Pressure Losses

Elastic Effects
7.4.1 Extrudate Swell
7.4.2 Normal Stress Difference

Investigations on a Particle-Filled Wax

7.5.1 Characteristic Data of Matrix and Filler
7.5.2 Preliminary Investigations

7.5.3 Experimental Results

References

Elongational Properties of Filled Thermoplastics
Elongational Viscosity of Unfilled Polymers

Elongational Viscosity of Filled Polymers

8.2.1 Elongational Viscosity of a Low-Density Polyethylene Filled
with Various Particles

8.2.2 Elongational Viscosity of a Polymethylmethacrylate Filled
with Nanoclay

8.2.3 Elongational Viscosity of a Low-Density Polyethylene Filled
with Glass Beads

8.2.4 Recoverable Elongation of Filled Polymers

8.2.5 Comparison of the Recovery in Shear and Elongation

References

Rheological Behavior of Polymer Melts with Intrinsic
Structural Heterogeneities

Rheological Properties of Polyvinylchloride and Internal Structures . . ..
9.1.1 Viscosity Functions

9.1.2 Flow Profiles

9.1.3 Flow Curves

9.1.4 Extrudate Swell

9.1.5 Dependence of the Rheological Behavior on Molar Mass




Contents

9.2 Rheological Properties of Polycarbonate and Their Relation to
Internal Structures
9.2.1 Crystallization Behavior of Polycarbonate
9.2.2 Rheological Behavior as a Function of Time for Various
Polycarbonate Samples

References

Appendix Related to Particle-Filled Samples

Sample Preparations

10.1.1 Composites Based on Silica

10.1.2 Nanoclay Composites

10.1.3 Composites with Carbon Black

10.1.4 Composites with Graphite

10.1.5 Composites with Multiwall Carbon Nanotubes (MWCNT)
10.1.5.1 Solution Mixing with PMMA as a Matrix
10.1.5.2 In Situ Polymerization with PP as a Matrix

10.1.6 Polyethylene with Glass Beads

10.2 Measurement of the Recoverable Compliance

10.3 Experimental Determination of Stationarity and Linearity of
Creep Recovery

10.4 Recoverable Compliance and Quality of Dispersion
10.4.1 Nanoclay in PMMA
10.4.2 Composites of PMMA and Multiwall Carbon Nanotubes Prepared
by Solution Mixing
10.4.3 Composites of PP and Carbon Nanotubes Prepared by
In Situ Polymerization

10.5 References

11 Introduction to Polymer Blends

Thermodynamics of Mixing
11.1.1 Experimental Methods to Determine Miscibility

Morphology of Blends
11.2.1 Droplet Deformation and Morphology Development

References

Determination of Miscibility of Polymer Blends

Glass Transition and Miscibility
12.11 PS/PPE Blends
12.1.2 Blends on the Basis of Polyaryl Ether Ketone (PAEK)




Contents

12.2 Miscibility and Thermorheological Properties
12.2.1 Time-Temperature Shift Factors
12.2.2 Phase Angle in Dependence on the Magnitude of the
Complex Modulus
12.2.3 Cole-Cole Plot

12.3 References

13 Rheological Properties of Blends of Homologous
Polymeric Materials

13.1 Polystyrenes

13.1.1 Mixing Rule for Zero-Shear Viscosity

13.1.2 Extension of the Mixing Rule to the Complex Viscosity

13.1.3 Application of the Logarithmic Mixing Rule

13.1.4 Mixing Rule for the Linear Steady-State Recoverable Compliance
13.1.4.1 Comparison with Experimental Results

13.1.5 Influence of a High Molar Mass Component on Elongational
Viscosity

13.2 Polyolefins
13.2.1 Miscibility of Various Linear Polyethylenes
13.2.2 Miscibility of Linear and Long-Chain Branched Polyethylenes ...
13.2.3 Blends of Linear and Long-Chain Branched Polypropylenes

13.3 References

14 Rheological Properties of Polymeric Materials Filled with
Rubbery Particles

14.1 Rheological Properties of Various Acrylonitrile-Butadiene-Styrene
Copolymers
14.1.1 Structure of the ABS Copolymers
14.1.2 Rheological Properties in Shear
14.1.3 Rheological Properties in Elongation

14.2 Rheological Properties of Acrylonitrile-Styrene-Acrylicester
Copolymers (ASA)

14.3 Dynamic-Mechanical Experiments on ABS with Various Rubber
Contents

14.4 Models for Particle Interactions in Rubber-Filled Styrene-Acrylonitrile
Copolymers

14.5 References




