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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




Introduction

Dispersed organic systems are ubiquitous in nature. Wood consisting of lignin and
cellulose is a well-known example. A natural dispersion is blood that consists of
plasma and dispersed organic cells. The main ingredient of the plasma is water
and, therefore, its flow behavior is Newtonian. The organic cells of various shapes
and compositions are distributed in the plasma and significantly influence the flow
properties of blood.

Many of our food products consist of different ingredients not miscible with each
other. Their flow properties play an important role either during processing or
consumption. An example is dough whose main ingredients are a liquid like water
or milk and dispersed flour particles. Dough is an extremely complicated material
regarding its flow properties. Another example is chocolate, for which the flow be-
havior of a dispersed system plays a certain role for its production and for generat-
ing special tastes when eaten.

From daily life one knows toothpaste as a dispersed material that flows differently
according to the forces applied: It is capable of being easily pressed out of a tube,
but nearly rigid on the brush. Common particle-filled materials are paints and lac-
quers, printing inks, and cosmetic articles, for example. A special feature of these
flowable systems is a low viscosity under load and a high one at rest. A dispersed
material used in huge amounts worldwide is concrete, whose flow properties can
become important when transported by pumping.

It should be mentioned that the dispersed component of a system can also be a gas
or another liquid. The first composition is typical of foams, for the second, oily
ingredients in water; milk, soaps, and creams are good examples.

All these materials are dispersions generally defined as mixtures of various ingre-
dients that are not soluble with each other. Solid particles dispersed in a fluidic
medium are called suspensions, immiscible liquids form an emulsion, and a system
of liquid or solid particles in a gaseous medium is designated as an aerosol.

The matrices of most of these materials that form the base component of a disper-
sion have a low Newtonian viscosity, particularly in the case of water, which is often
used as dispersing medium. A lot of investigations have already been performed on
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dispersions based on water. Much less is known, however, on the flow properties of
filled systems with matrices of higher viscosities than water or even of a non-New-
tonian behavior. Such systems play an important role in the case of polymers that
have found wide applications as engineering materials over the last decades. The
products available on the market are numerous today. A great variety of organic
and inorganic fillers mixed into various types of polymeric materials are in use.
The fillers serve to improve properties of the matrices or to generate features the
basic materials do not possess.

Another way of modifying existing products is blending them together to get new
characteristics superior to those found for the components. Because only very few
polymers are miscible with each other, most of the blends show a heterogeneous
structure and can be considered as a dispersion in which both matrix and hetero-
geneous phase are of a polymeric nature. Such blends currently represent a big
market in the field of engineering polymers.

Inherent to dispersed polymeric materials is the fact that optimizing one property
by changing the composition alters other properties. This interplay has widely
been investigated with respect to characteristics of the solid state, because they are
interesting for applications. However, much less can be found in the literature on
rheological properties, however, that may significantly be influenced by a compo-
nent added to a matrix. Because the rheological behavior is a key factor for pro-
cessing, it has to be balanced with respect to other material features required.

Nevertheless, the number of rheological textbooks in the field of dispersed poly-
meric materials is rather small. In one book, discussions on the rheology of polymer
blends [1.1] are found, others are concerned with the rheology of filled polymers
[1.2], [1.3]. Common books on rheology either do not deal with dispersed poly-
meric materials at all or only cover limited aspects, for example, [1.4], [1.5], [1.6].

The economic importance of filled polymeric materials and polymer blends and
the very significant role that rheological properties play in their processing led to
the conception of this book. Its main topics are related to polymers as the matrix
that exhibit distinctly higher viscosities than water and are non-Newtonian in many
cases. The discussion of particle-filled materials and polymer blends together in
one volume offers the challenging chance to point out the similarities and differ-
ences of these two systems.

Besides rheological characterizations with respect to the different deformations and
stresses occurring during processing, the other aspects dealt with are how rheologi-
cal investigations can be used to get insight into interactions between structural het-
erogeneities themselves or interactions with matrix molecules. Another interesting
field discussed in this book is the use of rheological measurements to follow up on
morphological changes. Furthermore, the role of special flow fields in the molten
state is elucidated for the generation of droplet distributions in polymer blends.
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2 General Rheological Features of Polymeric Materials

From the measured rotational velocity €2 and torque M of a cone-and-plate geometry
with the cone angle 3 and the plate radius R, the shear viscosity can be determined.

The cone-and-plate rheometer is a very versatile instrument insofar as it allows
one to perform the experimental modes discussed before. For stressing experi-
ments, the angular velocity is controlled, for creep experiments it is the torque.
Dynamic-mechanical experiments can be carried out by applying either an oscil-
lating torque or an angular displacement on the sample.

Despite all these advantages, cone-and-plate geometries have to be used with great
care in the case of dispersed polymeric materials. Because the gap width decreases
as the center of the cone-and-plate array is approached, particles may partially
block the rotation and lead to wrong readings. Enlarging the gap width by increas-
ing the cone angle and the truncation of the cone tip deteriorates the uniformity of
the shear rate, which is just the advantage of the cone-and-plate geometry.

For completeness it may be mentioned that the first normal stress difference can
be directly determined from the normal force (see [2.9]).

2.2.1.2 Plate-Plate Rheometer

The geometrical restriction of the gap width is less pronounced for the plate-plate
assembly that is schematically presented in Fig. 2.5. Between the two parallel
plates with radius R, the sample of the height H is placed. The distance of the
plates H can be chosen in such a way that a hindrance of the rotation by particles
can be avoided. The upper plate at z = H may be driven with an angular velocity €2
and the resulting torque M measured at the lower plate.

Under the assumption of adhesion of the melt to the plates, the angular velocity w
in dependence on the distance z from the fixed plate follows as

(2.55)

and the shear rate at the position r becomes

yoty _dlr) _ d@z/H)_ 0
dz dz dz H

(2.56)

Compared with the cone-and-plate device, the shear rate is not constant within the
gap. It is zero at the rotation axis and reaches the maximum of

_r

. (2.57)

Vr

at the rim of the plate with radius R.
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Figure 2.5 Plate-plate assembly: H: sample height, R: sample radius, §2: angular velocity,
M: torque, F,, normal force. The cylindrical coordinate system is designated with z, r, and the
azimuth angle @, which is not shown

According to Eq. 2.56, the shear rate for a fixed geometry of the plate-plate array is
a linear function of r, and the stress distribution o(r) follows according to the rheo-
logical law. The integral moment M acting on the plate is given by

M= jrdF = ijrza (r)dr
0 0

considering that the force on a circular segment 2rrdr is dF = 2xdro(r).

Introducing the new integration variable v = Qr/H, Eq. 2.58 becomes

M =2x(H/Q) f 2o (5)dq (2.59)

0

For a further evaluation one needs the rheological law, that is, a relation between o
and 4. In the simple case of a Newtonian liquid, o = 7,7 is valid and the torque
follows as

7 R* ™ . 0
MZEFT]OQZER?)’HO’YR :ERG}UR (260)

with oy being the shear stress at the rim. From Eqs. 2.57 and 2.60, it is obvious that
the radius of a sample has to be determined very carefully to get reliable values for
the viscosity because inaccuracies propagate with the fourth power of R.

For a non-Newtonian fluid of an unknown rheological law the exact stresses can be
determined experimentally, too, by a procedure similar to that applied in the case
of shear rates for the capillary rheometer (see Section 2.2.2). The viscosity as a
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function of shear rate can then be determined. For this purpose, an apparent shear
stress o, at the rim is defined according to Eq. 2.60 by

2M
o, = 3 (2.61)
assuming a Newtonian viscosity. With M from Eq. 2.59 and +, from Eq. 2.57, the
following relationship between the apparent shear stress o, and the true shear
stress o is obtained

(2.62)

Differentiation of the product o, 7‘,32 with respect to 4, leads to the equation that
relates the true stress at the rim o (7, to the apparent stress o,

3 1dlogo,

—+— - (2.63)
4 4dlogy,

U("yR):Ja

This equation has a structure similar to that of Weissenberg and Rabinowitsch (see
Eq. 2.85). As the differential quotient in Eq. 2.63 comes to lie between 0 and 1 for
polymer melts, it follows that

%aa <o<o, (2.64)

For Newtonian liquids the true stress is equal to the apparent stress, but it becomes
smaller in the non-Newtonian region. With plate-plate devices, all modes described
in Section 2.1 can be performed.

From the normal force exerted on the plates only the sum of the first and second
normal stress coefficient can be directly determined [2.4]. Their separation requires
measurements with different geometries that take a lot of effort and do not provide
very accurate data.

2.2.1.2.1 Determination of Slip

The preceding formulas were derived under the assumption of adhesion of the
melt to the plates. For highly filled suspensions, slip may occur, which leads to
wrong rheological data if not taken into account. In the following it is shown that
the slip velocity in a plate-plate geometry can quantitatively be determined by
measurements at two different gap heights keeping the stress, that is the torque,
constant (see [2.10]).




2.2 Experimental Methods

The occurrence of slip has the consequence that a finite slip velocity v, at the two
plates has to be taken into account, which may depend on the stress. At the rim an
apparent shear rate Y, €AN then be defined as

. .2y,
Yar1 = TR T HS (2.65)
1

with 7, being the shear rate of the sheared material at the rim and H, the gap
width. For an experiment with another gap width H, but at a constant shear stress,
one gets

. . 2v
Yarz = Vr +j (2.66)

2

because the viscosity and the slip velocity can be assumed to be a function of only
the shear stress. Subtracting Eq. 2.66 from Eq. 2.65 results in the relation

'7aR1 _'7.'aR2
y, = Rl lak2__ (2.67)
2(1/H1 _I/Hz)

for the slip velocity v, at a constant stress o at the rim, that is, the torque has to be
kept constant according to Eq. 2.61 when the gap width is changed. The apparent
shear rates at the rim are obtained according to Egs. 2.65 and 2.66.

By inserting v, into Eq. 2.65 or 2.66, 5, can be calculated and the viscosity follows

H —H
n= f’{e( 1 _z) (2.68)
HYori = HyVars

2.2.1.2.2 Comparison of Plate-Plate (PP) and Cone-and-Plate (CP) Devices

1. The sample preparation for PP is easier than for CP devices. This feature may be
of particular advantage in the case of filled polymeric materials.

. The shear rate is approximately constant within the gap of CP, but is dependent
on the position between the parallel plates of PP.

. The shear rate range of PP is more variable than that of CP due to possible
changes of plate diameter and gap width.

. The viscosity function follows directly from the readings of CP, for PP a correc-
tion procedure has to be applied. This is not a problem, however, due to data
processing.

. CP has limitations in case of particlefilled systems due to acute-angled gap geo-
metries.
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B 3.3 Interparticle Distances

An assessment of the interparticle distance IPD can be easily obtained in the sim-
ple case of systems filled with monodisperse spheres of the diameter d, which are
uniformly distributed. The maximal packing density is designated as &,,,,, whose
value depends on the assumed packing geometry, of course. The particle concen-
tration @ is defined as

=N

3 (3.6)

V.

A d]3 i
0

with V, being the volume of the N particles in the total volume V. The total volume

can be imagined as the package of the N particles with the diameter d surrounded

by a layer whose thickness is half of the interparticle distance IPD. The total vol-

ume of such particles with the diameter d + IPD then follows as

4r [d + IPD]3 1

V. =N— —_— 3.7
0 3 ) o (3.7)

max

and by introducing the particle concentration from Eq. 3.6 one gets

P=a d Y
R TS

13
IPD =d [— - (3.9)
P

In Fig. 3.4 the interparticle distances are presented for various particle sizes and
maximum packing densities of @, = 0.524 for a simple cubic, ®,,,, = 0.680 for a
face-centered cubic, and @, = 0.740 for a hexagonal lattice. With increasing &,
the interparticle distance becomes smaller and approaches zero for ¢ approaching
D.ax- Obviously, for very small concentrations the IPD formally grows asymptoti-
cally and loses any physical meaning with respect to particle interactions. For the
chosen particle diameter d = 1.2 pm, interaction forces that may be assumed to act
up to around 10 nm do not come into play at realistic volume concentrations up to
0.4 and the probability of entanglements between layered molecules of different
particles is low even at coil diameters of 20 nm, which may be found in the case of
polymers with high molar masses.
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Figure 3.4 Interparticle distances IPD as a function of the volume concentration @ for
monodisperse spheres of a diameter d = 1.2 pm and various maximum packing densities
. ..according to Eq. 3.9 [3.3]. The d,., designates the maximum coil diameter assumed
for polymer layers of high molar mass

It can be easily seen, however, from Eq. 3.9 that the IPD is proportional to the par-
ticle diameter and, therefore, interparticle interactions may play a dominant role
for nanoparticles. For the case of a simple cubic packing of monodisperse spherical
particles, that is, &,,,, = 0.524, the IPD as a function of the particle diameter d is
presented in Fig. 3.5 for various filler concentrations. For monodisperse particles
with a diameter of 20 nm, for example, the IPD reaches the critical distance assumed
to be around 10 nm for an efficiency of interparticle forces at concentrations
around ¢ = 0.1. Entanglements between layered molecules that start to develop
at IPD smaller than 40 nm may occur at about ¢ = 0.01, already, for particles of
20 nm diameter.

Regarding the effect of particle polydispersity on the IPD, a tendency can be deduced
from Eq. 3.9. Because the maximum packing density becomes higher with increas-
ing polydispersity [3.11], larger interparticle distances at a given concentration
are to be expected.
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Figure 3.5 Interparticle distance IPD as a function of the particle diameter d at different filler
concentrations for monodisperse spherical particles of a simple cubic packing (®,,,, = 0.524)
[3.3]. The d.,,, designates the maximum coil diameter assumed for polymer layers of high molar
mass

B 3.4 Sedimentation

Particles settle under gravity and, therefore, it is important for reliable rheological
experiments on dispersed systems to be able to assess the sedimentation rate and
to be aware of it when setting the measuring parameters. In the following a short
discussion of the fundamentals of sedimentation and some results on various filled
materials are given.

Stoke’s law relates the velocity v of a sphere with the diameter d to the force Fpull-
ing it through a medium of the viscosity n under the conditions of laminar flow and
negligible interactions with walls or other particles by

yo L (3.10)
3mdn

Under gravity it follows

Lps_pﬂi
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18 n &

V=




3.4 Sedimentation

with pg and p,, being the density of the sphere and the dispersing matrix fluid,
respectively, and g the acceleration of gravity. In concentrated suspensions the
settling of a particle is hindered by others resulting in smaller sinking velocities.
Moreover, the sedimentation kinematics is affected by the shape of the particles
and their distribution. Therefore, a direct measurement of the sinking velocities is
necessary for a reliable assessment of the maximum experimental time to be
applied. Because sedimentation of particles in a liquid cannot be practically
avoided, conditions for acceptable measurements have to be set. For example, in
the literature it is required that during an experiment a particle should not travel
more than one tenth of the gap of the device used (see [3.14]).

Examples for sedimentation measurements on combinations of matrix and filler
presented later are given in the following. The equipment used is rather simple.
The suspension was filled into a cylindrical glass vessel whose diameter was
around the factor 1000 larger than the average particle diameters in order to avoid
an influence of the walls on the sedimentation process. The height of the column of
the dispersed particles was measured then as a function of time.

As the matrix, a polyisobutylene with the zero-shear viscosity n, = 10.4 Pas at
31 °C was chosen. This viscosity is higher by about the factor 10* than that of water,
for example, and according to Eq. 3.11, small sinking velocities compared to water
should be expected.

The sedimentation experiments were carried out on suspensions with the particles
listed in Table 3.1. C2, C3, and C5 are polydisperse silicate glass beads of different
diameters, M 527 designates polymethylmethacrylate (PMMA) spheres with a
diameter similar to that of C2, but a smaller dispersity index PDI.

Table 3.1 Specific Data of Particles of the Sedimentation Measurements; dj, is the average
diameter of particle distributions, and PDI designates the polydispersity index [3.3]

[ Material ____[Name | _ple/om’l | dolm | POl
34 2.2

Glass C2 2.45

Glass C3 2.45 17 2.3
Glass C5 2.45 7 2.0
PMMA M 527 1.16 33 1.5

As an example, sedimentation measurements on suspensions with three concen-
trations of the smallest glass beads are shown in Fig. 3.6. The height h of the column
of the dispersion related to the height h, at the beginning of the sedimentation
experiment is plotted as a function of the sedimentation time ¢4 that stretches up
to nearly 100 days. The height of the dispersion column decreases rapidly at short
times and reaches a constant value later. The shapes of the curves are distinctly
dependent on the concentration. The higher the concentration, the slower is the
decrease. This finding is in agreement with the assumption that the sedimentation
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7.2.3.2 Numerical Description of Viscosity Functions of Filled Thermoplastics
with a Yield Stress

In a polymer melt that exhibits yielding, the acting total stress o can be assumed

to be the sum of the constant yield stress o, and the changing stress oy effecting

the flow. The viscosity formally follows then as

n=(o,+0,)/4 (7.6)

If no yield stress exists or if the external stress applied to the melt is much larger
than the yield stress, that means, o >> oy, the flow behavior corresponds to that
of a conventional unfilled melt governed by the shear thinning properties of the
particular polymeric material. It may be then formally described by the Eqgs. 7.4 or
7.5.

For a dominating yield stress, that means o, << o, one gets
n=o,/ or logn=logo, —log+ (7.7)

This equation is equivalent to a straight line with the slope of -1 in a double-
logarithmic plot of 1 as a function of 7. From the intercept, the yield stress can be
determined. Typical examples of filled thermoplastics with a pronounced yielding
behavior are displayed in Figs. 7.4 and 7.5. It should be mentioned that the slope of
-1 in the double-logarithmic plot of a viscosity function is equivalent to a constant
stress at the various shear rates.

When the yield stress o, and the stress oy effecting the flow of the filled matrix in
the hydrodynamic state are of the same order, their influences overlap each other
and formally the viscosity function can be presented, for example, by

(7.8)

If for f(¥), the Ostwald de Waele law in the notation of Eq. 7.3 divided by 7 is
introduced, one gets

n(3)="+0i" 79)

n(o)=

O'—O'y

Discussing the shear stress as a function of the shear rate leads to
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o=0,+C3" (7.11)

The Eqs. 7.9 to 7.11 are different versions of the Herschel-Bulkley equations [7.6].
The three parameters C, o,, and n have to be adapted to the data measured.

If for f(7) the Carreau-Yasuda formula is used, one gets

S AT :
! '+(1+(M')a)k/a o

Equation 7.12 may present a more accurate description than Eq. 7.9 when the
measured viscosity function versus the shear rate shows a distinct change of
curvature. The five coefficients o, 1, A, @, and k may formally be determined by a
least-squares adaptation of Eq. 7.12 to the experimental curve. The physical mean-
ing of the parameters is met better the more completely the different flow regimes
are covered by the measurements. A rather formal description of experimental
data by Eq. 7.12 may lead to unreasonable physical quantities.

At first glance, the fact that the coefficients of the Carreau-Yasuda formula of the
matrix of the filled material could be determined experimentally seems to be an
advantage for the numerical description of a filled polymeric system. But there are
no theories or even rules from which a change of the coefficients by adding
particles can be predicted. The influence of particles on 7, is given by Einstein’s
formula (see Eq. 4.1) only for suspensions with properties that are far away from
those of polymer melts. For the other parameters of Eq. 7.12, no relations are
known that describe their change by adding fillers, therefore, Eq. 7.12 has to be
considered as a complicated and rather formalistic description of viscosity func-
tions of filled polymer melts.

An equation of the type

L.l_,, (7.13)
14+ By

is reported in the literature to be successfully applied to the numerical description
of a carbon black-filled compound with a yield stress [7.7]. Here, A and B are co-
efficients to be adapted and n stands for the power-law index. Again this equation
is of an empirical nature and the coefficients are determined by a numerical fit.

For viscosity functions that do not show an obvious yield stress but a distinct vis-
cosity increase at small shear rates, a polynomial according to Eq. 7.5 may be a
pragmatic and simple description of viscosity functions to be used in modeling
processing features or in screw design.
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However, in cases where the determination of yield stress is of interest, simple
relations like the empirical Herschel-Bulkley formula (see Eq. 7.11) or the Casson
formula

o =k, + kA" (7.14)

are commonly applied. The Casson formula is based on the energy dissipation that
is due to disintegration and rotational motions of chain-like particle agglomerates
in laminar shear flow of Newtonian media [7.8]. These assumptions of the Casson
equation have to be taken into account when it is applied to a numerical descrip-
tion of experiments.

The Bulkley-Herschel equation (Eq. 7.11) and the Casson equation (Eq. 7.14) both
deliver the yield stress o, when extrapolated to v=0. From Eq. 7.11, o, can be
directly determined, in the case of an evaluation according to Equation 7.14 it
follows o, = kg . Principal differences between the two equations exist, however, at
higher shear rates. For a negligible yield stress, the Casson equation describes a
stress that is proportional to the shear rate, which means a Newtonian liquid, while
the Herschel-Bulkley formula postulates a power-law increase of the shear stress
with shear rate above the yield stress.

In the classical suspension rheology, the concept of the maximum volume fraction
&, plays an important role as discussed in detail in Chapter 4. The relationships
between viscosity and filler concentrations based on @, , like the Krieger-Dougherty
equation (Eq. 4.11), are derived, however, for Newtonian matrices and fillers of
regular shapes like spheres, for example. Both conditions are not fulfilled for the
filled thermoplastics discussed in this chapter. The thermoplastic matrices
generally show a pronounced shear thinning, particularly, under conditions of
processing, and the fillers used in practice have aspect ratios that are commonly
larger than one. Exceptions are beads or hollow glass spheres [7.9]. A typical
picture of hollow spheres is shown in Fig. 7.6 together with micrographs of talc,
calcium carbonate, and glass fibers.

Hollow glass spheres have recently attracted some interest with respect to appli-
cations because they exhibit similar beneficial effects on mechanical properties as
compact spheres, but they obviously possess distinctly lower densities. Rheologi-
cal measurements on thermoplastics with hollow spheres are very scarce in the
literature up to now, however.
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Figure 7.6 Micrographs of a) talc, b) hollow glass spheres, c) glass fibers, d) calcium
carbonate [7.9]

B 7.3 Entrance Pressure Losses

Besides viscosity functions, the entrance pressure losses of a polymer melt may be
of interest in an assessment of pressure distributions within a tool, particularly if
the length to radius ratio of ducts is small. An example is a pelletizing plate for
which the entrance pressure loss may be significantly higher than the pressure
loss in the holes of the plate caused by shear. Therefore, entrance pressure losses
of filled thermoplastics are of interest if applications are concerned. In the litera-
ture, only a few reports are found because the accurate determination of entrance
pressure losses using Bagley-plots requires a considerable experimental effort (see
Section 2.2.2 and Fig. 2.10). The main reason for entrance pressure losses are
pronounced elongation flows of polymer melts in narrowing ducts (see [7.10], for
example). In Fig. 7.7 the entrance pressure losses p, are plotted as a function of the
wall shear stress o for an unfilled PA 6 and a PA 6 filled with 30 wt.% glass beads
or glass fibers with two different aspect ratios [7.1]. They were determined using
a capillary rheometer with capillaries of radii 0.6 and 1.0 mm and L/R ratios be-
tween 1 and 50. The entrance pressure losses of the unfilled PA and the PA filled
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with 30 wt.% glass beads are the same within the accuracy of the measurements,
but the p, of the fiber-filled samples are distinctly higher. Because the elongational
deformation in the entrance region of a capillary covers a wide range of elonga-
tional rates changing locally and with time, relations between the elongational be-
havior of filled polymer melts discussed in detail in Chapter 8 and the entrance
pressure losses are difficult to establish. It becomes obvious, however, that the
entrance pressure losses of the fiber-filled polyamide samples in Fig. 7.7 are dis-
tinctly higher than those of the sample filled with the same content of glass beads.

10° 3
p, [Pa] ;

10° 5

aspect ratio
25
7.3

1

without glass

30 wt.% glass fibers d=13.5 pm
30 wt.% glass fibers d=13.5 pm
30 wt.% glass beads d=15-40 ym

10° 10° 10°
o [Pa]
Figure 7.7 Entrance pressure loss p, as a function of the shear stress o at the wall of a
capillary for the PA 6 matrix and PA 6 filled with 30 wt.% glass beads with diameters between

15 and 40 pm or glass fibers with mean values of 13.5 um for the diameter and 25 or 7.3 for
the aspect ratios, respectively. The temperature was 250 °C [7.1]

This finding can be explained by the assumption that the alignment of the glass
fibers, which are randomly distributed in the barrel of the rheometer, by the exten-
sional flow imposed on the melt in the entrance region of the capillary needs some
energy that enhances the pressure loss. Taking this mechanism into account it
seems to be reasonable that p, becomes higher with a larger aspect ratio as it is
obvious that a longer fiber exhibits a higher resistance against alignment in a
viscous medium than does a shorter one.

In Fig. 7.8 the entrance pressure losses p,, as functions of the shear stress o at the
wall of the capillary, are presented for an HDPE matrix and a compound filled with
30 wt.% of glass fibers. As for the samples in Fig. 7.7, which are based on PA 6, p,
of the fiber-filled HDPE is significantly higher than that of the matrix. Within the
applied temperature range between 150 and 230 °C, the pressure loss is the same
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for the filled sample. A very similar behavior is reported for unfilled polymer melts
that leads to the conclusion that the entrance pressure loss is mainly due to elastic
effects being temperature independent in good approximation (see [7.10], for
example). For dominating viscous processes, a distinct temperature dependence
should be expected.
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Figure 7.8 Entrance pressure loss p, as a function of the shear stress o at the wall of a

capillary for a HDPE matrix and its compound with 30 wt.% glass fibers at different
temperatures [7.1]

B 7.4 Elastic Effects

Elasticity is an essential rheological property of polymer melts. Some fundamentals
regarding the definition and determination of elastic quantities and their relations
with the molecular structure of neat thermoplastic polymers are given, for exam-
ple, in [7.10]. Much less is known about the elastic effects of filled thermoplastics.
Whereas elastic properties in the linear range of deformation were used in pre-
vious sections of this book to get an insight into the structure buildup (see Sections
4.2.3, 5.3.2 and 5.3.4), for the processing of filled thermoplastics, the nonlinear
range is of special interest.

7.4.1 Extrudate Swell

An obvious nonlinear elastic effect is the extrudate swell, which may be deter-
mined according to




Elongational Properties
of Filled Thermoplastics

As shown in the previous chapters, the rheological properties of filled polymeric
materials in shear can markedly differ from those of their matrices. These results
provoke the question in what way the elongational behavior of thermoplastics is
affected by various fillers.

B 8.1 Elongational Viscosity of Unfilled
Polymers

Elongational properties of unfilled polymer melts have received a lot of attention
during the last 40 years because their behavior can be totally different from that in
shear, as demonstrated by Fig. 8.1 for a low-density polyethylene. The shear viscos-
ity increases with time and approaches a plateau that depends on the shear rate.

In the nonlinear range the steady-state viscosity becomes higher with decreasing
shear rate. The linear range is characterized by the time-dependent viscosity n° (¢)
being independent of shear rate. At low elongational rates or short experimental
times, the time-dependent elongational viscosity 7,(t) = o(t)/¢ defined by Eq. 2.7
runs parallel to the time-dependent linear shear viscosity. The viscosity ng (t) is
three times higher than 7° (). This relation is known as the Trouton ratio. At larger
elongational rates, the elongational viscosity of the LDPE in Fig. 8.1 shows a sharp
upswing that occurs at shorter times the higher the rate. This viscosity increase is
commonly called strain hardening. At longer times or higher strains, the elonga-
tional viscosity seems to approach a plateau. Detailed information on elongational
properties of unfilled polymer melts can be found in [8.3], for example.

Strain hardening is not a general feature of all polymer melts, as the measure-
ments in Fig. 8.2 on a standard polypropylene designated as PP-0 demonstrate.
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Figure 8.1 Elongational viscosity 7, and shear viscosity 7 as functions of time ¢ for a low-
density polyethylene at different elongational rates € and shear rates + (reprinted from [8.1]
with permission from Wiley and Sons and from [8.2] with permission from Springer Science+
Business Media)
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Figure 8.2 Elongational viscosity 7, as a function of time ¢ at various elongational rates € for a
standard polypropylene and various long-chain branched polypropylenes obtained by electron
beam irradiation. The numbers of the sample designations indicate the different irradiation
doses in kGy. The digits on the curves are the factors by which the curves were shifted with
respect to PP 5 for a better visualization (reprinted with permission from [8.4], copyright 2008
American Chemical Society)
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At all of the elongational rates applied, the viscosities come to lie on one curve, and
an indication of strain hardening is not seen up to the measured total Hencky
strains of about € = 4, which corresponds to a stretching ratio of around A = 50
(see Eq. 2.5). However, the other samples in Fig. 8.2 do exhibit strain hardening.
They were obtained by electron-beam irradiation, which generates long-chain
branches as described in [8.4]. The strain-hardening effect becomes more pro-
nounced the higher the irradiation dose, which is indicated in kilograys (kGy) by
the digit of the sample designation. Using size exclusion chromatography (SEC)
coupled with multi-angle laser light scattering (MALLS), it could be shown that the
degree of long-chain branches increases with the irradiation dose [8.4]. Taking
these results and those on various polyethylenes into account (see Fig. 8.1 and
[8.3], for example), long-chain branching could be assumed as the source of strain
hardening.

This conclusion is too simple, however, as the results of Fig. 8.3 on various linear
polystyrenes show, whose molar mass distributions are presented in the inset
[8.5]. For the very narrowly distributed anionic polystyrene PS III, strain harden-
ing could not be detected. However, the anionic polystyrene PS II exhibits a distinct
strain hardening. The molar mass distribution of PS Il is distinguished from that of
PS III by a small high molar mass component that is clearly separated from the
main peak. The results from [8.6] on long-chain branched polystyrenes and on
blends of various linear PS, which exhibit strain hardening, demonstrate that even
for one material, the feature of strain hardening can have its origin in different
molecular structures.
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Figure 8.3 Elongational viscosity 7, as a function of time ¢ for polystyrenes with various molar
mass distributions (reprinted with permission from [8.5]; copyright 1980, The Society of Rheology)
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Rheological properties are markedly affected by molecular motions, which are
reflected by the retardation or relaxation time spectrum. The introduction of long-
chain branches or the addition of molecules of a distinct high molar mass lead to
long relaxation times, which can be assumed to be the reason for the increase of
the elongational viscosity as a function of time. These results find their equivalence
in the enhancement of elastic quantities, when distinctly higher molar mass
components are added to a matrix or long-chain branches are introduced (see [8.7],
for example).

B 8.2 Elongational Viscosity of Filled Polymers

An interesting question is how elongational properties of filled polymeric materi-
als might be derived from those of their matrices. The finding that fillers may be
the origin of long retardation times affecting the linear behavior as shown in Sec-
tion 5.3.5, makes it worthwhile to discuss whether they initiate strain hardening,
in analogy to the postulated effect of long relaxation times of unfilled strain-hard-
ening polymer melts.

Besides addressing this more fundamental question, elongational measurements
have a very practical rheological aspect. They are mostly performed on free-stand-
ing samples and, therefore, slip on the wall of a rheometer, possible in shear, is not
an issue. Because filled polymer melts are prone to slippage, experimental arti-
facts due to slip may be avoided by characterizing melts in extension. Last but not
least, elongational experiments may help to understand certain aspects of the
processing of filled thermoplastic materials that include extensional components.
An example is the extrudate swell.

Elongational measurements on filled thermoplastic materials are rather scarce in
the literature. For example, in [8.8] it is reported that for a polystyrene filled with
30 vol.% calcium carbonate, the time-dependent elongational viscosity is distinctly
higher than that of the matrix. This effect is not unexpected at all, because from
shear experiments, the effect of fillers enhancing the viscosity of a matrix is well-
known. In addition, the general feature of the viscosity curves changes. Whereas
for the unfilled polystyrene, a weak strain hardening is reported, the time-depend-
ent elongational viscosity of the filled sample is found to lie below the curve in the
linear regime. In analogy to the decrease of the shear viscosity with shear rate,
which is commonly called shear thinning, such a behavior is designated “strain
thinning.” This effect is more pronounced the larger the strain rate applied. A
similar result was presented in [8.8] for polystyrene with titanium dioxide. How-
ever, the results are only of rather limited value because any information about the
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B 14.4 Models for Particle Interactions
in Rubber-Filled Styrene-Acrylonitrile
Copolymers

The morphologies of the ASA and the ABS with about 40 wt.% of rubber look totally
different. From Fig. 14.10 one can imagine that the acrylicester particles of the
ASA form agglomerates, building up a cage-like structure with inclusions of
the SAN matrix molecules. The morphology of the ABS (see Fig. 14.1) cannot be
described by such a picture. Rather, structures can be worked out of rubber parti-
cles arranged like pearls on a string with small distances between them. Such
structures are particularly obvious for the smaller particles. A model for the ASA is
sketched in Fig. 14.15. The rubber particles with a diameter of about 0.3 um form
the walls of the cells that surround the matrix molecules with a diameter of around
25 nm.

Rubber particles

Figure 14.15 Model for the structure of the rubber particles in ASA

The attractive forces between the particles can be assumed to be of a polar nature.
It is obvious from this model that the motions of the matrix molecules are hindered
as long as the walls formed by the rubber particles are intact. This simple picture
makes plausible the existence of a yield stress for ASA shown in Fig. 14.11. It is
very easy to imagine that under certain stresses the walls formed by the particles
can break down and the matrix molecules are able to flow freely. The structure
breakdown of the rubber particles of the ASA with 40 wt.% acrylicester is demon-
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strated by the electron micrographs of Fig. 14.16. The left-hand electron micro-
graph shows the morphology of the ASA sample at rest. Cage structures are dis-
tinctly visible. The right-hand picture presents the morphology within a strand
quenched after extrusion through the die of a capillary rheometer at an apparent
shear rate of 100 s-1. The walls no longer exist, but the particles are aligned in the
direction of flow that is indicated by the arrow. It is obvious that the matrix mole-
cules can move over long distances now, and this change in molecular mobility is
reflected by a shape of the viscosity function at higher shear rates or shear stresses,
respectively, that is typical of unfilled polymer melts (see Fig. 14.11).

Unsheared sample Sheared sample

'-"I

Figure 14.16 Electron micrographs of the unsheared ASA with 40 wt.% rubber (left) and
the same material extruded through a capillary at an apparent shear rate of 100 s (right).
The arrow in the right-hand picture indicates the direction of flow (reprinted from [14.1]

by permission from John Wiley and Sons)

The model proposed for the ASA is very similar to that discussed in Section 4.2.1
for PMMA beads of an average diameter of 30 um and a volume concentration of
30% in the Newtonian polyisobutylene. For this suspension, it was demonstrated
by in situ optical investigations during shear in a plate-plate geometry that a cell
structure built up by the particles at rest can be destroyed, and an alignment of the
beads occurs. The corresponding model is sketched in Fig. 4.3.

For the ABS with 43 wt.% rubber, the model of cells whose walls are formed by the
rubber particles is not obvious from the structures shown in Fig. 14.1. Rather, it
may be assumed that the particles are able to form a continuous network within
the matrix if the interparticle distance (IPD) is smaller than twice the coil diameter
of the SAN molecules grafted to the rubber surface and entanglements become
possible (see Fig. 3.3).

The model corresponding to this assumption is sketched in Fig. 14.17. The sizes of
0.1 and 0.4 um represent the small and large particles of the ABS investigated. The
average diameter of the grafted SAN molecules of around 25 nm was assessed
from the simple correlation existing between the molar mass of a molecule and its
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dimension in theta solution (see for example [14.3]). In addition, use is made of the
experimental finding that the geometry of a molecule in the molten and solid state
can be considered to be the same as in theta solution.

0.1 ym 0.4 um

Figure 14.17 Simplified model of the structure of the ABS presented in Fig. 14.1. The grafted
molecules are represented by a layer of 0.025 um surrounding the particles. The SAN matrix
molecules are located within the loops of the network built up by the particles with grafted
molecules

An assessment of the interparticle distances (IPD) follows from a simple geometri-
cal consideration displayed in Section 3.3 and visualized by Fig. 3.5. The depend-
ence of the interparticle distance on the particle diameter is presented there for
different particle concentrations under the assumption of a simple cubic packing
of the particles. As is seen from Fig. 3.5, an IPD of 50 nm corresponding to the
diameters of two grafted molecules may be reached at a volume ratio of @ = 0.2 for
the particles 0.1 um in diameter and at @ = 0.4 for the particles with 0.4 um. Around
these concentrations, a distinct viscosity increase at small shear stresses, indicat-
ing a hindrance of the flow of matrix molecules, is found in Fig. 14.3. Although this
assessment is somewhat simplified in the case of the real structure of the ABS, it
nevertheless shows that a bridging of interparticle distances by the grafted mole-
cules is not fictitious. Because the molar masses of the molecules are high enough
to form entanglements, one can imagine that a network of particles interconnected
by entangled grafted molecules exists throughout the sample that hinders the mo-
bility of the molecules and gives rise to a yield stress. Molecular motion becomes
possible again when the applied stress is high enough for disentanglements. Then
the viscosity function becomes similar to that of the matrix, being somewhat
higher only due to the hydrodynamic effect of the fillers.
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From this model it is obvious that a yield stress does not exist at lower concentra-
tions, where the distances between the particles become so large that they cannot
be bridged by the grafted molecules anymore.

It should be pointed out that a yielding behavior can be found for monomeric fluids
filled with inorganic particles, too. For these suspensions, the cell model sketched
in Fig. 14.15 has to be considered because monomers or even oligomers are too
small to be able to bridge the gaps between particles.
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