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ABSTRACT

This report presents a review of measurement methods for the rheological, or flow, properties
of filled materials focusing on polymeric materials and in particular on the measurement of
slip flow that occurs in filled materials, predominantly through the development of a
lubricating layer adjacent to the wall of the flow channel. It also describes models used for
predicting the effect of filler on the viscosity of materials and presents the basis for
unification of flow curves. The modelling and unification of flow curves can be used to
facilitate the prediction and measurement of the rheological behaviour of materials.
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1 Introduction

This review primarily covers the measurement of the flow behaviour of multi-phase materials,
but also covers aspects of materials modelling, specifically on constitutive equations for flow
of filled materials. In particular the review focuses on the characterisation of slip flow of
filled materials.

Reliable characterisation of the rheological behaviour of materials is important for many
reasons, whether it is for developing new materials with specific flow properties, design of
processes using rheological data for existing materials or for quality control of materials in
production processes. The introduction of fillers can significantly affects the flow properties
of the base material, with the effect becoming very significant at high filler levels. Fillers can
be added to control flow behaviour (e.g. paints) and solid (or liquid) particles can be mixed as
slurries (or emulsions) to improve handling and processing properties. Measurement and
modelling can be complicated by the onset of phenomena not necessarily seen in the unfilled
material, for example yield behaviour and slip flow. However, fillers can affect all aspects of
the rheological behaviour of the material in a multitude of ways.

Filled materials cover a very broad range of materials from plastics to food, concrete to
ceramic slurries, adhesives to liquid metals. Fillers may be added to reduce the cost of the
material and/or to improve its performance either in processing or in service by changing its
physical, mechanical (strength, toughness, hardness, impact resistance, dimensional stability),
permeability, electrical, magnetic, chemical, thermal and rheological properties. Fillers, for
the purposes of this report, refer to solid materials that are largely inert' but exclude particles
having very large dimensions, e.g. continuous fibres. Furthermore, there is significant growth
in interest in nano-fillers in polymers as evidence demonstrates that disproportionate benefits
can be achieved by the addition of small quantities of filler. Obviously it is not possible to do
justice in a single review of this nature to all filled materials. Therefore this report principally
focuses on the measurement of highly filled plastics materials, although reference is made to
other materials where this provides additional understanding to the measurement issues
related to filled plastics.

2 Materials and flow phenomena

2.1 Introduction

This section briefly looks at the very broad range of materials that constitute filled materials,
covering polymers, fillers and additives. It clearly demonstrates that with the large number of
permutations of polymers, fillers and additives, filled polymers can be very complex
materials. Mixing of filled materials can have an effect on the homogeneity of such materials
and their properties: insufficient mixing may result in a lack of homogeneity, but a conflicting
requirement will be to minimise the amount of mixing to, for example, minimise mechanical
degradation. Furthermore, there is also a wide range of flow properties that can be measured
in shear and in extension, including yield and slip flow behaviour, which can potentially be
influenced by filler content. Thus, even restricting to filled polymeric materials it is clear that
there are a significant number of permutations of factors affecting their rheological properties.

! Fillers may be considered inert on the bulk-scale but not necessarily on a surface-scale where interactions with
coupling agents etc may occur.
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Polymeric materials are very varied: they may be thermoplastic, thermosetting or elastomeric.
Thermoplastics may be linear or branched, and amorphous, crystalline or semi-crystalline in
nature, with significant variations in molecular weight even within a single type of polymer,
e.g. polyethylene. Similarly, differences in thermosetting plastics and elastomers makes
polymeric materials a broad and diverse range of materials with a similarly broad range of
properties. Obviously, the rheological properties of the base polymer, e.g. its viscosity, will
naturally affect the rheology of the mix.

2.2 Filler types

Many types of fillers are used in polymeric materials to modify physical mechanical
properties, improve processing properties, improve durability, impart some functional
behaviour (such as conductivity or magnetic properties) or to reduce cost. The types of fillers
used depend on the property requirements and value of the material. Filler commonly added
include toughening agents (e.g. rubber particles), inorganic minerals (e.g. calcium carbonate,
talc, fly ash or gypsum), colouring pigments (including titanium dioxide, carbon black),
magnetic agents (e.g. powdered ferromagnetic materials), conductive particles (e.g. powdered
metals, silver particles), mechanical reinforcement (e.g. natural, glass or carbon fibres) or
nano-fillers (e.g. clays or colloidal silica).

Fillers vary not only in type, but for any given type the filler may also vary in terms of its
physical properties. Many fillers are natural in origin and consequently vary in properties.
Properties that may affect how the filler contributes to the rheology of the mix include:

particle shape’ (and distribution)

particle size (and distribution)

particle stiffness (e.g. rigid or flexible fibres)

surface topology and properties

surface chemical properties (surface treatment)

interfacial energy (wettability)

density (difference between matrix and filler — buoyancy effects)

and, not least, the amount of filler added, i.e. the volume fraction or concentration.

Obviously, the magnitude of the effect that some of these factors will have will depend on the
properties of the base polymer.

2.3 Surface treatment and additives

In addition to the “solid” fillers, commercially available grades of filled polymeric materials
also potentially contain numerous other additives. Even so-called unfilled polymers often
have a number of additives that are used to control their thermal, rheological and mechanical
properties. Additives in filled polymers, applied either to the filler or to the base polymer,
include plasticizers (e.g. polyesters and phthalates), lubricants (e.g. silicone, stearates),
stabilisers, filler surface modifiers (e.g. silanes, titanates, zirconates, zircoaluminates,

2 The filler particles shape may be predominantly 1 - dimensional, e.g. fibres or whiskers, 2 - dimensional, e.g.
flakes or platelets, or 3 - dimensional, e.g. spherical or ellipsoidal
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hydrophobic wetting agents), and pigmentation. All potentialy might have an effect on the
flow properties of the material. Surface modifiers may be considered either as lubricants or,
where they couple with both the filler and the matrix, as coupling agents. The complex
package that often makes up the polymer must be taken into account in understanding its flow
properties. An additional factor that might affect the behaviour of fillers and thus the materials
they fill is the moisture content, which can vary depending on the conditions in which the
materials are stored, handled and prepared. Examples of particularly water sensitive polymers
are PBT, PET and PA.

2.4 Flow fields and flow phenomena

The effect of the filler on the flow will be different depending on whether the flow is steady,
dynamic (oscillatory) or transient shear, or steady or transient extension, or some complex
combination of these. Extensional flow itself can be broken down into further categories of
uniaxial, planar, and equibiaxial. Furthermore, polymeric systems exhibit viscoelasticity and
the effect of a filler on the viscous and elastic components of the dynamic viscosity will
potentially differ.

In the flow of polymeric systems various phenomena may occur which will influence the
rheological properties of the material, namely:

particle interaction / particle motion (rotation)
flocculation/de-flocculation/agglomeration

mechanical degradation of filler

particle depletion/migration e.g. away from the wall

flow separation (e.g. squeezing out of continuous phase in contraction flows)
electrostatic effects

Additional flow phenomena that occur in filled materials include:
e slip behaviour
e yield behaviour

The characterisation of the rheological behaviour of filled materials is further complicated by
their potential time dependence. Being viscoelastic materials, the rheological properties of
polymers can be time dependant and this is also the case with filled materials. The
microstructure established in a filled material, e.g. agglomerations or flocs, may result in a
time dependence of rheological properties due to the breakdown/formation of such structures
during testing.

Furthermore, there is significant and clear evidence demonstrating that the surface finish and
material composition of the die wall can have a significant affect on measured flow
properties.

2.5 Mix quality

Consistent properties, whether they are rheological, mechanical or physical require that the
mix is sufficiently homogeneous. However, like most processes, mixing is a compromise, in
this case between maximising the performance of the material and minimising the costs. The
performance of the material is often associated with the quality or homogeneity of the mix.
The cost can be viewed in terms of the financial costs of production in terms of ingredients,
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energy consumption, mixing time and production capacity, and also in terms of materials
degradation, for example thermal degradation of the polymer or mechanical degradation of
the filler. Mix quality will be affected by the physical, thermal and mechanical properties of
the ingredients. For example, a higher viscosity polymer is more likely to break down particle
agglomerations during mixing due to the higher stresses involved.

The reader is referred to Shenoy [1] for a detailed description of fillers and other additives
used in polymers.

3 Definitions

The following definitions are based on the British Standard BS 5168 [2], Hadley et al [3] and
Barnes et al [4]. For the original definitions and also further rheological definitions the reader
is pointed to these references.

Filler
The discontinuous phase of a mixture.

Matrix
The continuous phase of the mixture.

Volume fraction (also known as phase volume) ¢
The fractional volume of the filler to that of the mixture. It is expressed as a percentage of the
total volume.

Note: It is important to express such a parameter describing the composition of the mixture on
a volume rather than mass basis.

Maximum volume fraction ¢,
The maximum volume fraction that can achieve corresponding to the maximum packing
density of the filler. It is expressed as a percentage of the total volume.

Relative viscosity (also known as viscosity ratio) n,
The ratio of the viscosity of the mixture (suspension) to that of the continuous phase.

Shear thinning
A reduction in viscosity with increasing rate of shear in steady flow (the opposite of shear
thickening) BS 5168 [2].

Shear thinning is also known as pseudoplasticity, but this term is deprecated. BS 5168 [2]
refers to pseudoplasticity as time dependant shear thinning with no yield stress, whereas
Hackley [5] describes it as an alternative word for shear thinning. However, Hadley et al [3]
suggest that the use this term for shear thinning should not be encouraged.

Yield stress oy
The stress corresponding to the transition from elastic deformation (below the yield stress) to
plastic deformation (above the yield stress). It is expressed in Pascals (Pa).
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Thixotropy
A reversible time-dependent decrease in viscosity at a particular shear rate or shear stress (the
opposite of negative- or anti-thixotropy).

Recovery is unlikely to be instantaneous on removal of the stress since inter-particle networks will
take time to reform.

Additional terms are used in the literature to describe rheological behaviour, but comparison
of documents indicates variation in their definitions. The following are presented here:

Rheopexy

The solidification of a thixotropic material by gentle and regular motion (BS 5168 [2] and
Hackley [5]). However, BS 5168 [2] and Barnes et al [4] indicate it is used as a term
equivalent to negative or anti-thixotropy.

Rheomalaxis

An irreversible decrease of viscosity during shearing, attributed to permanent changes in the
material structure (Hackley [5]). BS 5168 [2] refers to rheolmalaxis as the loss of consistency —
i.e. ability to resist permanent deformation.

4 Measurement techniques

4.1 Introduction

As can be seen from the above sections the permutations in the manufacture of filled materials
are many, and many of the parameters, e.g. filler size distribution, affect the rheological
behaviour of the materials. This review focuses on the issues of measuring the flow behaviour
of filled materials, in particular their slip flow behaviour.

The rheological behaviour of filled materials has been investigated using a range of
techniques: capillary die and slit die extrusion rheometry, melt flow rate testing, rotational
rheometry using a wide range of geometries, oscillatory rheometry, extensional rheometry,
torque rheometry, squeeze flow techniques, oscillating probes, and alternative techniques not
always associated with rheological characterisation, for example ultrasonic or acoustic
transmission.

To obtain higher shear rates in-line extrusion rheometers can potentially been used, for
example Coates et al [9]. Similarly, screw extruders and instrumented mixers (torque
rheometers) can be used to measure rheological behaviour [10]. Squeeze flow techniques,
mimicking the compression moulding process, have been used to characterise highly filled
thermosetting materials, e.g. glass-fibre and particulate filled unsaturated polyester dough
moulding compounds. Silva-Nieto [11], using the squeeze flow technique, determined the
flow behaviour parameters, including yield stress values, by least squares fitting of the
experimental raw data. A difficulty with ultrasonic and acoustic techniques is in relating the
properties measured at very high frequencies and low strains to the performance of the
material in the process, equivalent to significantly lower frequencies and higher strains.
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Textured surfaces for plates in rotational/oscillatory rheometry and for extrusion dies in
capillary and slit rheometer have been used to disturb the development of a slip layer, which
affects the measured properties. These techniques are discussed in Section 5.5 on slip.

4.2 Particle size issues

With the established rheological techniques (extrusion and rotational/oscillatory rheometry) a
particular issue that needs to be addressed when measuring filled materials, but is not always
done so, concerns the filler particle size. A major issue in carrying out valid rheological
measurements of filled materials is the identification of the necessary gap size to use to ensure
that particle size, or in the case of agglomerates the agglomeration size, does not affect the
measurements, i.e. that the results are not test geometry dependent. However, this requirement
conflicts with other potential requirements, e.g. the need for data at appropriate shear rates.
Polymer processing tends to be a high shear rate process and to avoid extrapolation of low
rate data it is necessary to obtain data at such high rates. In capillary extrusion rheometry,
controlling the diameter of the extrusion die is the main control the operator has over the
shear rate range obtained. In capillary rheometry the shear rate is inversely proportional to the
third power of the die radius. In comparison, the shear rate is only linearly proportional to the
piston speed. Thus to obtain data at high shear rates small die diameters need to be used. A
further consideration is that plastics are often processed through small (thin) channels, for
example in injection moulding, in which size effects (e.g. wall slip) may be significant. It may
then be more appropriate, if slip is not modelled, to use dies in capillary rheometry testing of
similar size to the channels for which modelling is required. This will avoid the need to
extrapolate the flow behaviour of the material determined using large-sized dies to that in
small-sized mould channels.

Hackley [5] commented that for testing coarse-grained materials in extrusion-based devices
the orifice (die) diameter must be 3 to 5 times larger than the maximum particle size. This was
supported by Atanasio et al [12] who claimed that provided the width of the flow field is more
than 3 times the length of elongated particles then agreement between capillary and Couette
rheometer measurements were obtained. Similarly, Collyer [13] concluded that if the ratio of
the largest dimension to the edge gap in rotational rheometry is not more than 1/3 then the
effect on measurements will be small, though he later commented that to obtain greater
accuracy larger ratios may be required. Lauger et al [14] commented that gap sizes should be
of the order of 10 times the largest particle size. Similarly, Barnes [15] identified the
following criteria for suitable gap sizes for testing of filled materials, but for highly filled
materials he suggested that ratio of particle size to gap size should be smaller.

Filler content (% volume) Particle to gap ratio
25% Filler particle size < 0.1 gap size
50% Filler particle size < 0.01 gap size

However, there are instances where rheometry measurements can be carried out with critical
gap size less than particular particle dimensions, for example in the case of extrusion testing
of fibre filled materials where the fibres have a length several times that of the capillary die
diameter [16]. Such materials can be tested due to the alignment of fibres in the flow direction
and also due to the flexibility of the fibres. However, rheological testing of, for example,
glass-fibre filled materials can result in degradation of the fibre length and this itself changes
the rheological properties of the material being characterised [16]. Such mechanical
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degradation of the filler further complicates the characterisation as it can have a similar affect
to that of orientation induced by flow.

4.3 Issues specific to rotational and oscillatory flow rheometry

In steady shear (continuous rotation) or dynamic (oscillatory) testing issues related to the
particle (or agglomeration/floc) size relative to the gap size must be considered, as discussed
above. Furthermore, to obtain reliable dynamic measurements of the elastic (G”) and viscous
(G”) components of modulus in order to compare materials it is important to test in the linear
elastic region of the material. For filled materials it can be difficult, if not impossible, given
the operating limits of the instrument, to accurately determine the strain limit of the linear
viscoelastic region within which reliable, comparable linear viscoelastic G’ and G’ data
should be determined. Thus, unless it is clearly demonstrated that data have been obtained in
the linear viscoelastic region, through the execution of strain sweeps, comparison of the
behaviour of different materials with, for example, different volume fractions of filler can be
problematic.

For steady shear testing using a rotational rheometer the normal approach is to use a truncated
cone and plate geometry in which the virtual peak of the cone (virtual because of its
truncation) contacts the surface of the flat plate. This ensures that the shear rates are uniform
throughout the test region, and thus the assumptions made in the method of analysis are valid.
However, the use of a small truncation may cause problems as the truncation is normally
small, typically of the order of 0.05 mm to 0.2 mm due to the need to keep the cone angle
small. Cross et al [17] have addressed this issue by using a displaced cone method and also a
recessed (annular) cone and plate geometry. In the first instance the cone geometry is held at a
greater distance from the flat plate, and in the second the central apex region of the cone is
recessed and therefore has little effect on the measurement. Cross et al [17, 18] have also
extended the displaced steady shear cone analysis to the parallel plate geometry by assuming
a zero cone angle. Although they indicate that the method is suited for testing suspensions
they validated it using a polyisobutylene - decalin solution, although later reference was made
to successful measurements on glass-fibre in polyol slurries for which the use of conventional
geometries had proved unsuccessful.

7

.

Figure 1: Normal truncated, displaced truncated and recessed (annular) cone and plate
geometries

Couette geometries (concentric cylinders/cup and bob in rotation) are not typically used for
polymer melts. However, Macosko [19] commented that for concentrated suspensions slip
may occur at the walls of the concentric cylinders. One method to overcome this is to use a
rectangular-vaned bob in a large reservoir so that there is no wall against which the fluid slips.
Such vanes and also other vane geometries, e.g. H-shaped rotated about the central vertical
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axis, are used, for example, in concrete testing [5, 20]. For heavily filled materials with strong
shear thinning (n < 0.5) the fluid between the vanes effectively rotates as a solid cylinder, and
there are no complicating issues with a small gap to consider. However, for heavily filled
materials one must still consider whether a slip plane within the fluid is set up in the rotating
system at a radius equal to the tip of the vanes due to particle migration. Such a layer could be
assessed through study of the transient behaviour of the materials from start up of the test.

| ey | ey = vy

Figure 2: Various vane geometries used in rotational testing (Tattersal, H and double
vaned)

Falling ball techniques [21] have also been used to measure the rheological behaviour of
suspensions. However, due to the potential opacity and high viscosity of filled systems and
the technique providing only very limited information on flow behaviour, the value of the
method is limited. A similar approach is presented in [14] in which the ball, immersed in the
fluid, is attached off-centre to a rotational rheometer drive. The ball is moved in a horizontal
circle using the rheometer to measure both torque and speed. However, as with all invasive
measurements of heavily filled materials, the shear history of the material can significantly
affect the measured behaviour. In such techniques, and the various vaned geometries
described above which in essence are the same technique with a different geometry, the
measurement of unsheared material is limited to at most a single revolution or in the case of a
double-vaned geometry a half revolution. Continuing the rotation will result in previously-
sheared material once again being tested. The use of two vanes is preferable as it cancels out
any bending moments on the rotor spindle that can affect its performance and calibration and
increases the torque, but reduces the angle of rotation permitted before testing in pre-tested
material.

4.4 Measurement issues with high aspect ratio fillers

The measurement of fibre-filled materials can be particularly difficult as the fibres are
oriented by the flow field, e.g. in the entrance region of capillary rheometers where the
orientation is due to the strong extensional flow field, or potentially in loading/compressing
the sample in a rotational rheometer [22]. On the other hand the shearing flow in the die tends
to randomise the orientation as the fibres tumble. Ausias et al [23] reported that orientation
induced by pre-shearing short glass-fibre filled PP samples using a rotational rheometer
affected their subsequently measured dynamic viscosities. However, they commented that the
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shear flow occurring during oscillatory rheometry was itself not sufficient to cause
orientation.

Electrical or magnetic fields can cause alignment of mobile particles in suspensions.
Electrical fields orientate polarisable particles suspended in non-polar matrices in the
direction of the applied field. Varying the electric field will alter the viscosity of these electro-
rheological fluids. Magneto-rheological systems respond to magnetic fields. Potente [24]
reported that orientation of fillers during flow, induced by the application of a magnetic field
to flowing PA-6 polymer containing a magnetic filler (Strontium ferrite in the form of
hexagonal platelets, 1-2 um average size), significantly affected the measured viscosity. The
application of the magnetic field perpendicular to the flow direction (presumably causing
orientation in that direction) resulted in a reduction in shear viscosity by up to 50%. Potente
[24] also reported that the shear viscosity data presented indicated that the material became
more temperature dependant with increasing filler content.

Separation of the filler phase from the matrix can occur in rheological testing, not just in the
context of particle migration from high shear rate regions in the proximity of a wall as
discussed in the section on slip, but also in the context of separation in flow through an orifice
as occurs in extrusion rheometry. This effect has been observed in testing of fibre-filled
materials, for example by Rides [6], Murty et al [7] and Maschmeyer and Hill [8], and is more
predominant at lower flow rates for a given geometry. Murty et al [7] report that to avoid
jamming of fibres in the entry region in extrusion rheometry the viscosity of the carrier matrix
must be greater than a critical value which is a function of the fibre size and volume fraction
and also decreases with increasing gap width. Rides [16] has observed that the log-jamming
effect, and also the noise in the extrusion pressure trace, can be reduced by the use of conical
entry geometries which “smooth” the flow into the die.

5 Rheological behaviour

5.1 Introduction

Not surprisingly there is a significant quantity of work reported in the literature on the
rheological characterisation of filled materials. This review does not attempt to cover them in
detail by reporting on the behaviour of individual filled materials but to draw out the main
measurement issues. Shenoy [1] and Barnes [15] presented comprehensive reviews of the
rheological behaviour of a wide range of filled polymers.

In summary, the following broad generalisations of the effects of fillers on the rheological
properties of polymers are made.

5.2 Shear viscosity

Factors that affect the shear viscosity of filled systems are numerous. Barnes [15] concluded
that low concentrations of fillers increase the shear viscosity of polymers, and that long fibres
result in greater shear thinning behaviour. High concentrations of filler resulting in
interactions can result in an apparent yield behaviour. Barnes et al [4] commented that one
effect of increasing filler content on shear viscosity is to increase the viscosity value at which
the Newtonian plateau occurs. This can result in a Newtonian plateau for filled materials that
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is very high and occurs at very low rates only and can thus be difficult to determine by
measurement. This can be misinterpreted as an apparent yield phenomena (see Section 5.6 on
yield).

Shenoy [1] concluded that shear and extensional viscosity exhibit similar trends with filler
content. He commented that the addition of fillers increases the viscosity, the effect being
greatest for 1-D fillers, then 2-D and least for 3-D fillers, and that rigid fillers have a greater
effect than flexible fillers.

The filler size distribution effects viscosity: a disperse distribution having a lower viscosity
than a less disperse distribution of equivalent volume fraction. This can be accounted for by
consideration of the maximum packing volume for each of the filler types, which will be
greater in the case of that with a more disperse distribution, and, for example, the MPK model
(Section 6.1) which gives viscosity as a function of both the volume fraction and maximum
volume fraction. Agglomerations, by capturing fluid and increasing the effective volume
fraction, can result in an increase in viscosity by similar argument. Agglomerations can be
induced or destroyed by flow. Particle interactions can depend on particle shape and effects of
particle interactions can be more significant with high aspect ratio fillers than with near
spherical fillers. Dealy [22] commented that particles greater than 10 microns have little
tendency to aggregate and their effect on flow is purely hydrodynamic, whereas particles of
sub micron size are affected strongly by attractive forces. Degradation of fibres due to testing
and its effect in reducing the shear viscosity was clearly observed by Tsao et al [25].

Wang et al [22] commented that the effect of filler on shear viscosity was most significant at
low rates, with the effect being negligible at high rates. Examination of their results indicated
that the effect of filler loading was almost two decades at 10~ s but at 1 s was still of the
order of a factor of three for volume fraction loadings from 0% to 30%. The effect of volume
fraction on shear viscosity decreased as shear rate decreased: the effect was most significant
in the Newtonian plateau region. Once in the shear thinning region there was a tendency for
the difference in shear viscosity of materials of different volume fraction loadings to decrease
but that rate of decrease was small [26, 27]. In modelling the rheological behaviour of such
materials, constitutive models that yield a shear rate dependence of the effect of filler on
viscosity are obviously required for accurate description of the materials. However, this is not
usually the case - the effect of filler on viscosity is normally taken to be independent of shear
rate.

Wang [28] reported that for calcium carbonate filled PP, thixotropic behaviour was observed
in testing materials with a volume fraction in excess of approximately 20%, commenting that
the thixotropic effect increased in magnitude with increasing volume fraction.

5.3 Extensional viscosity and entrance pressure drop

The majority of results presented in the literature are on shear flow characterisation of
materials, whether by extrusion or rotation rheometry. However, entrance pressure drop
values determined from capillary rheometry measurements can be used as an indicator of
extensional viscosity [6, 29-33]. Entrance pressure drop values are increased by the addition
of filler, with very significant increases when those fillers are long fibres [6]. The effect of
fibrous fillers is significantly greater on the entrance pressure drop in capillary rheometry than
on shear viscosity [6]. Maschmeyer et al [8] emphasised the significant effect that fibre length
has on rheological properties. This is reflected in the theories of Batchelor [34] and Goddard

10
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[35] in which the addition of fibres significantly increases the extensional viscosity of the
base polymer, and this is anticipated to be the case for all fillers of high aspect ratio.
However, Dealy [22] has commented that fibres have been shown to both increase and
decrease entrance pressure drop. Degradation of glass-fibres due to mixing has been shown to
affect entrance pressures much more significantly than shear viscosity [6]. Rides [16]
observed that additional mixing actually increased entrance pressure drop values due to
breakage of glass-fibre bundles: this effect being greater that the opposing effect due to a
reduction in fibre length. Barnes [15] commented that the addition of fibres results in a
significant increase in the value of extensional viscosity, reflecting the effect on entrance
pressure drop values.

5.4 Viscoelasticity

In summarising the effect of fillers on viscoelasticity, as characterised by the shear storage
and loss moduli (G’ and G”’) for linear viscoelasticity and the first and second normal stress
differences (N; and N;) for non-linear viscoelasticity, Barnes [15] commented the
viscoelasticity increases for low concentrations (non-interacting) of spherical particles. The
increase in G’ may not be a large as that in G’ therefore resulting in a relative decrease in the
ratio of elastic to viscous behaviour, i.e. the material becomes relatively less elastic. Similarly,
the non-linear viscoelasticity of the material, as given by N,/o, may decrease slightly.
However, Dealy [22] commented that rigid particle fillers can decrease N; values. Shenoy [1]
commented that White at al [36] showed that fibres generally increased N; and non-fibrous
particles decreased N; for filled PS, based on rotational rheometry measurements. Walberer et
al [37] concluded that the effect of filler on G” and G’ depended on the molecular weight of
the PDMS polymer and the test frequency: increasing G’ and G’ values with frequency for
low molecular weight but not high molecular weight materials. Walberer et al [37]
interestingly also used an oscillatory compression technique and obtained good agreement
with oscillatory rotation results. The addition of long fibres resulted in significant increases in
all parameters [15, 22]. Dealy [22] commented that N; is related to the stiffness and length of
the filler fibres. Shenoy [1] commented that the effect on linear viscoelastic behaviour is the
same as that for shear viscosity. However, and as mentioned elsewhere (Section 6.4), it was
observed that the Cox-Merz rule typically does not hold for filled systems [38].

The relative decrease in elasticity as described above was mirrored by the predominant effect
of fillers to reduce extrudate swell and reduce recoverable shear strain [15, 22]. Delay [22]
commented that the effect was the same for fibre as well as non-fibre fillers, although for long
fibres and short dies very high extrudate swells can be observed but are considered to be due
to the elastic deformation of the fibres in the die entry region.

An intercomparison of oscillatory rheometry measurements [39] of a talc-filled
polypropylene-based copolymer clearly demonstrated the high scatter in results for the shear
storage and loss modulus (G’ and G’’) values that can be obtained. The results indicated a
10% standard deviation for the unfilled material and values ranging from 15% to 60% for the
filled material (although not stated the filler volume fraction is thought to have been 30%).

5.5 Slip flow
5.5.1 Slip flow mechanisms

There are two likely mechanisms for slip in polymer flow. In filled materials the development
of a resin-rich layer adjacent to the wall due to particle depletion acts as a lubricating layer
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with the resultant apparent “slip” behaviour. Alternatively, the polymer looses adhesion with
the wall and slip occurs. Wall surface texture is known to influence slip behaviour [68-74].

Tuinier at al [40] modelled the effect of depletion of polymer in a solution near a wall on slip
flow behaviour. They commented that slip effects were expected to increase with increasing
polymer concentration beyond the semi-dilute regime. Modigell et al [41] showed, using
NMR imaging of suspensions of PMMA spheres in a density-matched sugar solution, that the
spheres migrated from regions of high shear rate to regions of low shear rate. Macosko [19]
commented that the migration is greater for higher shear rates. Yilmazer et al [42] reported
that migration of filler away from the wall in capillary flow increased with increasing shear
stress resulting at high flow rates with ‘effective viscosities’ of filled materials approaching
those of the unfilled materials. Kalyon [43] commented that slip of 63% filled fluids was due
to the formation of a fluid-rich lubricating layer at the wall. As a consequence of such particle
migration, the velocity profile is significantly affected: the migration results in a steep
velocity gradient near the wall with the majority of the material flowing as a plug, which can
be interpreted as slip. Cohen et al [44] analysed such behaviour using thermodynamic
diffusion modelling and obtained reasonable agreement with experimental data.

The surface finish of rheometer plates or dies has been observed to affect slip behaviour, as
discussed in more detail later (5.5.3). Aubry et al [45], using steady shear rotational rheometry
with smooth and textured plates, concluded that slip in polymer solutions is due to destruction
of network structures in the region near the wall. However, the apparent slip was not seen
when using textured plates. Chen et al [46] reported that slip behaviour of low density
polyethylene was influenced by both the material of construction and by surface roughness.
No-slip was observed for aluminium whereas slip was observed for glass, copper and stainless
steel, and slip decreased as roughness increased. Piau et al [47], using steel and PTFE-coated
dies for extruding polybutadiene, observed significant differences in the apparent slip
behaviour between the dies, with significant slip and improved extrudate surface finish in the
case of the PTFE coated die. Piau et al [47] commented that the slip behaviour of polymers is
related to the surface energy of the die wall: PTFE has a low surface energy compared with
steel and slip is enhanced by it.

5.5.2 Mooney method for characterising slip flow

The onset of slip during a rheometry test should be apparent from a discontinuity in the shear
stress — shear rate curve. However, if slip occurs at all the shear stress values obtained during
the test then slip will not necessarily be apparent from a single die test. A second test using a
different die diameter will lead to an apparent dependence of shear viscosity on the die
diameter from which slip can be inferred. In the presence of slip, use of a smaller die will
produce lower apparent viscosities at equivalent apparent wall shear rates. This approach of
using capillary dies of different diameter to determine the slip velocity was first developed by
Mooney [48]: the analysis for capillary extrusion rheometry data is presented in Appendix A.
Mooney [48] also presented the analysis for testing using the Couette geometry in rotation
following the same principles. Taking a different perspective, Macosko [19] commented that
by extrapolating the viscosity as a function of die diameter to infinite diameter the “true”
shear viscosity of the fluid can be determined.

Yoshimura et al [49] presented an improved method for Couette geometries utilising only two

measurements, and the analysis for parallel plate geometries, as well as the analysis for the
Mooney method for capillary geometries. The precision of the method has not been
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demonstrated and under certain circumstances negative slip velocity values have been
obtained which are obviously nonsensical [16]. These negative slip values could be attributed
to the flow being more parabolic at higher flow rates (stresses) than at lower flow rates. At the
low flow rates the stresses are insufficient to cause significant disentanglement of the
fibres/filler resulting in plug-like flow behaviour. At higher flow rates, disentanglement
occurs resulting in a more parabolic flow. Alternatively, at lower rates greater separation of
the resin from the material occurs, as has been observed in the entry region of capillary
rheometers, resulting in more efficient lubrication of the flow. The consequence of this is that
the flow appears more like “slip flow” at lower rates than at higher rates. When interpreted
using the Mooney analysis negative slip velocities were obtained [16]. Negative slip
velocities have also been identified using capillary rtheometry and the Mooney approach by
Mendez-Sanchez et al [50] who suggested that it might be the result of flow-induced phase
orientation effects. Similarly, Leblanc et al [51] obtained negative slip values for filled rubber
compounds but associated it with the compressibility of the material. They commented that
rubbers are more pressure sensitive than unfilled polymers and that compressibility has the
opposite effect on the measurement of viscosity to that of slip. Thus the apparent negative slip
was potentially due to the material’s compressibility. Hagstrdom [52] identified that the
Mooney method failed for extrusion rheometry testing of PVC using a slit die and an
oscillatory rheometer, as slip velocities greater than the average flow velocity were obtained.
Fleming [53] commented that difficulties may be experienced using the Mooney approach for
materials that degrade rapidly due to different residence times in the barrel, and reported that
several workers have developed refinements to the Mooney approach to address the issues of
too high a slip flow or negative slip flow [54-59].

Hagstrém [52] presented the analysis for the use of slit dies for determining slip velocity. It
follows the same approach as Mooney [48] for capillary dies except that the apparent shear
rate y,, is plotted as a function of the reciprocal of the slit thickness (1/H) for constant shear

stress values. The gradient of the plot is expected to be linear with a value equal to six times
the slip velocity u;.

6u, = gradient [ y,, versus I/H, for constant shear stress] (1)

Kalyon et al [60] developed a variable gap in-line rheometer mounted on a screw extruder in
which the gap could be adjusted using stepper motors. This provides a convenient facility for
studying slip flow following the Mooney approach.

Aubry et al [45] and also Yoshimura [49] reported the method for rotational rheometry using
parallel plates, plotting the apparent shear rate at the plate rim (y,,) as a function of the

reciprocal of the gap (1/h) for constant shear stress. The resultant plot is expected to be a
straight line with a gradient equal to twice the slip velocity.
2ug = gradient [ y,, versus 1/h, for constant shear stress| (2)

A Dbenefit in using rotational rheometry is that controlled stress instruments are widely
available and thus there is no need to interpolate data to obtain data at constant shear stress.
Collyer et al [13] commented, however, that slip in parallel plate rheometry is mathematically
equivalent to setting a gap height that is too high and reported that in work by Henson et al
[61] using parallel plate rheometry, the measured slip was equivalent to a 10 um error in gap
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setting. Therefore, accurate gap height setting is critical for the determination of slip effects in
rotational rheometry.

Park et al [62] used the Mooney approach for determining slip using a rotational rheometer
but added that for a system in which there is a thin lubricating layer the thickness J of that
layer can be estimated by the expression:

5 — uSﬂS (3)
T

where u; is the slip velocity, 77, is the viscosity of the lubricating layer and 7 is the shear

stress. The viscosity of the lubricating layer is unknown but can be assumed to be equal to the
viscosity of the matrix (fluid).

Yeow et al [63] presented an inverse solution to the determination of shear viscosity and slip
velocity from capillary rheometry data without assuming a constitutive form between relating
slip velocity and shear stress to shear rate. Good agreement of derived values was obtained
using data presented in the literature, but it highlighted difficulties in the determination of the
critical shear stress above which slip occurred. This was reported as being an issue both for
the inverse approach used and also for the Mooney approach. The approach could also be
used to determine the yield stress, given appropriate data [63]. Such an approach may prove
valuable in addressing the issues identified above of negative slip velocities or excessively
high slip velocities due to the limitations of the Mooney approach.

Graczyk et al [71] used capillary rtheometry with rough dies, flow visualisation and a twin
capillary method introduced by Gleissle et al [72] to study slip of aluminium oxide-silicone
oil pastes. The twin capillary method is basically the same as the standard Mooney capillary
die method. However, it uses two dies of different diameter but the same L/D ratio and the
extrusion pressure is controlled to obtain constant and equal stress conditions in each die. The
flow rates in each die are measured. It thus avoids the need to interpolate to obtain shear rates
as specified shear stress values. However, the entrance pressure losses should be negligible
otherwise a Bagley correction [73, 74] for entrance effects is required. They concluded that
the Mooney and twin capillary (constant pressure) method gave unrealistically high values.
They suggest that the measurements are influenced by the entry region to the dies resulting in
fully developed flow being established some distance from the die entrance and that the size
of the effects differs for the different diameter dies used.

Yilmazer et al [64], in testing a 60% by volume filled suspension, identified that at high flow
rates the flow was dominated by slip rather than shearing flow. Similar observations were
made by Jiang et al [65] for hydroxypropyl guar (HPG) gels. However, slip velocities in
excess of the average velocity for the flow were calculated indicating failure of the Mooney
analysis. Both reported that the slip velocity data fitted the power-law expression reasonably
well over a limited range of shear stresses:

u,=ar, 4)

where a and b are constants and Ty, is the wall shear stress. This expression has also been used
by Yilmazer [42] and gave a good fit to data. Both parallel plate and capillary methods were
used to determine the slip velocity following the Mooney approach [48]. Although there was
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no overlap in shear stress of data from the two methods the shear stress at the upper end of the
rotational testing was similar to that at the low end of the capillary rheometry testing. Values
for the slip velocity in this region were similar, although the gradients of slip velocity versus
shear stress were possibly different for each of the test methods. The scatter in slip velocities
was greater for those obtained by the parallel plate rotation method. Yilmazer [42] presented a
further modification to the above equation of the form:

u,=a (rw -7, )b (5)

where 1 is the critical shear stress below which no slip occurred. However, examination of
the data for a 60% filled suspension did not suggest that this latter equation gave a
significantly improved fit to data than the former. The slightly improved fit, due to the change
in gradient mentioned above coinciding with the change to the other technique, may possibly
be due to reasons associated with the use of different techniques rather the second equation
being a more realistic model.

Howarth et al [66] showed that for Mg(OH), and talc filled PP and PE, using capillary
rheometry and the Mooney approach, the slip behaviour is affected by the filler level. They
proposed a model for the slip velocity of the form:

where k is a slip coefficient that is dependant on the filler level ¢ and z. is a critical stress
above which slip occurs. Values for 1, typically ranged from 120 kPa to 220 kPa and the slip
coefficient from 0 to 3.8.

Ahn and White [67], using the Mooney approach of different die diameters for capillary
rheometry, showed that small quantities of an additive (e.g. 1% of octadecanoic acid and zinc
stearate) can lead to slippage in flow of polyethylene (PE) and polypropylene (PP) originating
from loss of adhesion to the die wall, but that such effects were minimal with polystyrene
(PS), poly methyl methacrylate (PMMA) or polyamide-12 (PA-12). It was suggested that this
is due to the lower polarity of the PE and PP compared with the PS, PMMA and PA-12 and
that, due to their lower polarity, the PE and PP is preferentially replaced at the wall by the
lower molecular weight additives thereby creating a slip layer. Macosko [19], in summarising,
commented that slip in polymer melts occurs at a wall shear stress of approximately 10° Pa.

5.5.3 Surface Texture

The effect of texture of the wall on slip flow behaviour has been investigated by several
workers, some of which is reported earlier. Knappe et al [68] reported that slip of
unplasticised PVC, measured using slit dies of different thicknesses, was observed for smooth
dies but was disrupted for textured dies. They suggested that this behaviour was due to the
presence of a thin lubricating layer caused by flow-induced diffusion. Malvern Instruments
Application note [69] described steady shear rotational rheometry testing on low viscosity
suspensions and concluded that the use of roughened (serrated) geometries appears necessary
to overcome slip effects. Wear of the die surfaces in uPVC extrusion, thought to be due to the
titanium dioxide filler, resulted in observed reductions in the required extrusion pressure [70].
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5.5.4 Flow Visualisation

Flow visualisation techniques using tracers, e.g. pigment, have been used to study the flow of
opaque systems, as optical techniques suitable for transparent materials are unsuitable for
heavily filled materials, e.g. [16, 71]. Atwood et al [75] used hot-wire anemometry to
determine slip phenomena in HDPE claiming it can sense the transitions from slip to no-slip
conditions. The method has advantage in that it can be used for opaque materials though it
suffers from the fragility of the probes, viscous heating and flow field disturbance effects and
from the need to calibrate to correlate temperature response of the hot-wire with melt velocity.

5.5.5 Slip and product quality

The role of slip or stick-slip in melt instabilities characterised by sharkskin or melt-fracture
has been investigated by various workers over the last few decades. Slip appears to
significantly modify the extrudate sharkskin and fracture behaviour, for example Piau at al
[47] suggested that improved performance of extrusion processes could be achieved through
modification of the die finish. However, the origins of such instabilities are still debated.

5.6 Yield behaviour

Heavily filled materials may exhibit yield behaviour, which implies that the material requires
a stress greater than a limiting lower value (the yield stress 7,) to overcome entanglement
and/or interaction of fillers or destruction of networks before any flow will occur. However,
Barnes et al [4] suggested that yield is a consequence of instrument limitations. In reality,
yield stress can be a convenient way of describing apparent material behaviour on timescales
appropriate to industrial processes.

Methods reported for determining yield stress [77] include extrapolation of controlled strain
test data to zero-shear rate, or by using controlled stress measurements to identify the
maximum stress at which the non-flow condition is still satisfied. Extrapolation of controlled
strain rate data appears problematical as data for material in a flowing state are extrapolated to
predict the behaviour of a material in a static state. For materials that exhibit yield it is most
likely that the structure will change on commencement of flow and thus the grounds for
extrapolation are suspect. Furthermore, the process of extrapolation to a zero-shear rate itself
is problematical.

Controlled stress measurements require that the instrument is able to control stress at
sufficiently low levels and for the displacement/strain measurement to have high-resolution
capability. It reality it is only possible to state that the material does not have a yield stress at
a certain value. The absence of measurable flow in a controlled stress measurement may
solely mean that the displacement/strain was too small to measure in the timescale of the
measurement, rather than their being a true yield behaviour.

For observing yield stress behaviour Dealy [22] suggested presenting data as viscosity versus
shear stress. As the limiting shear stress is approached from above, the viscosity will increase
significantly indicating a yield-type behaviour. Utracki [78] reported on the use of oscillatory
shear storage and loss moduli, G’ and G’ respectively, for determining yield behaviour which
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is identified by a plateau in values when plotted as a function of angular frequency at
decreasing angular frequency. Similarly, Tsao et al [25] reported that Si powder filled
polyethylene exhibited a yield stress, stating that the slope of the log (complex viscosity)
versus log (frequency) of the filled polyethylene curves was —1 at low frequency thereby
indicating a yield stress in the system.

Dealy [22] observed yield behaviour for talc, titanium oxide, calcium carbonate and carbon
black filled materials, and found that yield stress increased exponentially with volume
fraction. Shenoy [1] commented that particle size affected the yield stress, being larger for
smaller particle sizes than large particle sizes. Yield stress for extensional flow was
approximately V3 of that in shear. Wang [38] reported yield stress behaviour for calcium
carbonate filled polypropylene above a critical volume fraction of approximately 20%.
However, the yield stress values obtained from different test methods using a rotational
rheometer differed by up to a factor of x10. This difference was attributed to the different
characteristic times of the various test methods as yield was due to the breakdown and
recovery of networks [38]. Utracki [78] reported that the yield stress could be fitted by

7, =K(p-4,) )

where K, n and ¢, are constants and ¢, ~ 0.

6 Constitutive equations

6.1 Shear Viscosity

This section presents some of the models used to describe the rheological behaviour of filled
materials. Modelling of the rheological behaviour of filled systems has been reviewed in
depth by Shenoy [1], Macosko [19], Jinescu [79] and Han [80].

Einstein’s equation for a dilute suspension of rigid spheres in which there is no interaction of
particles is given by:

T _ 14254 (8)
o

where

n = viscosity of suspension of filler particles

n, = viscosity of Newtonian liquid

¢ = volume fraction of filler particle
This expression does not predict an infinite value of viscosity at the limiting filler content
corresponding to the maximum volume fraction and it is noted that the viscosity of the
suspension remains Newtonian. Barnes et al [4] commented that for dilute suspensions
covering volume fractions below 10% the viscosity does not increase by more than 40% thus
generally supporting this equation. Higher terms in the volume fraction have been proposed to
take into account additional model features, i.e.:
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T Nrap+a +... 9)

N

As an example of this form of model, Shenoy [1] refers to the expression due to Thomas [81]
for concentrated suspensions of uniform solid spheres of 0.15 < ¢ < 0.6:

T 142,54 +10.054> +0.00273 exp(16.64) (10)
o

Alternative forms that attempt to predict the behaviour as the phase volume approaches the

maximum value have been developed. For example, for concentrations up to ¢, the following
form has been used Eilers [82]

2

which predicts that as ¢ tends to ¢, then the relative viscosity tends to infinity. A similar form
for concentrated suspensions of uniform solid spheres with ¢ tending to ¢, reported by
Shenoy [1] is the equation due to Frankel and Acrivos [83]:

o )
Yo

Numerous equations of this type have been proposed by various workers of which only a
limited set of examples is given to illustrate the types of model available. The reader is
referred to Shenoy [1], for example, for further details. Such equations are based on
assumptions of shape and size distribution. However, equations for rod or elliptical shaped

particles and for spherical particles with size distributions in Newtonian fluids are less well
established.

(11)

(12)

A particular problem in using such equations is that it is not always possible to determine the
maximum volume fraction of a filler type. Values have been derived for simple cases, for
example Table 1, but for the majority of real materials in which more complex geometries or
a particle size distribution exist, the determination of the maximum volume fraction is not
always possible. It can be difficult to characterise the filler, let alone predict the theoretical
maximum volume fraction.

Table 1 Maximum volume fraction for various filler geometries and packing arrays [3,4]

Particles/packing array Maximum
volume fraction

Cubic lattice, spheres 0.524

Random close packing of sphere 0.637

Hexagonally packed sheets just touching | 0.605
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Body centred cubic packing of sphere 0.68

Rods (L/D=30) — random packing 0.173
Rods (L/D=16) — random packing 0.303
Rods (L/D=8) — random packing 0.476

It is noted that uniform alignment of high aspect ratio particles increases the theoretical
packing density and flow may increase or decrease the alignment of the particles.
Furthermore, the use of filler with a distribution of sizes has a lower viscosity than one with
single size for the same volume fraction. This is predicted, for example, by the MPK equation
as the maximum volume fraction is higher for a filler having a size distribution. Similarly,
agglomerations will affect the maximum volume fraction.

The Marron — Pierce — Kitano (MPK) expression has been proposed for extending the
predictive capability to greater than dilute concentrations in Newtonian systems [84]:

2 [ s ] 13
770 |: ¢m:| ( )

where

n = viscosity of suspension of filler particles

N, = viscosity of Newtonian liquid

¢ = volume fraction of filler particles

#» = maximum volume fraction (at which # — )
and where the viscosity ratio n/n, is determined for a given shear stress. This expression is
simple to implement as a value for the maximum volume fraction can be simply determined
from experimental data rather than being derived from a knowledge of the filler quantity and
geometry. Re-arranging the expression yields:

N __¢ 14
" 4 (14)

A plot of /77—" versus ¢ has a gradient equal to —1/¢,, thus permitting easy determination of
n

the maximum volume fraction by extrapolation given a limited amount of data. This approach
of determining the maximum volume fraction using the MPK expression has the advantage, in
addition to it not being used to easily predict the maximum volume fraction, that it is likely to
compensate for errors in the application of the expression for predicting the effect of filler on
viscosity. It does require, however, a small subset of data on which to base predictions and
thus might not be so suitable for initial materials design, but more so for materials
development.

Using the MPK equation, for two systems of differing volume fractions ¢; and ¢, a shift in the
curves can be carried out using the following relation

Ui ) N
M| Fm 15
7, |:¢m _¢2} ()
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and the maximum volume fraction is given by:

P
¢2 [771} - ¢1
7,

- /
L \% ]
This process results in a so-called master curve for viscosity, when plotted as a function of

stress (see Section 6.4), thus permitting prediction of the behaviour of materials with different
loadings.

(16)

Barnes [15] presented significant evidence that a wide range of systems and fillers can be
analysed using this approach to successfully yield a master curve. However, for fibre filled
material the fit was not so satisfactory. A simple modification to the MPK equation of the
form given by equation A2.1 has been investigates (Appendix 2), and found to give a
significantly improved fit to data.

Barnes et al [4] and Hackley et al [5] reported on a further modification to the MPK equation

of the form:

p ~[n1,,

o { - _} (17)
770 ¢m

where [n] is the intrinsic viscosity’ and the factor [n]¢, has a value ranging from
approximately 1.9 to 2.8.

For further expressions modelling the effect of fillers on the shear viscosity of fluids the
reader is referred to Shenoy [1], Macosko [19] Jinescu [79] and Han [80]. The principle
difficulty is in knowing which model to select for a given material system, given that it is
likely that all models fit certain materials and ranges of volume fraction reasonably well,
given the complexity that is industrial filled materials.

6.2 Extensional flow

Modelling of extensional flows of filled materials has received considerably less attention
than shearing flows. Shenoy [1] commented that, in comparison with shear flow
characterisation, there is a dearth of work on the effect of filler parameters on extensional flow
behaviour. This may well be due the fact that polymers predominantly used in extensional
flow processes, e.g. film blowing, tend to be unfilled. A high level of filler will tend to result
in a low strain failure of the material in extension [85]. A significant exception to this is in the
flow of materials in converging sections, for example in the extrusion die head where the flow
channel upstream of the die profile reduces in cross-sectional area.

3 Intrinsic viscosity — the value of the reduced viscosity in the limit as the concentration approaches zero, the
reduced viscosity being given by the difference between the suspension and solvent viscosities divided by the
solvent viscosity.
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Batchelor [34] and Goddard [35] clearly demonstrated in their modelling that the effect on
extensional flow properties of high aspect ratio fillers in Newtonian and non-Newtonian fluids
can be very significant. Batchelor [34] developed a theory to predict the effect of the addition of
slender particles (rods) to a Newtonian fluid on its extensional flow behaviour. The model
considers the contribution made by the fibres in perturbing the flow field — the fluid at a fibre
wall having the same velocity along the whole length of the fibre. Goddard [35] subsequently
developed a theory along similar lines but one that is applicable to non-Newtonian fluids. Both
theories apply to concentrated suspensions of particles where the particles are aligned in the
direction of extension. The theory developed by Goddard [35] predicts substantial differences in
the extension flow behaviour of fibre-filled Newtonian and non-Newtonian fluids. For the non-
Newtonian fluid model, shear thinning occurs in the region of high shear adjacent to the fibres
resulting in a decrease in the additional tensile stress contribution due to the presence of the
fibres compared with the Newtonian case. This modelling clearly suggests that the extensional
flow properties will be strongly influenced by the orientation of particles. Experimental data
produced by Mewis et al [86] on fibre filled Newtonian fluids were in agreement with the
predictions of Batchelor [34].

6.3 Yield flow

As discussed in Section 5.6 the validity of yield stress is questioned. However, on a practical
scale there is potential benefit in modelling yield behaviour, although for polymer processing
the application of yield behaviour is probably limited given the nature of processing and
timescales involved. Nevertheless, models that are used to fit apparent yield behaviour are
presented below. For further details the reader is referred, for example, to Shenoy [1], Collyer
[13] and Ferraris [20].

6.3.1 Bingham
o=0,+n7 (18)

y=0 for‘a‘<‘ay

where o; 1s the yield stress. This gives Newtonian behaviour above the yield stress.

6.3.2 Casson
o' =0, +Cy” (19)

y=0 for‘a‘<‘ay

where C is a constant. Dealy [22] commented that the Casson model gives a better fit to data
than the Bingham model.

6.3.3 Herschel-Bulkley model
oc=0,+Ky" (20)

y=0 for‘a‘<‘0'y‘
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This model is the power-law viscosity model with a yield behaviour added and as such is not
suitable for modelling material that exhibit a Newtonian plateau at low shear rates. Tang et al
[87] demonstrated the estimation of the parameters of a Herschel-Bulkley fluid under wall slip
conditions using a combination of capillary and squeeze flow viscometers. However, the
squeeze flow data were analysed using finite element modelling, in an inverse problem
approach, and the authors acknowledged that the uniqueness of the solution was a significant
problem. Such an inverse analysis approach is a non-trivial exercise.

6.3.4 Modified Herschel-Bulkley model

The modified Herschel-Buckley model advances on the Herschel-Buckley equation in that it
provides a power-law behaviour with yield but also a Newtonian plateau region 77y at low
shear rates.

o Lo fe-1)2
n=7y+nN[1—(ﬂy)f 21)

where

y=0 for‘0‘< ‘ay
6.3.5 Vom Berg /Ostwald-deWaele

Ferraris [20] presented the following expression by Vom Berg and Ostwald-deWaele [88, 89]
used for describing the rheology of concrete:

6= Gy + B sinh (7 /C) (22)
where B and C are constants.

6.4 Unification of curves — Master curves

Czarneckie and White [27] reported that Vinogradov and Malkin [Z95] proposed presenting
viscosity — shear rate data in the form

n(y)/n, versus 1,7 (23)

where m, is the zero-shear viscosity and found reasonable superposition for glass fibre
reinforced PS, cellulose and Kevlar reinforced PS , and silicone oil with glass fibres.

Lee et al [90] presented a unification of results for the shear viscosity of polyester sheet
moulding compounds on the basis of the plotting:

l versus 4 770
7, o

(24)

where 1, is the zero shear viscosity and o is the shear stress.
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Shenoy [1, 91] presented a unification of shear viscosity data for materials based on the use of
the melt mass flow rate (MFR) value. He reported that by plotting:

log (shear viscosity x MFR) versus log (shear rate / MFR) (25)

a master curve is obtained for a given group of materials. Shenoy [1] also proposed a method
that would take into account the measurement of melt flow rate (MFR) and shear viscosity
data at different temperatures, but it requires knowledge of the glass transition temperature of
the polymer. MFR values can be determined by measurement or by analysis of shear stress-
shear rate data. The latter approach may be problematic as for low MFR materials data may
not be available at sufficiently low shear stress values and extrapolation, which can be
problematic, may be necessary to determine MFR values (an MFR of 10 g/cm’ corresponds to
an apparent shear rate of 2.3 s™). Shenoy [91] commented that a discrepancy at low rates
between filled and unfilled materials in the master curve is due to the yield stress
characteristic of the filled materials. At higher stresses the curves for the filled and unfilled
materials tended to coalesce. The success of this approach is limited by the similarity of the
materials being gathered in the master curve. It appears that the more similar the materials the
better quality the master curve will result. Shenoy [91] added that the technique provides
“order of magnitude information on viscosity, adequate for most exercises in process design,
optimization and trouble shooting”.

Individual master curves presented [1] for filled and unfilled LDPE, PP, PS, Nylons, PET,
PC, PEI and PEEK showed the extent to which a master curve fitted all the data, that fit being
good for PP, nylons, PC, PEI and PET and noticeably poorer for PS.

In oscillatory rheometry use in made of the empirical Cox-Merz relation to correlate dynamic
viscosity 77” with steady shear flow viscosity 7 [92] thus:

N =n"(@) where j (s =w (rads™) (26)

where y is the shear rate and @ the angular frequency. The Cox-Merz [92] has been found to

work well for unfilled materials but not for filled materials. [1, 38, 93]. Shenoy [1], reporting
on Doraiswamy et al [94], commented that, instead of plotting the dynamic viscosity as a
function of angular frequency, if it is plotted as a function of the product of angular frequency
and maximum amplitude of oscillation then good agreement with steady shear viscosity
plotted as a function of shear rate is obtained. Wang et al [38] commented that this modified
Cox-Merx relationship was only valid for high loadings of filler, estimated by this author to
be 20% or higher, and not at low shear rates (< 0.01 s™).

Shenoy (95) also presented further unification of rheological data for asphalt materials where
the following are plotted

G * L Frequency

(27)
Load MVR

where Load 1s the load used in the melt flow rate test and MVR is the melt-volume flow rate
determined from the test.
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On the issue of presentation of results, Barnes [15] pointed out that when plotting data for
different filler loadings as a plot of log (shear viscosity) versus log (shear rate) the effect of
different loading is typically to shift the curves in both the viscosity and rate directions.
However, when plotting the data as log (shear viscosity) versus log (shear stress) the effect of
different filler loadings is predominantly to shift the curves in the viscosity direction only,
thus making visualisation of filler effects more obvious.

7 Summary

This report presents a review of measurement methods for the rheological, or flow, properties
of filled materials focusing on polymeric materials and in particular on the measurement of
slip flow that occurs in filled materials, predominantly through the development of a
lubricating layer adjacent to the wall of the flow channel. It also describes models used for
predicting the effect of filler on the viscosity of materials and presents the basis for unification
of flow curves. The modelling and unification of flow curves can be used to facilitate the
prediction and measurement of the rheological behaviour of materials.
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Appendices

Appendix 1: Theory for the determination of slip velocity by capillary rheometry
following the Mooney approach

The analysis of capillary die extrusion rheometry experimental data is presented here for the
determination of slip velocity, following the approach first proposed by Mooney [48]. The term
“slip” has been used here to signify either a large velocity change near the wall that could be
attributed to either a thin, high shearing layer with zero wall velocity, or to a non-zero wall

velocity.

Slip flow can be modelled by the addition of a slip flow velocity to the shear flow velocity
profile. This assumes that the slip layer can support a shear stress that is necessary for the shear

flow to occur. To maintain continuity:

QT - Qshear + Qslip (Al . 1)

where the subscripts 7, shear and slip represent the total flow rate and the shear and slip flow

components of the total flow rate respectively. For flow in a capillary die of radius R the slip-

flow flow rate Oy, 1s given by:

Qup =u, TR (Al.2)

where u; is the slip velocity.

By definition, shear viscosity 7 is the ratio of shear stress o to shear-rate y :

n=2 (A1.3)
7

The shear viscosity power-law model can be written as:

n=Kjy"
(AL4)

where K and 7 are constants. For a power-law fluid the true wall shear-rate y,, for flow in a

cylindrical die (based on the true velocity profile of a power-law fluid rather than on that of a

Newtonian fluid) is given, according to Brydson [74] (based on Rabinowitsch [96]) by:

o [3n+1] 4
7= [ } g (ALS)
4n TR
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Using the above equations the following expression for the total flow rate in the presence of slip

can be derived:

3 1/n
0, = B:flﬂ%} +u 7R (A1.6)

This expression predicts that a plot of log Or versus log o,, will not necessarily give a straight-

line fit as would be the case for a power-law fluid with a slip velocity of zero. The dependence

of the slip velocity u, on wall shear stress will determine the shape of the plot.

4 I/n 4
Or _ | _4n_|low| (AL7)
R 3n+1]L K R

If the wall shear stress is constant and assuming » does not vary, then:

4 4
% — constant + (A1.8)
TR R

This expression predicts that, for a given wall shear stress, a plot of apparent wall shear-rate

4Qq/ 7R versus 1/R will have a gradient of 4u, thus enabling the slip velocity to be determined.
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Appendix 2: Modified MPK equation

Fitting the MPK equation to shear viscosity data for a fibrous filler did not result in a good
master flow-curve, Figure A2.1. In this figure the experimental data are presented as points and
the reduced shear viscosity values calculated using the MPK equation are plotted as continuous
lines. A good fit of the model would have resulted in the reduced shear viscosity data falling on
a master curve that overlapped the shear viscosity data for the unfilled polymer. The poor
reduction of experimental data to the unfilled material’s values was considered to be due to the
MPK equation not sufficiently taking into account the greater interaction between filler particles
for fibre filled materials, compared with non-fibrous fillers. To address this, the sensitivity of
the equation to increasing filler content was changed by adding an exponent term p to the
‘volume fraction to maximum volume fraction’ term of the MPK equation and also a rate

dependence term n was added, Equation A2.1.

Assuming the form for the modified MPK equation:

770 ¢m

S/ [l (iﬂznﬁ)r 7 (o)n,(0) A21

where 7 is the slope of the log (shear stress) versus log (shear rate plot) and p is a constant, re-

- [ij _ (f) A22
7o ’

arranging gives:

Thus, taking logarithms yields:

log| 1— [i] = plog(ij A23
770 ¢m

or
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1

log|1— (ij =plogdp—plog ¢, A2.4
o
Thus a plot of
L
log|1- [lj versus log¢@ A2.5
Mo

has a gradient of p and an intercept value /,, where:
Ly =-plog ¢n A2.6

The values for n and ¢, can be determined locally thus allowing variation in their values with
shear rate or stress. This is particularly relevant to n, but for ¢, is more debatable. The effect of
the additional terms is demonstrated in Figures A2.2 to A2.4 using data for PS/Kevlar at 180 °C
from figure 13 of Czarnecki et al [27]. The following empirical equation was used to fit the

shear viscosity data:

= 4 A2.7

1+(Bo)

The use of the normal MPK equation did not result in a sufficiently large scaling effect to
reduce the data to a master curve. The use of the exponents p and »n in the modified MPK
equation resulted in a significantly improved master curve. However, by allowing the term ¢,
to vary and be determined for a given shear stress, the fit to a master curve is improved further
for volume fractions up to and including 10%. In both these latter cases the fit for the 20%
volume fraction was relatively poor. This may be due to the greater interaction occurring at such
high loads.

33



NPL Report DEPC-MPR 013

1000000 ¢
@
& 100000 |
_‘Z: L
‘n
Q
(&
2
>
©
3 10000 |
%) C

+0% =1% +5% 210% «20%
1000 | Lol L1
100 1000 10000
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