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Preface

Rheology is the science that studies the flow behavior of materials, whether in a solid or liquid
state, under the application of a stress or deformation to obtain a response to an applied force.

Rheology has some wide application areas that include foods, textiles, personal care products,
pharmaceuticals, and polymers, among others. In polymers, rheology has become an impor‐
tant tool to understand the behavior of polymers under processing conditions, and to help to
design equipment such as injectors, extruders, and other polymer processing equipment.

In diluted suspension applications and colloidal dispersions, rheological behavior is a rele‐
vant topic mainly in concentrated materials because of its high theoretical and experimental
complexity. Research work in this field is of high industrial importance especially in the de‐
sign, production, and shipping phases.

Also, mathematical modeling in research work has been developed in a particular way so
that the modeling of complex phenomena such as thixotropy or thinning generates an inter‐
est for a variety of problems.

Special studies in materials rheology, where it depends on the nature of the stimulus to
which it responds, are those that show magnetorheological and electrorheological properties
(depending on magnetics or electrical fields). These materials are created by permeable sus‐
pended particles in a medium that is either magnetic or conducting according to the case,
and react to external stimuli by returning to their initial conditions. They recover their origi‐
nal property, repeating this process many times without deterioration; therefore, they are
defined as “intelligent fluids.”

Another area of application of rheology in polymers is to help understand the structure–prop‐
erty relationship by means of changes in molecular weight, molecular weight distribution,
morphology, melt degradation, and performance under processing conditions, among others.

There are several ways to evaluate rheological behavior, but mainly it is assessed to obtain
rheological curves, which can be carried out in rotational, oscillatory, or creep mode.

The present book is divided into three sections: “Advances in new rheology applications,”
“Polymers and biopolymers rheology,” and “Suspensions, colloids and granular materials
rheology,” covering several application areas, interpretation of results, mathematical mod‐
els, as well as determining other areas where rheology and rheological phenomena can be
understood.

The first section presents work that can be regarded as a novelty, mainly trying to explain
phenomena that are not often reported in rheology, in addition to developing new materi‐
als. The second section focuses on works concerning the rheology of polymers and biopoly‐
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mers, which can have applications for petroleum recovery, as well as applications in
biochemistry. The last section shows work that explains changes in the rheological behavior
of materials having suspensions, colloids, or particles in a polymer.

This book comprises research work that tries to help the reader to understand the science of
rheology, presenting novel work in the polymer rheology area.

Dr. José Luis Rivera-Armenta and Dr. Beatriz Adriana Salazar-Cruz
National Technologic of Mexico (TecNM)

Technological Institute of Madero City, Mexico
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Abstract

The results of researches of a magnetic field effect on rheological properties of both
paramagnetic, and diamagnetic polymer systems are described. Influence of intensity
and the direction of power lines of the magnetic field on the viscosity of magnetic liquids
and magnetorheological suspensions is analyzed. Results of theoretical researches of the
magnetic field effect on the diamagnetic macromolecule orientation in solutions are
discussed. The data on the influence of the magnetic field on rheological parameters of
cellulose ether solutions are generalized and analyzed. The rheological parameters are
compared with a change of studied system structure under magnetic field. The concentra-
tion dependences of viscosity and the sizes of supramolecular particles in solutions are
compared. The rheological behavior of systems in a region of phase transitions is consid-
ered. Concentration dependences of the viscosity are described by curves with a maxi-
mum which concentration corresponds to a phase transition concentration.

Keywords: polymer systems, magnetic field, rheology, structure

1. Introduction

There are two classes of substances with various magnetic properties; paramagnetics and
diamagnetics. Paramagnetic placed in a magnetic field with an intensity of H is magnetized
in the direction coinciding with the direction of power lines of the field. Thus, a magnetic
moment μ arises in a sample. The paramagnetism is caused by the orientation of the magnetic
moments of atoms and molecules of the paramagnetic under the field. At the same time
μ = χparН, where χpar is a paramagnetic susceptibility, χpar>>0. The paramagnetic particles
distributed in the liquids are oriented along the force lines of the external field that leads to an
aggregation of particles and to a viscosity growth of such systems (magnetic liquids).

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.
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An increase in the viscosity of magnetic liquids under application of a magnetic field (the
magnetorheological effect [1]) was discovered experimentally in the 1950s [2] for the systems
based on iron carbonyl and iron oxide. Subsequently, this phenomenon was studied in some
reports [3–15]. It was found that, in resting compositions, a structure formation is observed as
a result of the magnetodipole interaction of particles and orientation of anisodiametrical
structural elements along magnetic force lines. As the shear rate increases, the aggregates
break up. Each combination of the given parameters (the viscosity of dispersion medium, the
magnetic properties of particles, the field strength, and the shear rate) is characterized by a
certain set of structural elements and their mutual disposition. An important feature of the
rheological properties of ferrofluids in the magnetic field is their dependence on the mutual
orientation of shear and magnetic field. An increment of the effective viscosity of a medium at
the perpendicular orientation substantially exceeds the effective viscosity induced by a parallel
field. A strong anisotropy of rheological properties upon field orientation along the flow rate,
along its gradient, and along the direction of its vortex was revealed in [15]. The new experi-
mentally observed phenomena for ferrofluids are the Weissenberg effect [16], which was
detected earlier only in polymer and liquid crystalline media, and the shear-induced reduction
in the degree of anisotropy of the internal structure of ferrofluids, as was revealed by small-
angle neutron scattering [17]. The effect of magnetic field and surfactants on the rheological
properties of strontium ferrite suspensions was studied in [18]. It was shown that, under
application of the field, the viscosity of the suspension increases. This phenomenon was
explained by the formation of three-dimensional chain structures from the ferrite particles.
After the field is switched off, these structures do not decompose fully, and this circumstance is
responsible for the hysteresis of suspension viscosity. After introduction of polyelectrolytes
into a suspension, its viscosity decreases both in the field and after its switching off. This is
caused by a decrease in the interparticle friction and weakening of the strength of three-
dimensional structures owing to the formation of a double electrical layer on the surface of
particles. In [19], the magnetoviscous properties of two types of magnetic fluids based on iron
oxide Fe3O4 were compared: the first one included oleic acid as a surfactant, and in the second
one, the surfactant was tetramethylammonium hydroxide. It was shown that the type of
surfactant strongly affects the fluid behavior in the magnetic field: in the presence of oleic acid,
a change in viscosity under application of the magnetic field occurs more rapidly than that in
the presence of tetramethylammonium hydroxide. The rheological properties of magnetic
fluids ferroparticles-poly(α-olefins)-polyurethane, ferroparticles-n-octyl-pyrrolidone-butyl
acrylate, and ferroparticles-n-octylpyrrolidone-pentafluorostyrene were studied in [20]. Recent
advances in the field of magnetic fluids were highlighted in reviews [1, 21–26].

To understand the internal physical nature of the magnetoviscous effect, new data on the effect
of magnetic field and deforming flow on the dynamics of these systems are required. For
example, up to now, the data on the effect of concentration of a magnetic fluid and the rate of
its deformation on the magnetorheological effect have been scarce. Papers [24, 25, 27, 28] deal
with the concentration dependence of the effect of a constant magnetic field on the viscosity of
aqueous and water-glycerol magnetic fluids based on iron and iron oxide nanoparticles. It was
shown that the magnetic field enhances the fluid viscosity by 20–80 times. The concentration
dependence of the relative viscosity η/η0 (η and η0 are the viscosities in the field and in its
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absence, respectively) is described by a curve with a maximum. This is explained by the
transition from chain aggregates of nanoparticles to drop-shaped ones. The magnetic field
with force lines oriented perpendicularly to the rotor rotation axis increases the viscosity of
systems to a much higher extent than upon parallel orientation. However the data on
magnetorheological properties of the paramagnetic systems containing polymers are not
numerous [20, 29].

Diamagnetism is an appearance in substance of a magnetic moment directed toward to the
external field, at the same time χdiam<<0. Molecules (atoms) of diamagnetic substances have
not any unpaired electrons. The theoretical and experimental investigations of interaction of
diamagnetic macromolecules with a magnetic field are currently under development [30–64].
It was found experimentally that application of a magnetic field leads to an orientation of
macromolecules and their associates along the force lines, to the increase in phase transition
temperatures, causes a formation of domains in solutions.

If an anisotropic macromolecule is placed in a magnetic field, then a force acts on it and causes
its rotation. The magnetic anisotropy of chemical bonds is responsible for the magnetic anisot-
ropy of the molecule. In polymer systems, the amount of contacts between macromolecules is
high; therefore, an orientation of polymer chains proceeds cooperatively. The effect of the field
consists in the rotation (orientation) of macromolecular domains in a certain predominant
direction that depends on the sign of diamagnetic susceptibility anisotropy ΔχM for this
polymer. Domains are taken to mean the anisotropic associates of macromolecules or
mesophase regions. The diamagnetic moment appearing at the domain under magnetic field
can be written as [32, 34]:

ð1Þ

where V is domain volume, μ0 is a magnetic constant of vacuum, B is a vector of magnetic
induction, ξ is an angle between the direction B and the domain axis.

Interaction of external magnetic field with the domain having the magnetic moment μ
increases energy of magnetic field by value of Emag [31]:

ð2Þ

where χM
⊥ diamagnetic susceptibility in the direction perpendicular to domain axis.

Magnetic orientation is observed when Emag exceeds the value of thermal energy (kBT), kB is
the Boltzmann’s constant, T represents the absolute temperature. From here it follows [31]:

ð3Þ

This equation determines the minimal critical volume capable to orientation.

The rotational moment of the domain (N) is expressed as [35]:
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can be written as [32, 34]:

ð1Þ

where V is domain volume, μ0 is a magnetic constant of vacuum, B is a vector of magnetic
induction, ξ is an angle between the direction B and the domain axis.

Interaction of external magnetic field with the domain having the magnetic moment μ
increases energy of magnetic field by value of Emag [31]:

ð2Þ

where χM
⊥ diamagnetic susceptibility in the direction perpendicular to domain axis.

Magnetic orientation is observed when Emag exceeds the value of thermal energy (kBT), kB is
the Boltzmann’s constant, T represents the absolute temperature. From here it follows [31]:

ð3Þ

This equation determines the minimal critical volume capable to orientation.

The rotational moment of the domain (N) is expressed as [35]:
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ω is normal vector to B and domain axis.

Therefore, it is necessary for the orientation of a diamagnetic particle to satisfy the following
conditions: a particle must be anisodiametric; the particle volume must be higher than the
corresponding critical value Vcr; and the medium must be low-viscosity. The particles can also
be microfibers, crystallites, liquid crystals and other heterogeneous particles suspended in a
liquid medium.

In the 1960s, the effect of a magnetic field on liquid crystals was theoretically studied by de
Gennes and Meuer [65, 66]. It was shown that, at the critical magnetic field strength, the
complete transition of a cholesteric liquid crystal to a nematic one is realized. Experimentally,
this was confirmed for liquid crystals of rigid-chain polymer poly(γ-benzyl-L-glutamate) in a
number of solvents in the 1970s [67, 68]. This phenomenon was explained by the orientation of
liquid crystal molecules relative to force lines of the magnetic field.

Since 2006, researchers of the Chair of Macromolecular Compounds, Ural State University
(since 2011 Ural Federal University), have been involved in systematic investigations of the
effect of magnetic field on the phase transitions, structure, and rheological properties of liquid
crystalline solutions of cellulose ethers. It was found [57–64] that application of a magnetic
field leads to a change in the type of liquid crystals from cholesteric to nematic, causes
formation of domains in solutions, and entails a substantial (by tens of degrees) increase in
the temperature of formation of liquid crystalline phases. As the molecular mass of a polymer
is increased, the ability of its molecules to orientate in the magnetic field is reduced. The
solutions of cellulose ethers represent memory systems: after termination of magnetic field
exposure, the orientation of macromolecules and the increased phase-transition temperature
are preserved for many hours. The magnetic field leads to an increase in the sizes of associates
of rigid-chain macromolecules and in the viscosity of solutions.

It should be noted that up to now there is only one theoretical [69] and some experimental
works [70–76] in which an influence of the magnetic field on rheological properties of polymer
solutions is considered. Note that practically no information is available on the relaxation
character of the rheological behavior of polymer solutions in the magnetic field.

Therefore, the main aim of this study is to investigate the magnetorheological properties of
paramagnetic and diamagnetic polymer systems

2. Results and discussion

2.1. Materials and methods

The magnetically sensitive systems (suspensions of aerosil and iron nanoparticles) in poly
(ethylene glycol) (PEG) and poly(dimethylsiloxane) (PDMS) have been studied. The
nanodispersed iron powder (dw = 150 nm), nanodispersed aerosil (dw = 250 nm), PEG with
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Мn = 400 and PDMS with Mη = 3.4� 104 were used. The suspensions were prepared by mixing
of PEG and PDMS with aerosil nanoparticles (systems 1 and 2, respectively). The concentra-
tions of aerosil were 4.2 and 2.0 wt% in systems 1 and 2, respectively. The magnetic fluids have
been produced by addition of iron nanoparticles to basic suspensions.

Hydroxypropyl cellulose samples with Mw = 1 � 105 and a degree of substitution of α = 3.2
(HPC1), withMw = 1.6� 105 and α = 3.6 (HPC2), ethyl cellulose (EC) sample withМη = 2.6� 104

and α = 2.6 have been investigated. Dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
ethanol and ethylene glycol were used as solvents. The purities of the solvents were confirmed
by their refractive indexes. Polymer solutions were prepared in sealed ampoules for several
weeks at 368 K (in DMSO), 333 K (in ethanol), 353 K (in DMF) and 363 K (in ethylene glycol).

The phase state of solutions was estimated with the use of an OLYMPUS BX-51 polarization
microscope. The radii of supramolecular particles, r, in moderately concentrated and concen-
trated solutions were determined via the method of the turbidity spectrum, which was
suggested by Heller et al. [77–79] and developed by Klenin et al. [80]. Optical density А of
solutions was measured with Helios spectrophotometers. The said method is based on the
Angstrom eq A ~ λ�n, where λ is the wavelength of light passing through a solution and n is a
composite function that depends on the relative refractive index of a solution, mrel, and
coefficient α related to dimensions of light-scattering particles:

n ¼ dlnA
dlnλ

(5)

For every solution, relationships lnA versus lnλwere plotted, and the value of nwas calculated
from the slope of the straight line. The relative refractive index was calculated through the
equation mrel = nD pol/nD sol, where nD pol and nD sol are the refractive indexes of a polymer and
solvent, respectively. With the use of the tabulated data from [80], parameter α was deter-
mined for the found values of mrel and n. Parameter α is related to average weighed radius rw
of scattering particles via the expression:

α ¼ 2πrw
λav

(6)

In this expression, the wavelength of light passing through a solution is λav = λav/nD sol, where
λav is the wavelength of light in vacuum corresponding to the midpoint of the linear portion of
the lnA–lnλ plot.

Solution viscosities under a magnetic field and in its absence were measured on a Rheotest RN
4.1 rheometer modified by us (Figure 1).

Rheometer was equipped with a coaxial-cylindrical operating unit made of a poorly
magnetic substance, brass. Two magnets were used: the first producing a magnetic field
with an intensity of 3.7 kOe and lines of force perpendicular to the rotor-rotation axis and
the second one producing a magnetic field with an intensity of 3.6 kOe and lines of force
parallel to the rotor-rotation axis. A metallic rotor rotating in a magnetic field can be
considered as a current generator closed upon itself [81].The working generator produces
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a braking torque. To take into account this torque, a correction dependence of shear stress
on shear rate in the working unit filled with air between the cylinder surfaces was plotted.
The true shear stress for solutions was obtained as the difference between the measured
value and the correction value at the same shear rate. The relaxation character of rheolog-
ical behavior of polymer solutions was studied via two-stage measurements: during an
increase in shear rate from 0 to 13 s�1 (loading) for 10 min followed by a decrease in shear
rate from 13 to 0 s�1 (unloading) for 10 min.

2.2. Magnetorheological properties of paramagnetic systems containing polymers

The dependences of viscosities of PEG-aerosil and PDMS-aerosil suspensions on the shear rate
in the magnetic field and in its absence are depicted in Figure 2.

As the shear rate increases, the viscosity of the suspensions decreases. This fact provides
evidence for the destruction of the initial structure of systems. The magnetic field has almost
no effect on the viscosity of the suspensions of oligomeric PEG-aerosil upon either parallel or
perpendicular orientation of magnetic force lines relative to the rotor rotation axis. An
analogous phenomenon was observed for the glycerol-aerosil system [24]. However, the
viscosity of the PDMS-aerosil system in the field grows substantially, although the viscosity
of PDMS does not change in a magnetic field. An increase in the viscosity of polymer
solutions under application of a magnetic field is observed for a series of cellulose ether-
solvent systems, i.e., for the polymers with the moderate chain rigidity [70–76]. According to
the developed theory of interaction between diamagnetic macromolecules and their associ-
ates with the magnetic field [31–33], the effect of the field can manifest itself under the
following conditions: a particle must be anisodiametrical; the particle volume must be higher
than the corresponding critical value Vcr; and the medium must be low-viscosity. The
aggregates of aerosil particles bound by PDMS macromolecules may correspond to the first
two conditions, so the viscosity of the PDMS-aerosil system in the field grows substantially,
in conformity with the latter condition.

Figure 1. Schematic representation of viscosity determination with field lines directed (a) perpendicularly and (b) parallel
to the rotor-rotation axis.

Polymer Rheology8

Figure 3 shows the dependences of the viscosity on γ for suspensions with the concentrations
of iron nanoparticles of 7.4 wt % (system 1) and 5.7 wt % (system 2) in the magnetic field and in
its absence.

An analogous dependence was obtained for all other explored suspensions with ferroparticles.
Under application of the magnetic field, the aggregates of iron nanoparticles are formed. This
leads to a substantial increase in viscosity at low shear rates (γ < 1 s�1). As the shear rate
increases from 1 to 14 s�1, the aggregate destruction and the nanoparticle orientation occur; as
a result, the viscosity decreases. In this respect, further analysis of the field effect on the
properties of the system was carried out using the viscosity data obtained at low values of γ.
The dependences of suspension viscosity on the concentration of iron nanoparticles in the
magnetic field are demonstrated in Figure 4.

From this figures, it follows that the suspension viscosity substantially increases with the
growth of ferroparticle concentration. The viscosity in the transverse field is higher than that
in the longitudinal one.

Figure 5 shows the dependence of relative viscosity η/η0 of suspensions on the concen-
tration of ferroparticles (η and η0 are the viscosities in the field and in its absence,
respectively).

Figure 2. Dependences of the viscosity on the shear rate for the (a) PEG-aerosil and (b) PDMS-aerosil suspensions. Н = 0
(1), Н⊥ = 3.7 (2), and (3) НII = 3.6 kOe (3).
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The relative viscosity reflects the effect of the magnetic field on the orientation and aggrega-
tion of iron nanoparticles. It is obvious that an increase in the concentration of iron
nanoparticles, which are able to orient in the field, leads to an increase in viscosity by 18–35
times (system 1) and 120–300 times (system 2). The viscosity of the suspensions in the
transverse magnetic field is almost two times higher than that in the longitudinal field. To
analyze this phenomenon, let us consider the flow processes of ferrofluids using the schemes
presented in Figure 6.

If the direction of force lines is perpendicular to the rotor-rotation axis (Figure 6a), the orientation
of iron nanoparticle aggregates in quadrants I and III coincides with the direction of flow, and
the viscosity can decrease. In quadrants II and IV, the orientation of nanoparticles and their
aggregates is perpendicular to the direction of flow, and the viscosity must increase. Apparently,
in the general case, the viscosity can both decrease and increase. When the direction of force lines

Figure 3. Dependences of the viscosity on the shear rate for (a) PEG-Aerosol-Iron nanoparticle and (b) PDMS-Aerosol-
Iron nanoparticle suspensions. ω2 = (a) 7.4 and (b) 5.7 wt %. (1) Н = 0, (2) НII = 3.6 and (3) Н⊥ = 3.7 kOe.
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is parallel to the rotor rotation axis (in the longitudinal field) (Figure 6b) the aggregates of iron
nanoparticles orient by their long axis along the rotor-rotation axis, i.e. layer-by-layer. In this
case, an increase in viscosity caused by the aggregation of particles in the magnetic field can be
compensated by reduction in the forces of viscous friction owing to the layer-by-layer arrange-
ment of the particles. On the whole, the experiments show that, in the transverse field, the
viscosity of suspensions increases to a higher extent that in the longitudinal field.

An initial increase in the effect of the magnetic field on viscosity (Figure 5) is connected with
growth in the number of particles capable of orientation and subsequent aggregation in the
field. However, upon further increase in the concentration of particles, the growth of suspen-
sion viscosity now hampers the orientation processes and the effect of the magnetic field
becomes weaker. A maximum arises on curves η/η0 = f(γ) (Figure 5a).

Figure 4. Concentration dependences of the viscosity of (a) PEG-Aerosol-Iron nanoparticle and (b) PDMS-Aerosol-Iron
nanoparticle suspensions on the concentration of ferroparticles. (1)Н⊥ = 3.7 and (2)НII = 3.6 kOe. γ = (a) 0.4 and (b) 0.5 s�1.

Figure 5. Dependences of the relative viscosity of (a) PEG-Aerosil-Iron nanoparticle and (b) PDMS-Aerosil-Iron nanopar-
ticle suspensions on the ferroparticle concentration. (1) Н⊥ = 3.7 and (2) НII = 3.6 kOe; γ = (a) 0.4 and (b) 0.5 s�1.
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2.3. Magnetorheological properties and structure of diamagnetic polymer systems

Figure 7 shows the concentration dependences of the diameters (D = 2r) of supramolecular
particles in the systems: HPC1-ethylene glycol (1), HPC1-water (2) and EC-DMF (3).

The mean-square distance between chain ends of a macromolecule was calculated via the
equations h2 = LA (L is contour length) and (h2)1/2 = (LA)1/2. In calculations of macromolecule
size, the Kuhn segment values А = 21.4 nm for HPC and 16 nm for EC [82], the length of a
cellobiose residue of 1.03 nm, and the unit length of a cellulose ether macromolecule of 0.5 nm
were used. The contour length of a macromolecule was calculated through eq. L = 0.5n, where
n is the degree of polymerization. Calculated contour length L of HPC1 macromolecules and
the mean-square distance between chain ends (h2)1/2 were 164 and 60 nm, respectively, 216 and
68 nm for HPC2 and 56 and 30 nm for EC. From Figure 7, it follows that, in solutions with

Figure 6. Schemes of suspension flow in the magnetic field at (a) perpendicular and (b) parallel directions of force lines
relative to the rotor-rotation axis.

Figure 7. Concentration dependences of the diameters of supramolecular particles in the systems: HPC1-Ethylene glycol
(1), HPC1-Water (2) and EC-DMF (3).
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concentrations ω2 > 0.05, there are no isolated macromolecules and their associates (supramo-
lecular particle involving a great number of macromolecules) are present, with the sizes of
supramolecular particles in EC solutions being 4–10 times larger than those in HPC solutions.
This can be caused by a strong interchain interaction and a higher packing density of EC
relatively HPC macromolecules. Indeed, the linear ethyl radicals in the polymeric units of
neighboring EC macromolecules can produce a denser packing with each other than the
branched hydroxypropyl radicals of HPC.

The concentration dependences of D are described by curves with maxima. The concentrations
of solutions with the maximum particle size coincide with the region of the transition from an
isotropic solution to an anisotropic solution. In isotropic solutions, macromolecules and their
associates are not oriented relative to each other. With an increase in polymer concentration,
they form large particles as a result of the intensification of the interchain interaction. The
formed large particles do not have a dense packing; i.e., they may contain abundant solvent.
During the transition to the LC state with a further increase in the polymer concentration, the
emerged orientation of macromolecules and supramolecular particles toward each other leads
to increase in interchain interaction. This phenomenon may result in the squeezing out of the
solvent from supramolecular particles, an event that is manifested in a decrease in their size.
The such phenomenon is revealed for other systems in [83–85].

Figure 8 shows the micrographs of HPC solutions after their treatment with the magnetic field.
As is seen, the streaky structure manifests itself, thus indicating formation of large domains in
the course of orientation. Similar data were obtained for HPC1 solutions in ethylene glycol.

The our data of researches of a surface relief for the films HPC1 prepared from solutions in
ethylene glycol under magnetic field and in its absence are given in Figure 9 and in a Table 1.

Figure 9 and the Table 1 show that heterogeneity of the surface relief of HPC1 film is more
after processing by magnetic field, than before processing. At the same time on the surface of
the film received in the magnetic field an orientation of strips of one height is observed.
Therefore the magnetic field causes the orientation processes in solutions, at the same time
the domain structure arising in solutions is fixed after evaporation of a solvent and shown in
orientation of strips of the film relief.

The application of the magnetic field leads to development of the domain structure as a result
of additional orientation of macromolecules in the field. Similar data were obtained for other
systems having liquid crystalline transitions [57, 58, 62, 70, 71, 73, 75, 76]. In accordance with
[32, 86, 87], macromolecules orient in the magnetic field with their long chains arranged
parallel to the force lines. This orientation is related to the molecular diamagnetic anisotropy
of macromolecules. As a consequence, supramolecular particles are formed, especially in the
vicinity of the LC phase transition [57, 58, 62]. During treatment of solutions with a magnetic
field, the particle size grows owing to additional orientation of macromolecules and supramo-
lecular particles relative to the field lines of force and an increase in the interchain interaction.

The concentration dependences of diameters D = 2r of light scattering particles are depicted in
Figure 10.
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Figure 7. Concentration dependences of the diameters of supramolecular particles in the systems: HPC1-Ethylene glycol
(1), HPC1-Water (2) and EC-DMF (3).

Polymer Rheology12

concentrations ω2 > 0.05, there are no isolated macromolecules and their associates (supramo-
lecular particle involving a great number of macromolecules) are present, with the sizes of
supramolecular particles in EC solutions being 4–10 times larger than those in HPC solutions.
This can be caused by a strong interchain interaction and a higher packing density of EC
relatively HPC macromolecules. Indeed, the linear ethyl radicals in the polymeric units of
neighboring EC macromolecules can produce a denser packing with each other than the
branched hydroxypropyl radicals of HPC.

The concentration dependences of D are described by curves with maxima. The concentrations
of solutions with the maximum particle size coincide with the region of the transition from an
isotropic solution to an anisotropic solution. In isotropic solutions, macromolecules and their
associates are not oriented relative to each other. With an increase in polymer concentration,
they form large particles as a result of the intensification of the interchain interaction. The
formed large particles do not have a dense packing; i.e., they may contain abundant solvent.
During the transition to the LC state with a further increase in the polymer concentration, the
emerged orientation of macromolecules and supramolecular particles toward each other leads
to increase in interchain interaction. This phenomenon may result in the squeezing out of the
solvent from supramolecular particles, an event that is manifested in a decrease in their size.
The such phenomenon is revealed for other systems in [83–85].

Figure 8 shows the micrographs of HPC solutions after their treatment with the magnetic field.
As is seen, the streaky structure manifests itself, thus indicating formation of large domains in
the course of orientation. Similar data were obtained for HPC1 solutions in ethylene glycol.

The our data of researches of a surface relief for the films HPC1 prepared from solutions in
ethylene glycol under magnetic field and in its absence are given in Figure 9 and in a Table 1.

Figure 9 and the Table 1 show that heterogeneity of the surface relief of HPC1 film is more
after processing by magnetic field, than before processing. At the same time on the surface of
the film received in the magnetic field an orientation of strips of one height is observed.
Therefore the magnetic field causes the orientation processes in solutions, at the same time
the domain structure arising in solutions is fixed after evaporation of a solvent and shown in
orientation of strips of the film relief.

The application of the magnetic field leads to development of the domain structure as a result
of additional orientation of macromolecules in the field. Similar data were obtained for other
systems having liquid crystalline transitions [57, 58, 62, 70, 71, 73, 75, 76]. In accordance with
[32, 86, 87], macromolecules orient in the magnetic field with their long chains arranged
parallel to the force lines. This orientation is related to the molecular diamagnetic anisotropy
of macromolecules. As a consequence, supramolecular particles are formed, especially in the
vicinity of the LC phase transition [57, 58, 62]. During treatment of solutions with a magnetic
field, the particle size grows owing to additional orientation of macromolecules and supramo-
lecular particles relative to the field lines of force and an increase in the interchain interaction.

The concentration dependences of diameters D = 2r of light scattering particles are depicted in
Figure 10.
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The concentration dependences of D are described by curves with maxima. The concentrations
of solutions with the maximum particle size coincide with the region of the transition from an
isotropic solution to an anisotropic solution.

A concentration dependence of relative size r/r0 of supramolecular particles (where r0 and r are
the radii of light-scattering particles before and after magnetic-field treatment of solutions,
respectively) was found (Figure 11).

Note that the solution concentration with the maximum relative size of particles for the EC-
DMF system is 2.5 times lower than that for the HPC-ethylene glycol system, an outcome that
is due to the larger sizes of supramolecular particles in EC solutions. These dependences reflect
the effect of a magnetic field on the orientation of macromolecules and supramolecular parti-
cles in solutions. An increasing number of magnetically sensitive macromolecules and supra-
molecular particles, leads to the intensification of the orientation processes in the field.
However, with a further increase in the polymer concentration, the increasing density of the
fluctuation network of entanglements begins to hinder the orientation processes and the

Figure 8. Micrographs of solutions under crossed polaroids after their treatment with the magnetic field. a) HPC2-
Ethanol, ω2 = 0.55; b) HPC2-DMSO, ω2 = 0.50. Н = 3.7 кЭ.

Polymer Rheology14

influence of the field on the properties of solutions decreases. The similar dependences have
been found for the HEC-DMF and EC-DMAA systems earlier [72].

Typical dependences of viscosity ofHPC solution on shear rate are presented in Figures 12 and 13.

Figure 9. The micrographs of the surface relief of HPC1 films obtained by a method of an optical interferometry.Н = 0 (а),
Н = 3.6 kOe (b).
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The solutions of HPC are non-Newtonian liquids, as manifested by a reduction in viscosity
with an increase in shear rate. This result is in agreement with the data available for other
liquid crystalline systems [70–76] and indicates that the initial structuring of polymer solutions
is destroyed and that macromolecules and their associates orient along the direction of flow in
the course of shearing. In addition, Figure 11 shows that application of the magnetic field
increases the viscosities of isotropic solutions. As it has been stated above it is connected with
orientation of macromolecules in magnetic field. Such an orientation is related to the molecular
diamagnetic anisotropy of macromolecules. As a result, supramolecular particles are formed,
especially in the vicinity of the LC phase transition, and viscosity grows. But the magnetic field
decreases the viscosities of anisotropic solutions (Figure 12). It is caused by easier orientation
of macromolecules and supramolecular particles of anisotropic solutions in the magnetic field
and also by the reduction of the particle sizes.

Parameters of the surface relief Ra Rq Rz

Size, nм H=0 kOe 59.47 72.69 480.05

Size, nм H=3.6 kOe 71.99 86.99 629.76

Ra is an arithmetic average of absolute values of deviations of a surface profile, Rq is an average quadratic absolute values
of deviations of a surface profile, Rz is a height of roughnesses of a surface profile

Table 1. Parameters of the surface relief for the films HPC1 prepared from solutions in ethylene glycol in magnetic field
and in its absence.

Figure 10. Concentration dependences of the diameters of supramolecular particles in the systems: HPC1-ethylene
glycol, Н = 0 (1) и 9.0 kOe (2) and EC-DMF, Н = 0 (4) и 9.0 kOe (3). T = 298 K.
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The above data were used to construct the concentration dependence of viscosity. In this case,
the values of viscosity measured at a small shear rate 2.5 s�1 were chosen because, as was
shown in [88–94], the concentration dependence of viscosity measured at precisely low shear
rates is typical for anisotropic solutions. These dependences are described by curves with
maxima for all studied systems. As the concentration of polymers is increased, the interchain
interaction becomes stronger; as a consequence, supramolecular particles enlarge and viscosity
increases. However, in the anisotropic region, viscosity decreases, in agreement with the
literature data available for other systems having liquid crystalline transitions [88–94], and is
related to the easier orientation of macromolecules and supramolecular particles along the
direction of flow and to the reduction of the particle sizes. The magnetic field causes an
increase in the viscosities of polymers solutions owing to the above-mentioned causes.

Figure 11. Concentration dependence of relative size r/r0 of supramolecular particles for systems: HPC1-ethylene glycol
(1) and EC-DMF (2).

Figure 12. Dependences of viscosity on shear rate of isotropic solutions HPC1 in ethylene glycol: ω2 = 0.15 (а), HPC2 in
ethanol, ω2 = 0.15 (b).
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The above data were used to construct the concentration dependence of viscosity. In this case,
the values of viscosity measured at a small shear rate 2.5 s�1 were chosen because, as was
shown in [88–94], the concentration dependence of viscosity measured at precisely low shear
rates is typical for anisotropic solutions. These dependences are described by curves with
maxima for all studied systems. As the concentration of polymers is increased, the interchain
interaction becomes stronger; as a consequence, supramolecular particles enlarge and viscosity
increases. However, in the anisotropic region, viscosity decreases, in agreement with the
literature data available for other systems having liquid crystalline transitions [88–94], and is
related to the easier orientation of macromolecules and supramolecular particles along the
direction of flow and to the reduction of the particle sizes. The magnetic field causes an
increase in the viscosities of polymers solutions owing to the above-mentioned causes.

Figure 11. Concentration dependence of relative size r/r0 of supramolecular particles for systems: HPC1-ethylene glycol
(1) and EC-DMF (2).

Figure 12. Dependences of viscosity on shear rate of isotropic solutions HPC1 in ethylene glycol: ω2 = 0.15 (а), HPC2 in
ethanol, ω2 = 0.15 (b).
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Processes occurring during the flow of solutions in the magnetic field may be represented by
the scheme (Figure 6). In quadrants I and III, the orientation of macromolecules coincides with
the direction of flow and viscosity may decrease. In quadrants II and IV, the orientation of
macromolecules is perpendicular to the direction of flow and viscosity should increase. Appar-
ently, in this case, viscosity may either decrease or increase. When the force lines are directed
parallel to the rotor-rotation axis (Figure 6b), macromolecules orient with their long axes along
the axis of rotor rotation, that is, perpendicular to the direction of flow; as a result, viscosity
may increase. Moreover, the macromolecules and supramolecular particles orient by their long
axis along the rotor-rotation axis, i.e. layer-by-layer. In this case, an increase in viscosity can be
compensated by reduction in the forces of viscous friction owing to the layer-by-layer arrange-
ment of the macromolecules and particles.

The data were used to plot the concentration dependence of relative viscosity η/η0 (Figure 14),
which reflects the effect of a magnetic field on the orientation of macromolecules and supra-
molecular particles in solutions (η and η0 are the viscosities in the presence of the magnetic
field and in its absence, respectively).

As can be seen, the concentration dependences of η/η0 are described by curves with maxima.
Analogous data for other systems involving liquid crystalline transitions (HPC-dimethyl
sulfoxide, EC-DMF, hydroxyethyl cellulose-DMF, EC-DMAA, HEC-DMAA, HPC-DMF),
were presented in some works [70–76]. The initial increase in η/η0 with concentration is
related to an increasing number of magnetically sensitive macromolecules and supramolec-
ular particles, a situation that results in intensification of the orientation processes in the
field. However, with a further increase in the polymer concentration, the increasing density
of the fluctuation network of entanglements begins to hinder the orientation processes and
the influence of the field on the properties of solutions decreases. An analogous concentra-
tion dependence of relative size r/r0 of supramolecular particles (where r0 and r are the radii
of light-scattering particles before and after magnetic field treatment of solutions, respec-
tively) was found (Figure 11).

Figure 13. Dependences of viscosity on shear rate of anisotropic solutions HPC1 in ethylene glycol: ω2 = 0.30 (а), HPC2 in
ethanol, ω2 = 0.56 (b).
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2.4. The relaxation character of the rheological behavior of hydroxypropyl cellulose in
ethylene glycol

The study of the viscosities of diluted and moderately concentrated solutions of HPC in
ethanol and DMSO under the application of the magnetic field and in its absence showed that
the loading and unloading curves coincide; that is, the hysteresis loop is absent. This result
testifies that the structuring of the given solutions has time to recover after deformation.
Figure 15 presents the rheological properties of the concentrated isotropic solutions of HPC in
ethanol under loading and unloading. The same dependences are typical for more concen-
trated isotropic and anisotropic solutions of HPC in DMSO.

The loading and unloading curves do not coincide, and the hysteresis loop is present. This
fact indicates that, in the concentrated solutions of HPC, the structuring of solutions has
no time to recover after deformation. In fact, an increase in the concentration of a solution

Figure 14. Concentration dependences of η/ηo for systems: (a) HPC1-ethylene glycol and (b) HPC2-ethanol.Н|| = 3.6 kOe
(1) and H⊥ = 3.7 kOe (2) _γ=2.5 с�1.

Figure 15. Dependence of viscosity on shear rate for the HPC2 solution in ethanol: ω2 = 0.41 with (1) an increase and (2) a
decrease in shear rate; (а) Н = 0, (b) HII = 3.6 and (c) H┴ = 3.7 kOe.
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entails an increase in viscosity, which is related to relaxation time τ via the following
relationship [95]: η = Eτ, where Е is the shear modulus. For solutions with concentrations
up to ω2 < 0.25 (the HPC-ethanol system) and up to ω2 < 0.30 (system HPC-DMSO),
viscosities and relaxation times are smaller than those for more concentrated systems, the
structuring of solutions has time to rearrange under the desired regime of change in the
direction and value of shear rate, and the hysteresis loop is absent. However, for more
concentrated solutions, the values of η and τ are high enough; therefore, the structuring
of systems has no time to recover and the loading and unloading curves do not coincide.
In this case, the hysteresis loop is observed; its area characterizes the part of mechanical
energy ΔЕ irreversibly converting into heat energy, that is, mechanical losses in the unit
volume of the sample per loading-unloading cycle.

Figure 16 shows the concentration dependences of mechanical losses for studied systems.
These dependences are described by curves with maxima. Maximummechanical losses are seen
in the vicinity of the isotropic - anisotropic transition of solutions. The same dependence is
typical for the concentration dependence of viscosity of HPC solutions. In fact, as the concentra-
tion of HPC is increased, the interchain interaction becomes stronger; as a result, the sizes of
supramolecular particles increase and viscosity grows. This situation hinders the orientation of
macromolecules and supramolecular particles along the direction of flow, and, as a consequence,
mechanical losses increase. However, in the anisotropic region, viscosity decreases because of
the easier orientation of macromolecules and supramolecular particles along the direction of
flow; as a result, mechanical losses decrease.

Figure 16. Concentration dependences of mechanical losses for the systems: (1) HPC1-ethylene glycol, (2) HPC2-ethanol
and (3) HPC2-DMSO.
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The similar dependences have been determined also for HPC solutions under magnetic field
(Figure 17).

It is shown that the maximum of losses is observed in the concentration region near phase
transition isotropic solution – anisotropic solution for the reasons described above.

3. Conclusion

The effect of a magnetic field on the viscosity of poly(ethylene glycol)-aerosol-iron nano-
particle and poly(dimethylsiloxane)-aerosol-iron nanoparticle magnetorheological suspen-
sions is studied. The magnetic field leads to an increase in the viscosity of the suspensions
by a factor of 20–300. The concentration dependence of the effect of magnetic field on the
relative viscosity of the systems is described by a curve with a maximum.

The rheological properties, phase transitions, and structure of the hydroxypropyl cellulose-
ethanol, hydroxypropyl cellulose-dimethyl sulfoxide, hydroxypropyl cellulose-ethylene
glycol and ethyl cellulose-dimethylformamide systems have been studied in the presence
and in the absence of a magnetic field. The regions of existence of isotropic and anisotropic
phases and the concentration dependence of the sizes of supramolecular particles are
determined. It is found that a magnetic field increases the viscosities of solutions. The
concentration dependences of viscosity and particle size are described by curves with
maxima. Loading and unloading curves do not coincide for solutions with the polymer
concentrations ω2 > 0.25 (the HPC-ethanol system), ω2 > 0.30 (the HPC-DMSO system) and
ω2 > 0.10 (HPC1-ethylene glycol). The hysteresis loop is observed; its area characterizes the
part of mechanical energy transformed into heat energy, i.e., mechanical losses. The con-
centration dependences of mechanical losses for studied systems are described by curves
with maxima. The maximum mechanical losses are detected in the vicinity of the isotropic-
anisotropic transition of solutions.

Figure 17. Concentration dependences of mechanical losses for the systems: (a) HPC1-ethylene glycol, (b) HPC2-ethanol
and (c) HPC2-DMSO. Н = 0 (1), Н||=3.6 (2) и Н⊥=3.7 (3). Dashed lines divide isotropic and anisotropic regions.
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Abstract

Rayleigh and Marangoni convection and rheology are linked in the thermal convection of
viscoelastic fluids to some recent technological applications. Such technology develop-
ments as the ones presented here undoubtedly shall be based on interdisciplinary projects
involving not only rheology or fluid mechanics but several other disciplines. Three prac-
tical applications which use Rayleigh or Marangoni convection in their working principle
are presented along with some technical details. This contribution focus mainly on the
physical mechanism and the involved hydrodynamics of some lab and industrial applica-
tions. Finally, a short discussion on the role play by the convective mechanisms is given in
order to provide integration of the exposed ideas.

Keywords: viscoelastic fluid, convection, hydrodynamics

1. Introduction

Viscoelastic fluids are common in very important applications [1, 2]. Many of these are so
common that people usually do not pay attention to its importance. Paints are a very good
example since almost all buildings are painted with a combination of a polymer and a solvent,
for different reasons. More complex applications involving polymeric solutions and some kind
of process may exist.
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On the other hand, not all viscoelastic fluids are paints and some of these may have biological
nature or even may be intended for some optical application or the like. Also, viscoelastic fluids
may be so different to each other that a reasonable number of constitutive equations have been
developed to model their behavior. At the same time, some applications involving viscoelastic
fluids may require physical mechanisms for proper working, like natural convection. Such is the
case of deoxyribonucleic acid (DNA) replication and the fabrication of corrugated surfaces, for
example. Viscoelasticity is then at the same level of importance than natural convection.

The present contribution is devoted to exposed the link between viscoelasticity and Rayleigh
and/or Marangoni convection and how these fit in lab or industrial applications. In fact, this is
also a different point of view for polymer rheology applications. In this case some examples
involving viscoelastic fluids and hydrodynamic stability can be addressed to show another
connection of rheology with fluid mechanics. These type of applications are only a few years
old and remain relevant.

The author has been working in similar theoretical problems and is trying to make experimen-
tal contributions that would finally improve applications like these. Hopefully, this proposal
could show the link between rheology and other subjects in new multidisciplinary research
topics and developments. The aim of this contribution is to call the attention of researchers and
graduate students to interdisciplinary subjects were important technological advances are
awaiting to be discovered. Hydrodynamic stability and rheology are both matured topics with
interesting theoretical and experimental findings.

The chapter is organized as follows. In Section 2, general comments on viscoelasticity are given
so that a connection with thermal hydrodynamic stability in Section 3 can be made. In Section
3 a summary of the physics of thermal convection in Newtonian and viscoelastic fluids is
presented too. A brief presentation of the methods used to study the thermal hydrodynamics
in viscoelastic fluids is given in Section 4. Next in Section 5 interesting application examples
that use thermoconvection are given. Finally, a short discussion on the role played by thermal
convection in the example applications is given.

2. About viscoelastic fluids

Viscoelastic fluids are a type of non-Newtonian fluid formed by a viscous component and an
elastic one. For short, viscoelastic fluids are the blend of a solvent and some polymer. Exam-
ples of these are paints, DNA suspensions, some biological fluids and others from the chemical
industry. A number of features make the viscoelastic fluids very interesting and of industrial
importance: polymers are almost everywhere. Take for example the case of paints whose
annual production generates several USD millions. Proper understanding of viscoelasticity is
key for industrial applications.

Polymeric suspensions show viscoelastic behavior but its stress - deformation relationship is
not easily represented by a single model. In rheology these models are called constitutive
equations and for which the books of Bird et al. [3] and Macosko [4] are two very good classic
readings on this subject.

Polymer Rheology30

2.1. Some models

Modeling viscoelasticity is a complicated matter since viscoelastic fluids may show, for exam-
ple, linear and non-linear behavior. On the other hand, some features of the polymeric compo-
nent may have too much importance to be explicitly introduced in these models. Such is the
case for thixotropic behavior in viscoelastic micellar solutions and liquid crystalline disper-
sions [5]. Some of the constitutive equations of common usage and interest in the academic and
industrial community are

• the viscoelastic Maxwell fluid,

• the viscoelastic Jeffreys fluid,

• the viscoelastic Oldroyd fluid,

• the viscoelastic Carreau fluid,

• the viscoelastic “ordered” fluids

• and the viscoelastic KBZ fluid,

• among others.

The readers may find more details on the viscoelastic fluids in the papers of Larson [6, 7] and
the textbook of Phan-Thien [8]. For thermal convective instabilities problems the constitutive
equations for the viscoelastic Maxwell [9, 10], Jeffreys [11, 12] and second order [13, 14] fluids
has some popularity. Several investigations has used these models to study the hydrodynam-
ics of viscoelastic fluids heated from below. Also, these results are the foundation of a number
of applications [15–17] like those presented in this contribution.

As a common and widely constitutive equation consider the case of Jeffreys viscoelastic fluids
represented by the following expression

∂
∂t

þ λ1

� �
τ ¼ �η0

∂
∂t

þ λ2

� �
_γ (1)

where τ is the stress tensor, _γ is the rate of strain tensor, η0 is the zero shear rate viscosity, λ1 is
the stress relaxation time and λ2 is the stress retardation time. An important feature of Eq. (1) is
that it reduces to the model for viscoelastic Maxwell fluids when λ2 ¼ 0, and to the constitutive
equation for Newtonian fluids when λ1 ¼ λ2 ¼ 0. Several investigations dealing with Rayleigh
and Marangoni convection has to do with this type of constitutive equations because of the
previously mentioned feature.

3. Thermoconvection hydrodynamics

Thermal convection is of interest for the applications described below but mainly Rayleigh and
Marangoni convection. A particular feature of these is the secondary flow generated solely by
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a thermal gradient. Also, Rayleigh and Marangoni convection form regular patterns which is
related to the heat transfer across the fluid.

The problem of thermal convection in incompressible fluids is not new and several geometrical
configurations have been considered. Also, the orientation of the thermal gradient and nature
of the thermal source has been subjected to different arrangements. This has been driven
mainly for potential industrial and/or lab applications [18, 19]. the following cases are of
interest for the present contribution: Rayleigh and Marangoni convection in horizontal fluid
layers and in vertical cylinders. Pattern formation and heat transfer are key for the proper
understanding of the technological developments described below.

3.1. Convection in Newtonian fluids

For Newtonian fluids the physics behind these two classical problems of fluid mechanics is as
follows. In horizontal fluid layers heated from below and cooled from above (see Figure 1a),
near the bottom where the heating source is located the fluid changes its density by becoming
lighter. At the same time the fluid near the top is heavy since because of the top cooling. This is
an unstable arrangement of the fluid since portions of fluid with higher density tend to fall
pushing portions of lower density fluid to the top (see Figure 1b). Next, the movement of the
fluid occurs only if a critical temperature is achieved. This is called Rayleigh convection and
investigation of the critical conditions at which the convective motions are set is key [20].

For the case of Marangoni convection the physical mechanism is quite different since the
surface tension variations with temperature, at the surface, trigger fluid motions. This type of
thermal convection occurs in very thin fluid layers or in low gravity conditions. Briefly, as the
fluid layer is heated from below the energy is transferred by diffusion to the fluid surface. As
the fluid surface tension depends on temperature, in hot surface spots the fluid moves away to
cooler surface regions. Next, the convective motions take place.

Both, Rayleigh and Marangoni convection are connected and this has been demonstrated
theoretical and experimentally. Most important is that the physical mechanisms has been
studied and can be identified not only in the examples shown here but in other engineering
areas.

Figure 1 only shows the beginning of the convective motion in the core of the fluid layer. As
the process is reinforced, the motions become ordered in a periodical fashion. These convective

Figure 1. Schematics of the physical mechanism of thermal convection in a Newtonian fluid layer heated from below. (a)
Basic state (b) Beginning of convection.
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motions are called convective cells. One important fact is that the problem of Rayleigh convec-
tion has been widely studied so that for certain cases the critical conditions at which convective
motions set are well known as it is shown in Table 1. For the case convection of Newtonian
fluids in horizontal fluid layers heated from below the critical conditions of perfect thermal
conducting and thermal insulators are a common result. From these two cases, that of
bounding perfect thermal conductors has been widely studied because it fits better with lab
and industrial applications.

The Rayleigh number and the wavenumber are dimensionless parameters featuring the hydro-
dynamic stability of the fluid layer. As these two parameters achieve critical values thermal
convection sets in. Otherwise the fluid motions eventually stop.

3.2. Convection in viscoelastic fluids

Convection in viscoelastic fluids has been widely studied too [9–12, 14, 16]. The discussion in
this section shall be restricted to viscoelastic Maxwell and Jeffreys fluids. Then, the physical
mechanisms is completely changed due to the introduction of two parameters featuring visco-
elasticity as shown in Eq. (1)

• stress relaxation time λ1,

• stress retardation time λ2.

Also, convection may be set starting as oscillatory motions. Fortunately, a number of investi-
gators have been working on this subject and the hydrodynamics is well known for some
cases. For viscoelastic Maxwell and Jeffreys fluids physics is known to some extent with both
the relaxation and the retardation time featuring its behavior. Rayleigh and Marangoni con-
vection in viscoelastic fluids appear in industrial applications and are of interest because the
industry of polymers generates millions of USD per year.

4. Methods

Research on hydrodynamics of viscoelastic fluids involves two different approaches. Theoret-
ical and experimental studies are to be linked in order to improve practical applications, which
are explained later in this chapter. The aim in hydrodynamic stability studies is to find the

Rayleigh number Wavenumber Walls

1708.6 3.12 Conductors [9, 20]

720 0 Insulators [9, 21]

Marangoni number Wavenumber Walls

48 0 Insulators [22]

Table 1. List of critical values for the onset of convection of Newtonian fluids in horizontal fluid layers heated from
below. These data correspond to perfect thermal conducting or insulating bounding horizontal walls. For viscoelastic
fluids these critical numbers change.
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a thermal gradient. Also, Rayleigh and Marangoni convection form regular patterns which is
related to the heat transfer across the fluid.

The problem of thermal convection in incompressible fluids is not new and several geometrical
configurations have been considered. Also, the orientation of the thermal gradient and nature
of the thermal source has been subjected to different arrangements. This has been driven
mainly for potential industrial and/or lab applications [18, 19]. the following cases are of
interest for the present contribution: Rayleigh and Marangoni convection in horizontal fluid
layers and in vertical cylinders. Pattern formation and heat transfer are key for the proper
understanding of the technological developments described below.

3.1. Convection in Newtonian fluids

For Newtonian fluids the physics behind these two classical problems of fluid mechanics is as
follows. In horizontal fluid layers heated from below and cooled from above (see Figure 1a),
near the bottom where the heating source is located the fluid changes its density by becoming
lighter. At the same time the fluid near the top is heavy since because of the top cooling. This is
an unstable arrangement of the fluid since portions of fluid with higher density tend to fall
pushing portions of lower density fluid to the top (see Figure 1b). Next, the movement of the
fluid occurs only if a critical temperature is achieved. This is called Rayleigh convection and
investigation of the critical conditions at which the convective motions are set is key [20].
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cooler surface regions. Next, the convective motions take place.

Both, Rayleigh and Marangoni convection are connected and this has been demonstrated
theoretical and experimentally. Most important is that the physical mechanisms has been
studied and can be identified not only in the examples shown here but in other engineering
areas.

Figure 1 only shows the beginning of the convective motion in the core of the fluid layer. As
the process is reinforced, the motions become ordered in a periodical fashion. These convective

Figure 1. Schematics of the physical mechanism of thermal convection in a Newtonian fluid layer heated from below. (a)
Basic state (b) Beginning of convection.

Polymer Rheology32

motions are called convective cells. One important fact is that the problem of Rayleigh convec-
tion has been widely studied so that for certain cases the critical conditions at which convective
motions set are well known as it is shown in Table 1. For the case convection of Newtonian
fluids in horizontal fluid layers heated from below the critical conditions of perfect thermal
conducting and thermal insulators are a common result. From these two cases, that of
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and industrial applications.
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cases. For viscoelastic Maxwell and Jeffreys fluids physics is known to some extent with both
the relaxation and the retardation time featuring its behavior. Rayleigh and Marangoni con-
vection in viscoelastic fluids appear in industrial applications and are of interest because the
industry of polymers generates millions of USD per year.
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Research on hydrodynamics of viscoelastic fluids involves two different approaches. Theoret-
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are explained later in this chapter. The aim in hydrodynamic stability studies is to find the
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critical conditions that defined the onset of convection and later the formed patterns. In Section
5 the previously mentioned critical conditions make sense through the brief explanation of the
physical mechanisms of each application.

4.1. Theoretical approach

The theoretical approach uses the common mathematical techniques of hydrodynamic stabil-
ity for linear and non-linear problems. In either, Rayleigh or Marangoni convection these
techniques are used since both are eigenvalue problems. In linear Rayleigh convection the
analysis in made to find critical values of the Rayleigh number (Ra), and those of the Maran-
goni number (Ma) in linear Marangoni convection. As the mathematical procedure for differ-
ent geometrical and heat source orientation, for example, are different only that for the
convection in a fluid layer heated from below shall be presented.

Consider a horizontal Maxwell viscoelastic fluid layer heated from below and bounded by two
horizontal solid walls which are very good thermal conductors. The physical arrangement is
very similar to that shown in Figure 1with a Maxwell viscoelastic fluid instead of a Newtonian
fluid. If the thermal convection in this system is to be studied then the momentum, the
continuity, the heat conduction and a constitutive equations should be considered. These are,
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subjected to the following boundary conditions

W ¼ dW
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¼ θ ¼ 0 at z ¼ 0, 1 (4)

The system of differential Eqs. (2-4) is an eigenvalue problem for the Rayleigh number Ra. In
Eqs. (2)–(4) Pr is the Prandtl number, ω is the frequency of oscillation, W is the vertical fluid
velocity, θ is the temperature and k is the wavenumber. This eigenvalue problem can be
analytically approached with the Galerkin method without fully solving for W and θ.

For short, as inputs, the Galerkin method needs approximated W and θ which are obtained as
functions satisfying the corresponding boundary conditions. Then as the approximated func-
tions are used to calculate the residual and find an analytical expression or numerical value of
the Rayleigh number. This is a brief explanation of the solution process and further details can
be found in Refs. [9, 10], for example. Then, the Rayleigh number Ra, the wavenumber k and
the frequency of oscillation ω are obtained as outputs of the Galerkin method, for fixed values
of Pr and F, as shown in the following Table 2

4.2. Experimental techniques

As the working fluids are viscoelastic, these should be characterized. In the case of Maxwell
viscoelastic fluids a rheological study is necessary in order to find the corresponding relaxation
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time. Certain polymeric suspensions may fit the Maxwell viscoelastic fluid model. With the
working fluid relaxation time F the theoretical methodology may help to find the
corresponding critical conditions for the onset of convection.

Also, experiments in thermal hydrodynamics of convection in fluids are mainly based on
visual techniques like Schlieren and shadowgraph. Some authors have also used particle
image velocimetry to study the flow field of convective motions. Here, the shadowgraph
techniques is considered because the evolution of the convective patterns is key. Besides, the
temperature difference and the geometrical dimensions are sufficient for a discussion on the
physics of this phenomena.

The experimental setup considered is sketched in Figure 2. The shadowgraph technique is
very suitable for this type of investigations because it outputs important results at very low
costs and time. It is based in the fact that fluid density changes also modify how the light is
reflected by it. Then, an optical arrangement is built in ordered to detect light reflexion
variations.

The aim of the experimental tests is to help find the real critical conditions at which a given
convective pattern is formed. This is of paramount importance for improvement of existent
and potential applications.

Ra k ω Pr F

226.7151 7.26 76.2593 10 0.1

0.04623 3.44 1.9625 10 100

Table 2. List of critical values for the onset of convection of viscoelastic Maxwell fluids in horizontal fluid layers heated
from below. These data correspond to perfect thermal conducting horizontal walls. These are shown here as
representative values [9].

Figure 2. Experimental setup for the shadowgraph technique applied on the convection in a viscoelastic Maxwell fluid
layer heated from below.
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critical conditions that defined the onset of convection and later the formed patterns. In Section
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fluid. If the thermal convection in this system is to be studied then the momentum, the
continuity, the heat conduction and a constitutive equations should be considered. These are,

1þ Fiωð Þ iω
Pr

d2

dz2
� k2

� �
W � Rk2θ

� �
¼ d2

dz2
� k2

� �2

W (2)

iω� d2

dz2
� k2

� �
W

� �
θ ¼ W (3)

subjected to the following boundary conditions

W ¼ dW
dz

¼ θ ¼ 0 at z ¼ 0, 1 (4)

The system of differential Eqs. (2-4) is an eigenvalue problem for the Rayleigh number Ra. In
Eqs. (2)–(4) Pr is the Prandtl number, ω is the frequency of oscillation, W is the vertical fluid
velocity, θ is the temperature and k is the wavenumber. This eigenvalue problem can be
analytically approached with the Galerkin method without fully solving for W and θ.

For short, as inputs, the Galerkin method needs approximated W and θ which are obtained as
functions satisfying the corresponding boundary conditions. Then as the approximated func-
tions are used to calculate the residual and find an analytical expression or numerical value of
the Rayleigh number. This is a brief explanation of the solution process and further details can
be found in Refs. [9, 10], for example. Then, the Rayleigh number Ra, the wavenumber k and
the frequency of oscillation ω are obtained as outputs of the Galerkin method, for fixed values
of Pr and F, as shown in the following Table 2
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As the working fluids are viscoelastic, these should be characterized. In the case of Maxwell
viscoelastic fluids a rheological study is necessary in order to find the corresponding relaxation
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time. Certain polymeric suspensions may fit the Maxwell viscoelastic fluid model. With the
working fluid relaxation time F the theoretical methodology may help to find the
corresponding critical conditions for the onset of convection.

Also, experiments in thermal hydrodynamics of convection in fluids are mainly based on
visual techniques like Schlieren and shadowgraph. Some authors have also used particle
image velocimetry to study the flow field of convective motions. Here, the shadowgraph
techniques is considered because the evolution of the convective patterns is key. Besides, the
temperature difference and the geometrical dimensions are sufficient for a discussion on the
physics of this phenomena.

The experimental setup considered is sketched in Figure 2. The shadowgraph technique is
very suitable for this type of investigations because it outputs important results at very low
costs and time. It is based in the fact that fluid density changes also modify how the light is
reflected by it. Then, an optical arrangement is built in ordered to detect light reflexion
variations.

The aim of the experimental tests is to help find the real critical conditions at which a given
convective pattern is formed. This is of paramount importance for improvement of existent
and potential applications.
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representative values [9].
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The theoretical results for Ra, k and ω are linked to the experimental observations as follows.
The critical value of the Rayleigh number predicts the critical temperature difference at which
the convective motions set and the critical value of the wavenumber indicates the number of
formed convective cells. Then the theoretical results help for tuning the lab experiments and to
control the formation of patterns in the fluid.

At this point both, theory and experiments are connected for the formation of convective
patterns in viscoelastic fluids. As explain in the next section, this background is the foundation
that makes it possible.

5. Some applications

The purpose of this section is to introduce two key example applications of thermal hydrody-
namic instabilities in viscoelastic fluids. It is important to mention that these applications were
selected because thermal convection is at the core of its working principles. In other words,
proper understanding of the hydrodynamic stability in the convection of viscoelastic fluids
would improve those applications.

A remarkable fact of the applications described here is that these are placed at the frontier of at
least two research topics. The fabrication of corrugated surfaces involved knowledge of hydrody-
namics, rheology, heat transfer, optics and polymer chemistry. On the other hand, appliances for
DNA replication may need knowledge of genetics, hydrodynamics, heat transfer and rheology.

5.1. Corrugated surfaces

In optics and some electronic appliances [1, 2, 23], it is necessary to print regular patterns over a
surface. In fact, there are already technologies that print the mentioned patterns. However,
redundant techniques are important for a number of reasons: for reduction of costs and produc-
tion time, for special cases for which traditional techniques do not work, etc. [1, 2] (Figure 3).

The pattern printed over a surface is in fact a corrugated surface. Precisely, natural convection
in thin films of viscoelastic suspensions is used to produced this type of corrugated surfaces.
The fabrication process of these corrugated surfaces briefly includes

1. preparation of the polymeric suspension,

2. application of the suspension in a plate surface,

3. heating from below of the plate

4. thermal control of the convection process in order to achieve and maintain the critical
conditions,

5. formation of the desired pattern in the polymeric suspension,

6. evaporation of the solvent and deposition of the polymeric pattern.
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Steps 4 to 6 in the above are tightly related to thermal convection. As the viscoelastic fluid is
heated from below the critical conditions for the onset of convection may be achieved or not. It
all depend on the control of the heating source, on the plate thermal and geometrical proper-
ties, on the fluid properties [9] and on the desired pattern. This is not an easy task and may
resemble a craft work. However very good improvements on this technique has been made so
that good quality can be achieved.

Several researchers have made advances on this matter which become hot topic with the paper
by Nie and Kumacheva [2]. In fact, in 1998 Mitov and Kumacheva [17] reported instability
induced patterning as printing technique for the fabrication of corrugated surfaces. More
recently, other researchers have made findings on how the theory of Marangoni convection is
coupled with the deposition of regular patterns on a surface.

Further work is needed for the improvement of the experimental technique. For example, it is
known that thickness of the fluid layer decreases in time so that both Rayleigh and Marangoni
convection may appear in the fluid. Also, as the fluid layer decreases may be the viscoelastic
properties may change and in turn modify the formed patterns. In the literature can be found a
few papers dealing with the evaporation rate. On the other hand, thermal control should be
robust in order that the fluid layer may sustain the formed patterns. Also, several authors have
reported new findings for the proportional and proportional integral control of Rayleigh
convection. Although more isolated advances can be done in different fields interesting inte-
grating work remains for this type of applications.

Figure 3. Brief schematics for the fabrication of corrugated surfaces based on thermal convection. Notice that at the
beginning Rayleigh convection dominates the process but at certain fluid layer thickness the Marangoni convection rules
the process until the solvent evaporates completely. (a) The suspension is at rest (b) Convective pattern are formed in the
fluid layer (c) The solvent starts evaporating and the patterns reduce its size (d) The formed patterns sediment on the
dried surface.
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redundant techniques are important for a number of reasons: for reduction of costs and produc-
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1. preparation of the polymeric suspension,

2. application of the suspension in a plate surface,

3. heating from below of the plate

4. thermal control of the convection process in order to achieve and maintain the critical
conditions,

5. formation of the desired pattern in the polymeric suspension,

6. evaporation of the solvent and deposition of the polymeric pattern.

Polymer Rheology36

Steps 4 to 6 in the above are tightly related to thermal convection. As the viscoelastic fluid is
heated from below the critical conditions for the onset of convection may be achieved or not. It
all depend on the control of the heating source, on the plate thermal and geometrical proper-
ties, on the fluid properties [9] and on the desired pattern. This is not an easy task and may
resemble a craft work. However very good improvements on this technique has been made so
that good quality can be achieved.

Several researchers have made advances on this matter which become hot topic with the paper
by Nie and Kumacheva [2]. In fact, in 1998 Mitov and Kumacheva [17] reported instability
induced patterning as printing technique for the fabrication of corrugated surfaces. More
recently, other researchers have made findings on how the theory of Marangoni convection is
coupled with the deposition of regular patterns on a surface.

Further work is needed for the improvement of the experimental technique. For example, it is
known that thickness of the fluid layer decreases in time so that both Rayleigh and Marangoni
convection may appear in the fluid. Also, as the fluid layer decreases may be the viscoelastic
properties may change and in turn modify the formed patterns. In the literature can be found a
few papers dealing with the evaporation rate. On the other hand, thermal control should be
robust in order that the fluid layer may sustain the formed patterns. Also, several authors have
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5.2. DNA replication

DNA technologies have attracted special attention, first because DNA suspensions are consid-
ered viscoelastic fluids because these are a combination of an aqueous solvent and a kind of
polymer in the form of DNA chains. Second, hydrodynamics of biological fluids has become a
subject of growing interest in recent decades because of its link to a biochemical reaction. For
short, DNA replication needs a temperature gradient and an enzyme to be done so that
possibly convective motions are involved. DNA replication is common task for geneticists
and biotechnologists which also is an important tool for research and development in biotech-
nology, medicine, molecular biology and other important subjects.

In DNA replication a very expensive apparatus is involved. The thermocycler is small special-
ized piece of equipment that has become an indispensable tool for research laboratories for
industry and academy. However, thermocyclers work is based on the physical mechanism of
thermal convection. This is, the equipment creates a temperature gradient by heating from
below small tubes and mixes the fluid by producing soft horizontal motions. Several years ago
the process followed by the thermocycler was identified as thermal convection in a vertical
cylinder [24] and a number of more simple and cheaper thermocyclers were prototyped [25].

The complicated DNA replication process can now be very briefly outlined. The steps given
below should be taken as a general picture and the reader is encouraged to search specialized
literature for more details on this matter. Figure 4 shows a very simplified scheme of the
thermoconvective motions that take place in this type of biological viscoelastic fluids. Thus,
the process is as follows

1. an aqueous dilute suspension of a DNA fragments and the polymerase enzyme is prepared,

2. the suspension is placed in nearly cylindrical containers called vials,

Figure 4. Brief schematics for thermal convection in a DNA suspension confined in a vertical cylinder. Notice that
convection cannot be set if a proper critical Rayleigh number is not achieved. (a) DNA suspension at rest (b) Convective
motions in the DNA suspension.
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3. a thermal gradient is set vertically in the vial,

4. a temperature of 95�C is maintain in order that the polymerase chain reaction (PCR) takes
place,

5. DNA replication.

The above given steps lack of some biochemical details but the aim is to show that a physical
phenomenon involving thermal gradients and fluid motions is implied. As before, thermal
convection is at the core of this appliance and it has been demonstrated the feasibility of
cheaper and not too complicated thermocyclers [26]. The lab experiments conducted by
Muddu et al. [26] with a very simple cycler prototype based on thermal convection are very
important since these are based on the Rayleigh convection.

DNA replication is not the only application involving Rayleigh convection. Some other uses in
molecular biology have been found like trapping of DNA with help of thermophoresis or the
Soret effect [24]. The Soret effect and the Rayleigh and/or Marangoni convection are related,
and for short it is mass transfer assisted by heat transfer and vice versa. This is, DNA material
can be concentrated in suitable spot for further recovery.

6. Discussion

Some applications mainly based on Rayleigh and Marangoni thermal convection were briefly
presented. These technologies were developed by researchers working on the frontier of
various subjects which, from the authors point of view, is the perfect spot for human advances.
Several complicated theories have a similar way finding unexpected common technological
applications for most humans.

Thermal convection in its general sense has found practical applications in a number of other
fields. For example, geology and volcanology use the theory of Rayleigh convection in fluids
confined between insulating walls and many industrial equipments for heat transfer use the
theory of convection too. On the other hand and to the best knowledge of the authors there are
very few new technologies using Rayleigh or Marangoni convection as the ones presented
here. It is remarkable that the physical mechanisms of these phenomena are at the core of the
above presented technologies and what makes them work is the vast results reported since
several decades.

Hopefully, researchers working on interdisciplinary projects could take advantage of the large
amount of reported results on Rayleigh and Marangoni convection.

7. Conclusions

Here, an interesting connection between rheology and thermal hydrodynamics is presented
through some applications. The theoretical approach is linked to an experimental setup by
using dimensionless parameters like the Rayleigh number and the wavenumber. Already
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applications for most humans.
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very few new technologies using Rayleigh or Marangoni convection as the ones presented
here. It is remarkable that the physical mechanisms of these phenomena are at the core of the
above presented technologies and what makes them work is the vast results reported since
several decades.

Hopefully, researchers working on interdisciplinary projects could take advantage of the large
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existent applications are then presented as the result a strong understanding of the physics
involved. It can be concluded that for applications involving viscoelastic fluids rheology is
intrinsically related to the thermal hydrodynamics. This is, pattern formation and heat transfer
cannot be controlled if adequate constitutive model are not used. The rheological behavior of
the fluid is key for these applications since relaxation time actually favors the heat transfer. It
can be also concluded that robust control strategies, on the fluid rheology and heat transfer,
may be needed for some applications as such is the fabrication of corrugated surfaces case. In
this case the solvent is evaporated, so that viscoelasticity and then heat transfer change, which
is not taken into account. Finally, it is shown that further investigation in this branch of
rheology is needed.
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Abstract

Additive manufacturing techniques have recently seen an explosive growth across a 
myriad of fields, partly galvanised by their advantages over traditional fabrication tech-
niques. As with most fabrication processes, maximising efficiency is a requisite, par-
ticularly if commercialisation is sought-after. Understanding how the material behaves 
during additive manufacturing is necessary to accomplishing said task. Accordingly, the 
chapter herein collates examples of where rheology is applicable in polymer-based addi-
tive manufacturing techniques, thereby demonstrating the necessity and utility thereto. 
The main focus herein will be fused deposition modelling and stereolithography additive 
manufacturing techniques, with examples of how both capillary and rotational rheom-
eters can be utilised.

Keywords: additive manufacturing, 3D printing, fused deposition modelling, 
stereolithography, rheology

1. Introduction

Additive manufacturing (AM), also referred to as solid freeform fabrication, rapid proto-
typing and three-dimensional (3D) printing, is ostensibly a transformative manufacturing 
technique that will play a vital role in the next Industrial Revolution. AM entails the fabrica-
tion of 3D structures with both geometrical complexities and spatial resolution beyond the 
capacity of traditional fabrication techniques. The ubiquity of AM, from the automotive and 
aerospace industry, to tissue engineering and drug delivery, unequivocally demonstrates the 
rising appeal of the technology. From a research perspective, AM allows for rapid prototyp-
ing and integration with other technologies, that again, seldom observed in traditional routes. 
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Furthermore, there are several polymeric AM technologies available for purchase by consum-
ers that will allow manufacturing of goods to be achieved at home. However, despite the vast 
progression made, the technology is still in its infancy. Therefore, to make AM an essential 
instrument, further research is needed, including new material formulations.

Rheology is a necessity for all polymer fabrication techniques. The characterisation can deliver 
extensive and reliable material information. The data is subsequently correlated to the process 
to maximise productivity. Rheology will further be a key component as new materials are 
formulated to advance the versatility of AM. In spite of this, rheology remains an underuti-
lised tool. Thus, a chapter into how rheology can be utilised to help maximise AM efficiency 
is warranted. The chapter presents two of the commonly-used AM techniques in the field of 
polymers: fused deposition modelling (FDM) and stereolithography (SLA); and demonstrates 
the necessity of rheology thereto. As detailed herein, both technologies form 3D structures 
through disparate means, and albeit different, rheology is still an indispensable tool for both 
technologies. The chapter will conclude with a brief description of other AM techniques and 
how rheology is still relevant.

2. Fused deposition modelling

Fused deposition modelling (FDM) is one of the most common polymer additive manufac-
turing techniques. FDM is an extension of hot melt extrusion (HME), which is an already 
established technique in the field, whereby thermoplastics are heated to their semi-molten 
state and extruded through a given orifice. However, HME can only be used to fabricate basic 
geometries, whereas FDM utilises a gantry system that allows a nozzle to move and extrude 
the semi-molten polymer in three-dimensions until a 3D print is fabricated.

The similarities between FDM and HME are that both use high heat to achieve a semi-molten 
thermoplastic polymer, and that it is then forced through an orifice1. Hence, high temperature 
rheology and the shearing effect at the orifice, respectively, are of interest to both. Upon exit-
ing the orifice, the thermoplastic is cooled until solidification, which again, is rheologically 
relevant. The rheological events of FDM are delineated in Figure 1.

2.1. Nozzle flow and viscosity

2.1.1. Determining the shear rate from FDM parameters

Knowing the ideal viscosity range can help in predicting whether the new melt formulation is 
extrudable. Said knowledge will prevent time-consuming and costly empirical trials, as well as 
mitigating nozzle blockage and consequently machine downtime. A straightforward approach 
is to compare the viscosity of the new formulation to that of a successfully extruded formula-
tion (e.g. a commercial filament) using a rheometer. A dissimilar viscosity profile may not nec-
essarily equate to an unextrudable melt, provided that they possess comparable viscosity at the 
operating shear rate; hence the shear rate of interest will need to be identified. Unlike HMEs, 

1For HME, the orifice is typically called a die; for FDM it is the nozzle.
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however, most FDMs are not equipped with a transducer, and thus the shear rate will need to 
be determined semi-empirically. This can be achieved by: (i) performing an initial shear-rate 
viscosity measurement of the melt to obtain the power law index; (ii) knowing the speed of 
printing and nozzle diameter; and (iii) applying the rheological equations (Eqs. (1)–(4)).

The apparent shear rate γ̇app of the nozzle can be semi-empirically determined using the fol-
lowing equation [1]:

    𝛄𝛄   ̇    app   =   4Q ___ 𝛑𝛑  r   3     (1)

where Q is the volume flow rate, determined from the exit nozzle radius r and the speed of 
extrusion v (i.e. printing speed) [1]:

  Q = 𝝅𝝅  r   2  v  (2)

For example, a printing speed of 50 mm/s and a nozzle diameter of 0.2 mm equates to a flow 
rate of 6.3 mm3/s and consequently an apparent shear rate of ~1000 s−1. The apparent shear 
rate γ̇app provides a relatable shear rate that is then examined using the rheometer, which is 
typically in the order of 102 to 103 s−1 [2]. Thus, a capillary rheometer is best suited for such 
analysis, as 103 s−1 is above the attainable shear rate performed by a rotational rheometer [3]. 
For the true shear rate γ ̇, the following equation should be used [4–6]:

   𝜸𝜸   ̇  =   𝜸𝜸   ̇   app   (   (3n + 1)  _____ 4n  )   (3)

Figure 1. Schematic of fused deposition modelling. The figure lists the components involved in the fabrication process, 
as well as the rheological facets of interest measurable by rheometers.
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whereby n is the power law index obtained using the power law model from a viscosity-shear 
rate test:

  𝜼𝜼 = k   𝜸𝜸   ̇    n−1   (4)

The best fit2 to the data gives the power law index n, which is a dimensionless value between 
0 and 13. From the above equations, the true shear rate at the nozzle wall can be obtained, and 
therefore, viscosity-shear rate tests can be performed at the relatable shear rate range.

Although a capillary rheometer covers the ideal shear rate found in FDM, and exhibits the same 
flow behaviour to that found within the nozzle (i.e. Poiseuille flow), a rotational rheometer can 
be used if a capillary rheometer is not accessible. A shear rate test can be performed up to the 
instrument’s shear rate limit, and the experimental data can then be fitted with a rheological 
model to predict the viscosity at higher shear rates. Examples of curve fitting models include the 
power law model, Williamson model, Cross model and Carreau-Yasuda model. Note that the 
oscillatory mode extends the shear rate limit of the rotational mode, however, the former pro-
vides the complex viscosity. If the Cox-Merz rule [7] is upheld for the melt formulation, then the 
complex viscosity can be converted into the steady-state viscosity, and subsequently curve fitted.

In addition to the above rotational rheometer analysis, large amplitude oscillatory shear 
(LAOS) measurements can be conducted to investigate the performance of the formulation. 
LOAS is regarded as a more complex analysis, however, it can be more revealing than its 
counterparts: small amplitude oscillatory shear (SAOS) and medium amplitude oscillatory 
shear (MAOS). In the former, the sample measured is subjected to large deformations, which 
is more reflective of the deformation polymers sustain during most polymer processing tech-
niques; and the analysis is more sensitive to polymer architecture and consequently deforma-
tion. LAOS has been used to predict wall slip [8, 9] and polymer morphology, with regards to 
orientation, during extrusion [10]. Such an approach is a subject of interest for the author, and 
is currently under investigation.

2.1.2. Filament buckling

An additional consideration with too high a viscosity is filament buckling. The filament acts 
as the piston that drives the extrusion process. If the filament is not extruded at the desired 
rate it can apply backpressure to the ensuing filament, and in turn causes it to buckle. A criti-
cal stress limit σc exists that the filament can be subjected to, of which above this value the 
filament will buckle, and consequently rendered inadequate. Hence, the critical stress must be 
greater than the pressure P imparted thereupon to drive the extrusion process.

The pressure required to drive the filament through the nozzle needs to be greater than the 
filament critical stress by a factor of 1.1 [11], as depicted in Figure 2.

The factor of 1.1 accounts for the difference between the nozzle and the filament diameter. 
The dependence of pressure on viscosity is given in the following equation for an ideal flow:

2Typically performed by taking the slope from a double-log plot (i.e. log Viscosity vs log Shear Rate).
3Note that since n is between 0 and 1, the true shear rate is greater than the apparent shear rate.

Polymer Rheology46

  P =   
2l𝜼𝜼   𝜸𝜸   ̇   w  

 _____ r    (5)

where l is the length of the tube flown through, r is the filament radius, and γw is the wall 
shear rate. Thus, as the pressure is proportional to viscosity and shear rate, reducing the two 
rheological factors can help mitigate filament buckling; and thereby demonstrating the neces-
sity of rheology once-more.

2.1.3. Further considerations

Prior to extruding, the nozzle is heated to the desired printing temperature, wherein a portion 
of the filament is housed. The filament should exhibit an appreciable yield strength, whereby 
flow is resisted at high temperatures until the designated pressure is applied; and thereby 
preventing ‘premature extrusion’. For this reason, the melt should exhibit shear-thinning 
characteristics at elevated temperatures, whereby the viscosity is high at low shear rates and 
resists, for example, gravity; but decreases with increasing shear rate. Conversely, a melt with 
Newtonian flow characteristics possesses no yield strength, and consequently will prema-
turely extrude, which can result in print failure if not addressed promptly. Therefore, it is 
necessary to perform viscosity-shear rate measurements and confirm whether the new for-
mulation is shear-thinning in order to avoid premature extrusion.

2.2. Extrudate swelling and viscoelasticity

Extrudate swelling is a frequently encountered phenomenon, and of great interest in polymer 
processing. The phenomenon occurs in contemporary processes such as hot melt extrusion 
[12], injection moulding [13] and electrospinning [14], and also reported for fused deposition 
modelling [15]. Extrudate swell, or die swell, occurs when polymers pass through an orifice 
with a smaller diameter. The polymer is constrained with energy that is elastically stored as 
it enters the nozzle, whereafter the energy is released upon exiting the nozzle, leading to a 

Figure 2. Illustration depicting buckling and no buckling conditions.
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whereby n is the power law index obtained using the power law model from a viscosity-shear 
rate test:

  𝜼𝜼 = k   𝜸𝜸   ̇    n−1   (4)
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rate it can apply backpressure to the ensuing filament, and in turn causes it to buckle. A criti-
cal stress limit σc exists that the filament can be subjected to, of which above this value the 
filament will buckle, and consequently rendered inadequate. Hence, the critical stress must be 
greater than the pressure P imparted thereupon to drive the extrusion process.

The pressure required to drive the filament through the nozzle needs to be greater than the 
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The dependence of pressure on viscosity is given in the following equation for an ideal flow:

2Typically performed by taking the slope from a double-log plot (i.e. log Viscosity vs log Shear Rate).
3Note that since n is between 0 and 1, the true shear rate is greater than the apparent shear rate.
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 _____ r    (5)
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resists, for example, gravity; but decreases with increasing shear rate. Conversely, a melt with 
Newtonian flow characteristics possesses no yield strength, and consequently will prema-
turely extrude, which can result in print failure if not addressed promptly. Therefore, it is 
necessary to perform viscosity-shear rate measurements and confirm whether the new for-
mulation is shear-thinning in order to avoid premature extrusion.

2.2. Extrudate swelling and viscoelasticity

Extrudate swelling is a frequently encountered phenomenon, and of great interest in polymer 
processing. The phenomenon occurs in contemporary processes such as hot melt extrusion 
[12], injection moulding [13] and electrospinning [14], and also reported for fused deposition 
modelling [15]. Extrudate swell, or die swell, occurs when polymers pass through an orifice 
with a smaller diameter. The polymer is constrained with energy that is elastically stored as 
it enters the nozzle, whereafter the energy is released upon exiting the nozzle, leading to a 
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Figure 3. Cross-sectional view of the nozzle portraying extrudate swelling. The schematic illustrates that the extrudate 
diameter (Dext) is greater than the diameter of the die (or nozzle) (Ddie) once the melt exits the orifice.

radial expansion of the melt that consequently results in an extrudate diameter greater than 
that of the nozzle (Figure 3). This event is significant to FDM as it affects print resolution 
[16]. In addition, it affects print surface topography, which in the case of tissue engineering 
may influence biological properties. Thus, predicting the degree of extrudate swelling can 
help to avoid undesirable prints. The size of extrudate swelling is positively affected by shear 
rate and pressure, and exhibits a negative correlation to temperature and nozzle length. As 
these are FDM parameters that can be controlled, they can be exploited to minimise extrudate 
swelling once their effects thereto have been elucidated.

A capillary rheometer is the simplest method of predicting the degree of swelling. The mate-
rial is extrudate through a capillary die with a similar configuration to that of the FDM nozzle, 
and the swell ratio B is defined as the ration between extrudate diameter Dext and die diameter 
Ddie [17]:

  B =   
 D  ext   ___  D  die  

    (6)

The swelling phenomenon can also be predicted using a rotational rheometer. Tanner et al. 
demonstrated that the above equation is correlated to both the wall shear stress and zero-
shear viscosity [18]:

    
 D  ext   ___  D  die  

   =   [1 +   
 𝝉𝝉  w  2  

 ___ 2  G  0  2 
  ]    

 1 ⁄ 6 

   (7)
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where τw is the wall shear stress; and G0 = η0/λ, where λ is the relaxation time and η0 is the 
zero-shear viscosity. The zero-shear viscosity can be determined by a rheological mathemati-
cal model (for example the Williamson or Cross Model) following a viscosity-shear rate test. 
In a modified FDM, the wall shear stress was acknowledged to induce swelling, and accord-
ingly a lower extrusion speed was opted for to limit extrudate swell [19]. This corresponded 
with another study that found increasing the extrusion speed increased the filament diameter, 
again due to extrudate swelling, but also due to time-dependent deformation [20]. Similarly, 
a slower hot melt extrusion rate is once-more favoured for fabricating filaments suitable for 
FDM [21], given the latter’s low diameter tolerance.

The relaxation time λ is another rheologically-derived parameter that has been proven to 
correlate well to extrudate swelling. The relaxation time can be obtained through various 
rheological tests, including from a steady shear rate measurement and curve fitting the data to 
the Carreau model; or by performing an oscillatory frequency sweep [22, 23]. The relaxation 
time is directly proportional to the ratio of extrudate swell, therefore, a shorter relaxation time 
is indicative of improved melt stability and of a polymer that is less susceptible to extrudate 
swelling [24–27]. Furthermore, the lower the relaxation time in contrast to the deformation 
time (e.g. time spent deformed in the die or nozzle) then extrudate swelling will be of less 
concern [13].

2.2.1. Analysing extrudate swelling through creep recovery

Creep and creep recovery experiments are two-halves of an experiment. First, a constant 
stress σ0 is applied to the sample and the shear deformation is measured. The stress is then 
removed at t1 and the recovery of the deformation is observed in creep recovery. In an elastic 
material, the strain generated, and the strain recovery is instantaneous to the application and 
removal of the stress, respectively. However, polymeric materials, which display viscoelas-
tic deformation, convey a different response. Under the constant stress, part of the polymer 
strains instantly, whereas another part of the polymer deforms at a slower rate under the 
action of the stress; hence the term ‘creep’. Similarly, in the recovery phase, a part of the mate-
rial recovers instantly, another slowly recovers, and a final part does not recover completely, 
and hence, the polymer remains permanently deformed [28] (Figure 4).

Figure 4. Schematic delineating the possible material responses to a creep test. (t- time; t0- onset of stress; t1 – Endpoint of 
stress; σ - stress; γ- strain; γr recoverable strain).
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Figure 3. Cross-sectional view of the nozzle portraying extrudate swelling. The schematic illustrates that the extrudate 
diameter (Dext) is greater than the diameter of the die (or nozzle) (Ddie) once the melt exits the orifice.

radial expansion of the melt that consequently results in an extrudate diameter greater than 
that of the nozzle (Figure 3). This event is significant to FDM as it affects print resolution 
[16]. In addition, it affects print surface topography, which in the case of tissue engineering 
may influence biological properties. Thus, predicting the degree of extrudate swelling can 
help to avoid undesirable prints. The size of extrudate swelling is positively affected by shear 
rate and pressure, and exhibits a negative correlation to temperature and nozzle length. As 
these are FDM parameters that can be controlled, they can be exploited to minimise extrudate 
swelling once their effects thereto have been elucidated.

A capillary rheometer is the simplest method of predicting the degree of swelling. The mate-
rial is extrudate through a capillary die with a similar configuration to that of the FDM nozzle, 
and the swell ratio B is defined as the ration between extrudate diameter Dext and die diameter 
Ddie [17]:

  B =   
 D  ext   ___  D  die  
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The swelling phenomenon can also be predicted using a rotational rheometer. Tanner et al. 
demonstrated that the above equation is correlated to both the wall shear stress and zero-
shear viscosity [18]:
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where τw is the wall shear stress; and G0 = η0/λ, where λ is the relaxation time and η0 is the 
zero-shear viscosity. The zero-shear viscosity can be determined by a rheological mathemati-
cal model (for example the Williamson or Cross Model) following a viscosity-shear rate test. 
In a modified FDM, the wall shear stress was acknowledged to induce swelling, and accord-
ingly a lower extrusion speed was opted for to limit extrudate swell [19]. This corresponded 
with another study that found increasing the extrusion speed increased the filament diameter, 
again due to extrudate swelling, but also due to time-dependent deformation [20]. Similarly, 
a slower hot melt extrusion rate is once-more favoured for fabricating filaments suitable for 
FDM [21], given the latter’s low diameter tolerance.

The relaxation time λ is another rheologically-derived parameter that has been proven to 
correlate well to extrudate swelling. The relaxation time can be obtained through various 
rheological tests, including from a steady shear rate measurement and curve fitting the data to 
the Carreau model; or by performing an oscillatory frequency sweep [22, 23]. The relaxation 
time is directly proportional to the ratio of extrudate swell, therefore, a shorter relaxation time 
is indicative of improved melt stability and of a polymer that is less susceptible to extrudate 
swelling [24–27]. Furthermore, the lower the relaxation time in contrast to the deformation 
time (e.g. time spent deformed in the die or nozzle) then extrudate swelling will be of less 
concern [13].

2.2.1. Analysing extrudate swelling through creep recovery

Creep and creep recovery experiments are two-halves of an experiment. First, a constant 
stress σ0 is applied to the sample and the shear deformation is measured. The stress is then 
removed at t1 and the recovery of the deformation is observed in creep recovery. In an elastic 
material, the strain generated, and the strain recovery is instantaneous to the application and 
removal of the stress, respectively. However, polymeric materials, which display viscoelas-
tic deformation, convey a different response. Under the constant stress, part of the polymer 
strains instantly, whereas another part of the polymer deforms at a slower rate under the 
action of the stress; hence the term ‘creep’. Similarly, in the recovery phase, a part of the mate-
rial recovers instantly, another slowly recovers, and a final part does not recover completely, 
and hence, the polymer remains permanently deformed [28] (Figure 4).

Figure 4. Schematic delineating the possible material responses to a creep test. (t- time; t0- onset of stress; t1 – Endpoint of 
stress; σ - stress; γ- strain; γr recoverable strain).
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Figure 5. Schematic delineating the stress response to a stress-relaxation test.

In the context of extrudate swelling, a creep and creep recovery experiment is analogous to 
the events that result therein, hence, the test is more closely related to extrudate swell than 
any other test measurable in a standard rheometer [29]. From a qualitative perspective, a 
polymer that displays a larger recovery following removal of the stress will indicate a ten-
dency to exhibit a larger extrudate swelling. Conversely, little or no strain recovery is attrib-
uted to damping of the applied load [30].

For an experimental quantification in predicting extrudate swelling using a creep recovery 
test: typically the recoverable compliance Jr is determined, which is positively correlated 
to extrudate swelling [29, 31, 32]. After the stress is removed, the ratio between recover-
able strain γr as a function of recovery time tr, and stress applied σ0 gives the recoverable 
compliance [33]:

   J  r   ( 𝝈𝝈  0  ,  t  0  ,  t  r  )  =  𝜸𝜸  r   ( 𝝈𝝈  0  ,  t  0  ,  t  r  )  /  𝝈𝝈  0    (8)

2.2.2. Analysing extrudate swelling through stress relaxation

Stress relaxation is another rheological test that can be employed to understand melt visco-
elasticity, and verily the effects of stress relaxation characteristics on extrudate swell have 
been investigated [34–37]. A stress relaxation experiment entails applying a strain to a previ-
ously stress-free material and measuring the stress decay at this fixed strain (Figure 5). This 
test is used to determine whether the stress will dissipate within the processing technique 
time scale. In addition to extrudate swelling, stress relaxation may also help to explain flow 
warpage4 [38], and other flow distortions.

Stress relaxation measurements can be made using step-strain rheology. Here, the molten 
polymer is subjected to an abrupt strain γ at time t0, typically in the order of 20 ms, and the 
stress σ needed to keep this deformation is recorded as a function of time [39] (Figure 5). The 
strain applied should be in the linear-viscoelastic region. The relaxation modulus G can be 
simply determined from this measurement:

4This is referred to as ‘flow warpage’ to differentiate it from ‘drying warpage’, where the former results in warped (i.e. 
bent) extrudates; whereas the latter results in a warped print due to inhomogeneous cooling.
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  G  (t)  = 𝝈𝝈 (t)  / 𝜸𝜸  (9)

Computational studies experimentally determine the relaxation modulus G(t) to obtain 
the damping function [40–42] for their numerical swell predictions. The damping function 
has been found to correspond well with swell results empirically determined by a capil-
lary rheometer [34, 43]. Transferring these computational studies, from extrusion dies to 
FDM nozzles, will indeed enhance FDM productivity. Additionally, determining damp-
ing behaviour of polymers is of general interest as it provides insight into the molecular 
structure thereof [44, 45]; which is not only helpful in understanding polymer behaviour 
under deformation, and thereby relevant to many fabrication techniques, but also can help 
in understanding, for example, polymer disintegration in a solvent medium. Therefore, 
rheological analysis delivers information that will be of interest beyond the FDM process-
ing stage.

2.3. Filament deposition: layer bonding and cooling

The final stage of the FDM process is the layer-by-layer deposition of the filament. In this 
stage, the first layer is deposited and adheres onto the build platform. Subsequent layers 
are deposited thereupon, whereby adjacent layers adhere together until the 3D print is com-
pleted. The bonding quality determines the final properties of the 3D print; for example, 
poorly adhered layers exhibit weak mechanical properties. The layer bonding is referred to 
as sintering, which in polymers is driven by viscous sintering. Hence, viscosity plays another 
key role at this stage. There are numerical models used for predicting filament coalescence 
between two layers using viscosity measurements [46, 47], however, depending on the mate-
rial used or printing parameters, the theoretical model may underestimate the neck growth 
achieved between adjacent models [48] (Figure 6).

Most FDM printers have the option of controlling the temperature of the build platform. 
Ideally, the temperature should be high enough to ensure that viscous sintering can be 
achieved, and thereby adhesion. Below a critical sintering temperature sintering is negligible 
[46]. Equally, the build plate temperature should also ensure that the material possesses suf-
ficient strength to maintain its structural integrity, particularly as layers are deposited above. 
Thus, a dynamic cooling ramp, via a rotational rheometer, can be utilised to examine the 
cooling evolution of the newly formulated material, and compared to that of an already suc-
cessfully printed melt. Such a test can be incorporated to directly follow either a steady- or 
dynamic-shear test to determine whether shearing influences the solidification process, due 
to polymer chain dis-entanglement.

Finally, as adherence plays a vital role in FDM, and the printing parameters can affect poly-
mer adhesive properties [49], this presents a potential to perform a tack test. Although not 
strictly rheology, a tack test allows one to determine the tack, or ‘stickiness’, properties of a 
material, which can be performed at elevated temperatures on some rotational rheometers. 
Information such as pull-off force, and mode of failure (i.e. cohesive failure, adhesive failure, 
or both) can be obtained. Furthermore, a tack test can be preceded by a shearing test, where 
the effects of shearing on tack properties can be measured [50].
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Figure 5. Schematic delineating the stress response to a stress-relaxation test.

In the context of extrudate swelling, a creep and creep recovery experiment is analogous to 
the events that result therein, hence, the test is more closely related to extrudate swell than 
any other test measurable in a standard rheometer [29]. From a qualitative perspective, a 
polymer that displays a larger recovery following removal of the stress will indicate a ten-
dency to exhibit a larger extrudate swelling. Conversely, little or no strain recovery is attrib-
uted to damping of the applied load [30].

For an experimental quantification in predicting extrudate swelling using a creep recovery 
test: typically the recoverable compliance Jr is determined, which is positively correlated 
to extrudate swelling [29, 31, 32]. After the stress is removed, the ratio between recover-
able strain γr as a function of recovery time tr, and stress applied σ0 gives the recoverable 
compliance [33]:
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2.2.2. Analysing extrudate swelling through stress relaxation

Stress relaxation is another rheological test that can be employed to understand melt visco-
elasticity, and verily the effects of stress relaxation characteristics on extrudate swell have 
been investigated [34–37]. A stress relaxation experiment entails applying a strain to a previ-
ously stress-free material and measuring the stress decay at this fixed strain (Figure 5). This 
test is used to determine whether the stress will dissipate within the processing technique 
time scale. In addition to extrudate swelling, stress relaxation may also help to explain flow 
warpage4 [38], and other flow distortions.

Stress relaxation measurements can be made using step-strain rheology. Here, the molten 
polymer is subjected to an abrupt strain γ at time t0, typically in the order of 20 ms, and the 
stress σ needed to keep this deformation is recorded as a function of time [39] (Figure 5). The 
strain applied should be in the linear-viscoelastic region. The relaxation modulus G can be 
simply determined from this measurement:

4This is referred to as ‘flow warpage’ to differentiate it from ‘drying warpage’, where the former results in warped (i.e. 
bent) extrudates; whereas the latter results in a warped print due to inhomogeneous cooling.
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Computational studies experimentally determine the relaxation modulus G(t) to obtain 
the damping function [40–42] for their numerical swell predictions. The damping function 
has been found to correspond well with swell results empirically determined by a capil-
lary rheometer [34, 43]. Transferring these computational studies, from extrusion dies to 
FDM nozzles, will indeed enhance FDM productivity. Additionally, determining damp-
ing behaviour of polymers is of general interest as it provides insight into the molecular 
structure thereof [44, 45]; which is not only helpful in understanding polymer behaviour 
under deformation, and thereby relevant to many fabrication techniques, but also can help 
in understanding, for example, polymer disintegration in a solvent medium. Therefore, 
rheological analysis delivers information that will be of interest beyond the FDM process-
ing stage.

2.3. Filament deposition: layer bonding and cooling

The final stage of the FDM process is the layer-by-layer deposition of the filament. In this 
stage, the first layer is deposited and adheres onto the build platform. Subsequent layers 
are deposited thereupon, whereby adjacent layers adhere together until the 3D print is com-
pleted. The bonding quality determines the final properties of the 3D print; for example, 
poorly adhered layers exhibit weak mechanical properties. The layer bonding is referred to 
as sintering, which in polymers is driven by viscous sintering. Hence, viscosity plays another 
key role at this stage. There are numerical models used for predicting filament coalescence 
between two layers using viscosity measurements [46, 47], however, depending on the mate-
rial used or printing parameters, the theoretical model may underestimate the neck growth 
achieved between adjacent models [48] (Figure 6).

Most FDM printers have the option of controlling the temperature of the build platform. 
Ideally, the temperature should be high enough to ensure that viscous sintering can be 
achieved, and thereby adhesion. Below a critical sintering temperature sintering is negligible 
[46]. Equally, the build plate temperature should also ensure that the material possesses suf-
ficient strength to maintain its structural integrity, particularly as layers are deposited above. 
Thus, a dynamic cooling ramp, via a rotational rheometer, can be utilised to examine the 
cooling evolution of the newly formulated material, and compared to that of an already suc-
cessfully printed melt. Such a test can be incorporated to directly follow either a steady- or 
dynamic-shear test to determine whether shearing influences the solidification process, due 
to polymer chain dis-entanglement.

Finally, as adherence plays a vital role in FDM, and the printing parameters can affect poly-
mer adhesive properties [49], this presents a potential to perform a tack test. Although not 
strictly rheology, a tack test allows one to determine the tack, or ‘stickiness’, properties of a 
material, which can be performed at elevated temperatures on some rotational rheometers. 
Information such as pull-off force, and mode of failure (i.e. cohesive failure, adhesive failure, 
or both) can be obtained. Furthermore, a tack test can be preceded by a shearing test, where 
the effects of shearing on tack properties can be measured [50].
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3. Stereolithography

Stereolithography (SLA) is a widely used additive manufacturing technique in the field of 
polymers, as well as ceramics (Figure 7). Here, a monomer resin is polymerised by a laser, 
layer-by-layer, until a 3D print is fabricated. Hence it differs from fused deposition model-
ling and other additive manufacturing techniques as it does not involve the use of a nozzle. 
Such light-curable resins are referred to as photopolymers. In its simplest form, the resin 
will include the photopolymer and a photoinitiator: the compounds needed to initiate cross-
linking of the monomers. However, other additives can be incorporated to modify the proper-
ties, such as modifying the mechanical properties of the final product, or the viscosity of the 
pre-cured resin [51]. Additionally, the resin is a suitable binder for fashioning metal, ceramic 
and glass materials; and in conjunction with the spatial resolution obtainable, makes SLA an 
attractive technique for fabricating complex three-dimensional structures.

SLA has been used in the field of structural, tissue engineering, electronics and pneumati-
cally-actuated soft robots [52, 53], and ergo, demonstrating its wide applicability. There are 
many advantages to this technique over FDM, including printing can be achieved without 
high temperatures, higher spatial resolution, and nozzle clogging is not of concern. SLA is 
predominantly Couette flow, thus only rotational rheometry is pertinent here. Furthermore, 
the dynamic aspect of rotational rheometers can be used for photorheology, which will be 
described in Section 3.2.

3.1. Viscosity measurements

In comparison to FDM, both the operating viscosity and shear rates are considerably smaller. 
The viscosity of the photopolymer should be under 5 Pa.s at 30 s−1 [54, 55], which ensures that 
the photopolymer is free-flowing, and capable of forming a new layer (i.e. recoating) ready 
for polymerisation. However, this value depends on the SLA printer, as others require, for 
example, a viscosity below 10 Pa.s at 100 s−1 [56]. This will ultimately depend on the settings 
of the SLA printer, but nonetheless, one should consider the maximum operable viscosity 
prior to printing.

Figure 6. Schematic depicting the evolution of neck size during polymer sintering. The larger the sintering neck size 
formed the better the adhesion between adjacent layers.
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The viscosity measurement is achieved by performing a steady-shear rate test on the resin free 
from curable light source(s). The test can be performed at the SLA’s functioning shear rate, 
whether it be 30 s−1, 100 s−1 or any other value, and ensuring the viscosity is below the effec-
tive threshold5; but the test is more commonly performed at a wider shear rate range as more 
information can be attained. Alternatively, a repeated cycle of LAOS and SAOS can be used; 
whereby LAOS for reflecting the deformation imparted during the submergence and with-
drawal (Figure 8); and SAOS to investigate the viscoelastic recovery [57]. At the initial posi-
tion during SLA printing, the build platform is lowered until submersion thereof is achieved. 
The platform is thereafter withdrawn, before being submerged again. During withdrawal, 
the resin should possess a low viscosity to attain complete recoating. Otherwise, a resin with 
high viscosity, the platform will be lowered with an incomplete recoating. A repeated cycle of 
LAOS and SAOS can be informative as to whether the structure can recover following defor-
mation by the submersion of the build platform.

Measuring the viscosity over a range of shear rates rather than at a single point would be of par-
ticular interest to those formulating a UV-curable suspension, as parameters such as degree of 
shear-thinning and yield stress are of importance. The yield stress is correlated to the stability 

5If working with a commercial printer whose supplier produces their own photopolymer resin, then one can measure the 
viscosity thereof, and attempt to closely match it.

Figure 7. Representative schematic of a stereolithography printer. The figure includes the components that comprise the 
printer, and the rheological facet of interest.
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3. Stereolithography

Stereolithography (SLA) is a widely used additive manufacturing technique in the field of 
polymers, as well as ceramics (Figure 7). Here, a monomer resin is polymerised by a laser, 
layer-by-layer, until a 3D print is fabricated. Hence it differs from fused deposition model-
ling and other additive manufacturing techniques as it does not involve the use of a nozzle. 
Such light-curable resins are referred to as photopolymers. In its simplest form, the resin 
will include the photopolymer and a photoinitiator: the compounds needed to initiate cross-
linking of the monomers. However, other additives can be incorporated to modify the proper-
ties, such as modifying the mechanical properties of the final product, or the viscosity of the 
pre-cured resin [51]. Additionally, the resin is a suitable binder for fashioning metal, ceramic 
and glass materials; and in conjunction with the spatial resolution obtainable, makes SLA an 
attractive technique for fabricating complex three-dimensional structures.

SLA has been used in the field of structural, tissue engineering, electronics and pneumati-
cally-actuated soft robots [52, 53], and ergo, demonstrating its wide applicability. There are 
many advantages to this technique over FDM, including printing can be achieved without 
high temperatures, higher spatial resolution, and nozzle clogging is not of concern. SLA is 
predominantly Couette flow, thus only rotational rheometry is pertinent here. Furthermore, 
the dynamic aspect of rotational rheometers can be used for photorheology, which will be 
described in Section 3.2.

3.1. Viscosity measurements

In comparison to FDM, both the operating viscosity and shear rates are considerably smaller. 
The viscosity of the photopolymer should be under 5 Pa.s at 30 s−1 [54, 55], which ensures that 
the photopolymer is free-flowing, and capable of forming a new layer (i.e. recoating) ready 
for polymerisation. However, this value depends on the SLA printer, as others require, for 
example, a viscosity below 10 Pa.s at 100 s−1 [56]. This will ultimately depend on the settings 
of the SLA printer, but nonetheless, one should consider the maximum operable viscosity 
prior to printing.

Figure 6. Schematic depicting the evolution of neck size during polymer sintering. The larger the sintering neck size 
formed the better the adhesion between adjacent layers.
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The viscosity measurement is achieved by performing a steady-shear rate test on the resin free 
from curable light source(s). The test can be performed at the SLA’s functioning shear rate, 
whether it be 30 s−1, 100 s−1 or any other value, and ensuring the viscosity is below the effec-
tive threshold5; but the test is more commonly performed at a wider shear rate range as more 
information can be attained. Alternatively, a repeated cycle of LAOS and SAOS can be used; 
whereby LAOS for reflecting the deformation imparted during the submergence and with-
drawal (Figure 8); and SAOS to investigate the viscoelastic recovery [57]. At the initial posi-
tion during SLA printing, the build platform is lowered until submersion thereof is achieved. 
The platform is thereafter withdrawn, before being submerged again. During withdrawal, 
the resin should possess a low viscosity to attain complete recoating. Otherwise, a resin with 
high viscosity, the platform will be lowered with an incomplete recoating. A repeated cycle of 
LAOS and SAOS can be informative as to whether the structure can recover following defor-
mation by the submersion of the build platform.

Measuring the viscosity over a range of shear rates rather than at a single point would be of par-
ticular interest to those formulating a UV-curable suspension, as parameters such as degree of 
shear-thinning and yield stress are of importance. The yield stress is correlated to the stability 

5If working with a commercial printer whose supplier produces their own photopolymer resin, then one can measure the 
viscosity thereof, and attempt to closely match it.

Figure 7. Representative schematic of a stereolithography printer. The figure includes the components that comprise the 
printer, and the rheological facet of interest.
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of the suspension, which would provide insight into the stability of the suspension over time, 
and the tendency of the particles to sediment. Particle sedimentation is indeed undesirable as 
it results in an inhomogeneous print. Other rheological analysis performed to elucidate the 
degree of sedimentation in suspensions include determining the tan δ from oscillatory tests, 
creep-recovery tests and stress relaxation tests [58]. Note that if suspensions are to be measured 
using a rotational rheometer, then one has to use a plate-plate geometry configuration as a 
cone-plate configuration is susceptible to erroneous measurement due to the particles.

If a UV-curable emulsion has been formulated, and syneresis (i.e. phase separation between 
the two solvents) is of concern, then a frequency sweep is advisable. Using this test, a storage 
modulus G’ of comparable magnitude, or superior, to the loss modulus G”, at the low fre-
quency (i.e. longer periods) suggests the emulsion is less likely to exhibit syneresis. In other 
words, a high tan δ indicates a higher tendency to exhibit syneresis [59].

A minimum viscosity limit on the other hand appears to be less discussed, as this is less prob-
lematic for most researchers. One author inferred a minimum of 2 Pa.s [55], albeit successful 
SLA prints were achieved with a viscosity between 0.1 and 1 Pa.s [53, 60].

The low viscosities make SLA desirable as a binder for powder metallurgy, as more of the 
inorganic powder can be suspended therein. Both metal and ceramic structures have been 
fabricated using SLA, wherein the inorganic particles are suspended therein; cured into the 
desirable 3D structure, and subsequently thermally de-bound, leaving behind only the inor-
ganic material [61] elbadawi et al. The material is then sintered to achieve permanence. To 
achieve a green body that is mechanically sound, at least 40 vol% solids loading is needed, 
and as expected, this produces a substantial increase in viscosity, above the operating range. 
However, through the incorporation of dispersants and diluents, the viscosity can be lowered, 
and hence rheological analysis is key to identifying the minimum dispersant concentration 
needed to produce a suitable resin.

If working with a photopolymer resin that is not liquid at room temperature, then a viscos-
ity test of importance will be to perform a temperature ramp. Elomaa et al. (2011) opted to 

Figure 8. Illustration depicting SLA sequence of events.
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formulate a solvent-free photopolymer comprising of polycaprolactone, in which heating was 
needed to achieve the operable viscosity [62]. If such an approach is pursued, then performing 
a temperature ramp will help to identify the minimum temperature without needing to use 
an unnecessarily high value.

3.2. Photorheology: dynamic mechanical analysis

Aside from viscosity measurement, a rheometer is an indispensable tool for SLA as it can 
be used to measure the cross-linking characteristic of the resin. As mentioned, the monomer 
transforms from a liquid to a solid upon UV contact, which can be measured by a rotational 
rheometer. The transition from resin to solid manifest itself in a tremendous increase to 
both the storage and loss modulus, with values such as a curing time and material stiffness 
extracted. This entails the use of an oscillatory time ramp, whereby both the storage and 
loss modulus are recorded over time (Figure 9). The test is allowed to run until a baseline 
value for the resin is obtained, whereafter a UV source is activated, and the solidification 
behaviour is observed. Both the time to achieving solidification and the shear modulus of 
the solid can be quantified. The former is necessary to predict the scanning speed of the UV 
laser needed to achieve a solid structure; whereas the latter provides a strong correlation to 
the mechanical properties of the 3D print, namely Young’s Modulus [63]. Such a test saves 
both time and cost.

Figure 9. Representative dynamic mechanical analysis curve for measuring the crosslinking characteristics of a 
UV-curable formulation.
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behaviour is observed. Both the time to achieving solidification and the shear modulus of 
the solid can be quantified. The former is necessary to predict the scanning speed of the UV 
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Figure 10. Schematic illustrating the events occurring when measuring shrinkage due to UV-curing. (a) at first the 
rheometer plate establishes a baseline by applying a prescribed axial force (0.1 N). As the sample is cured it shrinks (b) 
causing a decrease in the force, and subsequently the rheometer moves axially until the prescribed force is re-established 
(c). Such movements allow the simultaneous measurement of the gap decrease(Δh).

The shrinkage of the material can also be measured by exploiting the rheometer’s6 axial 
movement, and the upper plate geometry can be adjusted to move in-line with the shrinkage 
that occurs with cross-linking. As Figure 10 demonstrates, a minimum compressive force is 

6For Example TA Instruments Discovery Hybrid Series rheometers, which can measure both tensile and compressive 
forces up to 50 N.
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applied to the sample during oscillatory measurements, which if not registered will cause the 
upper plate to move until the compressive force is re-established. Therefore, in addition to 
measuring the crosslinking properties of the photopolymers, a rotational rheometer can be 
incorporated to offer insight into the material’s shrinkage characteristics.

4. Other techniques

Given the success and ubiquity of FDM, similar extrusion-based additive manufacturing 
techniques exists. Examples include bioprinters, where hydrogels and cells are extruded; 
robocasting, where a ceramic, metallic, or glass powder enveloped by a polymeric binder 
is extruded; and inkjet printing, where polymeric inks are ejected. Said techniques differ to 
FDM with respect to their printing conditions. For example, bioprinters and robocasting can 
be performed at room temperature, and hence high-temperature rheology is of less interest. 
Another example is the solidification process post-extrusion: where FDM relies in cooling 
for the material post-extrusion to maintain its structural integrity, cold-extrusion techniques 
require shear-thinning materials that can rapidly restore their structural integrity following 
shearing [63]. Moreover, each of the aforementioned techniques have their unique desirable 
rheological properties, with respect to viscosity ranges, flow characteristics and dynamic 
mechanical properties. These are just a few of the common extrusion-based AM techniques, 
and as the field progresses, alternative derivatives are anticipated. Hence, the desirable rheo-
logical properties will evolve accordingly, and it is for this reason, that rheology will need to 
be a habitual characterisation technique in polymer AM fabrication.

A brief mention of selective laser sintering (SLS) is merited. Distinctly different from other 
techniques, SLS utilises a laser to sinter adjacent polymer powders laterally, such as nylon, 
and subsequently layer-by-layer to fashion a 3D print. After each layer is fully sintered, a new 
powder layer is deposited, prior to sintering. The ability of the powder to flow, as well as its 
packing performance and distribution behaviour, are of interest; and where powder rheology 
can be employed for elucidation thereof. Measurements performed using a powder rheometer 
include powder flow, particle-particle interaction during flow, compressibility, and adhesiv-
ity. Furthermore, the sintering behaviour discussed in Section 2.3 are applicable herein. Thus, 
despite SLS possessing a dissimilar mode of operation, rheology is still a relevant technique.

5. Concluding remarks

The chapter has demonstrated the necessity and utility of rheological characterisation tech-
niques for polymer-based additive manufacturing, irrespective of the technique. For fused 
deposition modelling, rheologically characterisation are performed to obtain the true shear 
rate at the nozzle wall, the ideal viscosity for material flow, the critical buckling stress, extru-
date swelling and sintering characteristics. For stereolithography, a contrasting AM technique, 
rheology is a requisite for ensuring the resin possesses the ideal viscosity, as well as attaining 
information regarding the curing characteristics and mechanical properties of the cured resin.
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incorporated to offer insight into the material’s shrinkage characteristics.
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techniques exists. Examples include bioprinters, where hydrogels and cells are extruded; 
robocasting, where a ceramic, metallic, or glass powder enveloped by a polymeric binder 
is extruded; and inkjet printing, where polymeric inks are ejected. Said techniques differ to 
FDM with respect to their printing conditions. For example, bioprinters and robocasting can 
be performed at room temperature, and hence high-temperature rheology is of less interest. 
Another example is the solidification process post-extrusion: where FDM relies in cooling 
for the material post-extrusion to maintain its structural integrity, cold-extrusion techniques 
require shear-thinning materials that can rapidly restore their structural integrity following 
shearing [63]. Moreover, each of the aforementioned techniques have their unique desirable 
rheological properties, with respect to viscosity ranges, flow characteristics and dynamic 
mechanical properties. These are just a few of the common extrusion-based AM techniques, 
and as the field progresses, alternative derivatives are anticipated. Hence, the desirable rheo-
logical properties will evolve accordingly, and it is for this reason, that rheology will need to 
be a habitual characterisation technique in polymer AM fabrication.

A brief mention of selective laser sintering (SLS) is merited. Distinctly different from other 
techniques, SLS utilises a laser to sinter adjacent polymer powders laterally, such as nylon, 
and subsequently layer-by-layer to fashion a 3D print. After each layer is fully sintered, a new 
powder layer is deposited, prior to sintering. The ability of the powder to flow, as well as its 
packing performance and distribution behaviour, are of interest; and where powder rheology 
can be employed for elucidation thereof. Measurements performed using a powder rheometer 
include powder flow, particle-particle interaction during flow, compressibility, and adhesiv-
ity. Furthermore, the sintering behaviour discussed in Section 2.3 are applicable herein. Thus, 
despite SLS possessing a dissimilar mode of operation, rheology is still a relevant technique.

5. Concluding remarks

The chapter has demonstrated the necessity and utility of rheological characterisation tech-
niques for polymer-based additive manufacturing, irrespective of the technique. For fused 
deposition modelling, rheologically characterisation are performed to obtain the true shear 
rate at the nozzle wall, the ideal viscosity for material flow, the critical buckling stress, extru-
date swelling and sintering characteristics. For stereolithography, a contrasting AM technique, 
rheology is a requisite for ensuring the resin possesses the ideal viscosity, as well as attaining 
information regarding the curing characteristics and mechanical properties of the cured resin.
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Abstract

In this study, the settling of small particles in a non-Newtonian fluid medium is consid-
ered. The simulation of this problem according to the fluid mechanics principles may be
realized by the flow of a non-Newtonian fluid around a sphere falling along the centerline
of a cylindrical tube. The knowledge of the rate of settling of particles in practice is
particularly significant in determining the shelf life of materials such as foodstuffs,
cleaning materials and many others. Thus, this problem has great importance in many
natural and physical processes and in a large number of industrial applications such as
chemical, genetic and biomedical engineering operations. The majority of the theoretical,
experimental and numerical studies available in the literature deal with Newtonian fluids.
Conversely, for non-Newtonian fluids the problem is considerably more complex. It is
well-recognized that extensional behaviour in non-Newtonian fluids plays a major role in
complex flows. Most non-Newtonian fluids such as polymeric solutions and melts exhibit
shear-thinning behaviour. In this study it is aimed to determine the equations governing
this process and some important conclusions about the properties of polymeric liquids
related to their viscoelastic constitution are drawn. Effectively, it is found that for poly-
meric liquids, the elastic behaviour characterized by the normal stress coefficients, implies
relatively increased normal stresses with respect to the generalized Newtonian fluids,
whereas the shear stresses tend to decrease, thus changing somewhat the category of the
flow from shear-flow into extensional flow in a small rate. Hence, the viscoelastic property
of the polymeric liquids must be stressed by their constitutive equation choice, which led
us to the CEF model.

Keywords: non-Newtonian fluids, CEF equation, shear strain-rate, particle settling, FEM,
optimization, optimization techniques, elastic behaviour
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realized by the flow of a non-Newtonian fluid around a sphere falling along the centerline
of a cylindrical tube. The knowledge of the rate of settling of particles in practice is
particularly significant in determining the shelf life of materials such as foodstuffs,
cleaning materials and many others. Thus, this problem has great importance in many
natural and physical processes and in a large number of industrial applications such as
chemical, genetic and biomedical engineering operations. The majority of the theoretical,
experimental and numerical studies available in the literature deal with Newtonian fluids.
Conversely, for non-Newtonian fluids the problem is considerably more complex. It is
well-recognized that extensional behaviour in non-Newtonian fluids plays a major role in
complex flows. Most non-Newtonian fluids such as polymeric solutions and melts exhibit
shear-thinning behaviour. In this study it is aimed to determine the equations governing
this process and some important conclusions about the properties of polymeric liquids
related to their viscoelastic constitution are drawn. Effectively, it is found that for poly-
meric liquids, the elastic behaviour characterized by the normal stress coefficients, implies
relatively increased normal stresses with respect to the generalized Newtonian fluids,
whereas the shear stresses tend to decrease, thus changing somewhat the category of the
flow from shear-flow into extensional flow in a small rate. Hence, the viscoelastic property
of the polymeric liquids must be stressed by their constitutive equation choice, which led
us to the CEF model.
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1. Introduction

As an example to the application of Criminale-Ericksen-Filbey (CEF) fluid, we can consider the
settling of small particles in a non-Newtonian fluid medium. The geometry of the problem:
schematic diagram of a sphere falling through a fluid in a cylinder is shown in (Figure 1). Due
to axisymmetry the problem can be considered as 2-D.

This problem has great importance in a large number of industrial applications. Because these
materials are rather polymeric and consequently viscoelastic, it is obligatory to include the
elastic behaviour in the analysis. The notations are the usual ones.

The quantities of interest are the stresses: we must consider the effects of the normal stress in
addition to those of the shear stresses and to use a constitutive equation which includes normal
stress coefficients, υ1 and υ2 as well as viscosity coefficient η, while taking into account their
shear-thinning variation [1–3].

1.1. The non-Newtonian fluid chosen

Many constitutive equations developed from the continuum mechanics or microstructural
viewpoints, are used to describe the behaviour of non-Newtonian fluids. Among them the
second-order Rivlin-Ericksen model is generally preferred because it describes the real behav-
iour of the fluids with sufficient accuracy and also because its application is not very

Figure 1. Schematic diagram of a sphere falling through a fluid in a cylinder.
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cumbersome. On the other hand, the material coefficients used being constant, it is not in good
agreement with experimental results in case the shear strain-rate is not very small. The CEF
constitutive equation removes this draw-back by taking these coefficients variable and depen-
dent of the shear strain-rate. That is why this model is used in the study of the settling of small
particles in a non-Newtonian fluid medium.

1.1.1. The CEF equation

The constitutive equation of the CEF fluid is:

τ ¼ –p I þ η A1 þ υ1 þ υ2ð Þ A1
2–

1
2
υ1 A2 (1)

The merit of CEF constitutive equation is that it stresses the dependence of the viscosity
coefficient on shear strain-rate, that is, it takes into account the shear thinning (or shear-
thickening) effects, and those of normal stresses which are also dependent on the shear strain-
rate. In steady-state shear flow an extremely wide class of viscoelastic constitutive equations
simplifies to CEF equation. The first term of the CEF equation for τ is just η _γð Þ _γ; the other two
terms, containing υ1 and υ2, describe the elastic effects associated with the normal stresses [4].

The Rivlin-Ericksen tensors involved in the CEF equation are [5]:

A1 ¼ 2d ¼ ∇V þ ∇VT

A1
2 ¼ 4d2 (2)

A2 ¼ ∇aþ ∇aT þ 2 ∇V ∇VT

The first invariant of d is null

Id ¼ 0 (3)

The shear strain-rate in term of the second invariant IId is [6]

_γ ¼ 2
ffiffiffiffiffiffi
IId

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
trA2

1

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
trA2

r
(4)

The velocity gradients of A1, A
2
1, A2 appearing in Eq. (1) are given in extenso.

1.1.1.1. Material functions in steady-state shear flows

At high shear rates, the viscosity of most polymeric liquids decreases with increasing shear
rate (Figure 2). For many engineering applications this is the most important property of
polymeric fluids.

An especially useful form has been described by Carreau [4] for the viscosity coefficient
(n = 0.364).
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η ¼ η0 1þ 32:32 � tr � A2
1

� ��0:318
(5)

The normal stress coefficients may be handled as below:

If η = ηo and υ1 = υ10 for _γ = 0, according to λ _γ Weissenberg number, η/ηo and N1
_γ2υ10

¼ υ1
υ10

curves

may be displayed as in the Figure 3 [7]. Elastic effects are observable in a steady simple-shear
flow through normal stress effects. This is demonstrated in Figure 4 [8].

Treating the curve in the Figure 4 by the least square method, the formula below can be found
for the first normal stress coefficient υ1:

υ1

η
≈ 10 �0:169 log10 _γð Þ2�0:76log10 _γ�0:821

� �
(6)

Figure 2. Shear-thinning in a typical non-Newtonian fluid.

Figure 3. Non-linear results.
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The most important points to note about υ2 are that its magnitude is much smaller than υ1,
usually about 10–20% of υ1, and that it is negative [4].

Hence, we shall take

υ2 ¼ –0:15υ1 (7)

Consequently

υ1 þ υ2 ¼ 0:85υ1 (8)

The choice of Carreau formula is justified by the behaviour similarity of inelastic and viscoelastic
fluids concerning the viscosity, and that of the formula about the normal stress coefficients by the
fact that the particle settling problem has characteristics close to dilute suspensions.

2. An example to CEF fluid application

As an example to the application of the CEF fluid, we can consider the settling of small
particles in a non-Newtonian fluid medium. The simulation of this problem according to the
fluid mechanics principles may be realized by the flow of a non-Newtonian fluid around a
sphere falling along the centerline of a cylindrical tube [9–14].

The knowledge of the rate of settling of particles in practice is particularly significant in
determining the shelf life of materials such as foodstuffs, cleaning materials and many others.
Also, in oil and gas drilling it is important to understand the distribution of loose material,
removed by the drill bit and carried to the surface by the drilling mud. Thus, this problem has
great importance in many natural and physical processes and in a large number of industrial
applications such as chemical, genetic and biomedical engineering operations. The cylindrical
tube is considered as stationary. Thedrag coefficientmust be calculated. The equationsdetermining

Figure 4. The relaxation time (defined as N1
τ _γ ¼ υ1

η ) is plotted against the shear-rate.
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the motion of a sphere in an incompressible fluid under isothermal conditions will be given for a
non-Newtonian viscous fluid exhibiting shear-thinning and using cylindrical coordinates [15]. As
this study is the simulation of the slow motion of small particles, we can suppose the flow irrota-
tional. Furthermore, due to thedata of the consideredproblem, themotionmaybe assumed steady,
axisymmetric and the fluid incompressible. The global cylindrical coordinate system (r, θ, z) is
shown in Figure 1, cited firstly in the introduction section showing schematic diagram of the
problem studied. The local area coordinates are L1, L2, and L3.

Due to the lack of analytical solutions, one will have to resort to numerical methods. The finite
element method (FEM) will be used for this purpose.

2.1. Governing equations

Continuity equation

∇:V ¼ ∂vr
∂r

þ ∂vz
∂z

þ vr
r
¼ 0 (9)

Motion equations

r
DV
Dt

¼ ∇:τ (10)

They have two projections in the axisymmetric problem considered. Hence, there are overall
three equations. Unknowns are vr, vz, p. Supposing a creeping flow, the left-hand side may be
taken null, and the motion equations reduce to

∇:τ ¼ 0 (11)

According to the assumptions of steady, axisymmetric, incompressible and irrotational flow
properties above mentioned, we can write

∂
∂t

¼ 0
∂
∂θ

¼ 0 ∇. V ¼ 0 νθ ¼ 0 (12)

2.2. Nondimensionalization

Nondimensional variables and scales are introduced as

r∗ ¼ r
a

z∗ ¼ z
a

vr∗ ¼ vr
Vs

vθ∗ ¼ vθ
Vs

vz∗ ¼ vz
Vs

p∗ ¼ p
a

Vsηo
t∗ ¼¼ t

ηo
a2r

η∗ ¼ η
ηo

υ1∗ ¼ υ1
υ10

υ2∗ ¼ υ2
υ20

D∗ ¼ D
η0aVs

A1ð Þ∗ ¼ A1ð Þ a
Vs

A2
1

� �∗ ¼ A2
1

� � a
Vs

� �2

A2ð Þ∗ ¼ A2ð Þ a
Vs

� �2

ψ∗ ¼ ψ
a2Vs

(13)

For brevity * notation will be elected by implication.
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2.3. Explicit expressions of the dimensionless governing equations

Continuity equation

∂vr
∂r

þ ∂vz
∂z

þ vr
r
¼ 0 (14)

Projection of the motion equation on the r axis

� ∂p
∂r

þ ∂η
∂r

A1ð Þrr þ
∂η
∂z

A1ð Þzr þ η
∂ A1ð Þrr

∂r
þ ∂ A1ð Þzr

∂z
þ A1ð Þrr � A1ð Þθθ

r

� �
þ

þ0:85K
∂υ1
∂r

A2
1

� �
rr þ

∂υ1
∂z

A2
1

� �
zr þ υ1

∂ A2
1

� �
rr

∂r
þ ∂ A2

1

� �
zr

∂z
þ A2

1

� �
rr � A2

1

� �
θθ

r

" #( )
�

(15)

� 1
2
K

∂υ1
∂r

A2ð Þrr þ
∂υ1
∂z

A2ð Þzr þ υ1
∂ A2ð Þrr

∂r
þ ∂ A2ð Þzr

∂z
þ A2ð Þrr � A2ð Þθθ

r

� �� �
¼ 0

Projection of the motion equation on the z axis

� ∂p
∂z

þ ∂η
∂r

A1ð Þrz þ
∂η
∂z

A1ð Þzz þ η
∂ A1ð Þrz

∂r
þ ∂ A1ð Þzz

∂z
þ A1ð Þrz

r

� �
þ

þ0:85K
∂υ1
∂r

A2
1

� �
rz þ

∂υ1
∂z

A2
1

� �
zz þ υ1

∂ A2
1

� �
rz

∂r
þ ∂ A2

1

� �
zz

∂z
þ A2

1

� �
rz

r

" #( )
�

(16)

� 1
2
K

∂υ1
∂r

A2ð Þrz þ
∂υ1
∂z

A2ð Þzz þ υ1
∂ A2ð Þrz

∂r
þ ∂ A2ð Þzz

∂z
þ A2ð Þrz

r

� �� �
¼ 0

where K is the normalization coefficient.

Taking as numerical example

a/R = 0.2, a = 0.05 m, and Vs = 0.016 m/s, and because for _γ ! 0, we have υ1
η ! υ10

η0
¼ 1

which ensues

K ¼ υ10
ηo

Vs

a
¼ 0:32 (17)

The coefficient K is the special case for _γ = 0 of the Weissenberg number. It is worthwhile to
notice that for K = 0 we go back to the generalized Newtonian fluid.

2.3.1. Stream function

ψ ¼ constant�
ðr
0
rvzdr ≈π�

ðr
0
rvzdr (18)

2.3.2. Boundary conditions (dimensionless)

At the inlet of the flow: vr = 0 vz = 1.

Along the cylindrical tube (r = R): vr = 0 vz = 1.
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Along the centerline of the cylindrical tube (r = 0): vr = 0 ∂vz
∂r ¼ 0

On the surface of the sphere: vr = vz = 0.

At the outlet of the flow: vr = 0 ∂vz
∂r ¼ 0.

p ¼ 0 atmospheric pressure
� �

(19)

2.4. Dimensionless stress components

Introducing K ¼ υ10
η0

Vs
a in the CEF constitutive equation Eq. (1), using Eq.(13) nondimensional

formulas and Eq. (7), τ∗ ¼ τ a
Vsηo

stress tensor components can be written electing the *

notation by implication as follows:

τrr ¼ �pþ η A1ð Þrr þ K 0:85υ1 A2
1

� �
rr �

1
2
υ1 A2ð Þrr

� �

τrz ¼ η A1ð Þrz þ K 0:85υ1 A2
1

� �
rz �

1
2
υ1 A2ð Þrz

� �

τθθ ¼ �pþ η A1ð Þθθ þ K 0:85υ1 A2
1

� �
θθ �

1
2
υ1 A2ð Þθθ

� �

τzz ¼ �pþ η A1ð Þzz þ K 0:85υ1 A2
1

� �
zz �

1
2
υ1 A2ð Þzz

� �

(20)

3. Application of the finite element method to fluids

Due to the assumptions Eq. (12), only vr, vz velocity components and pressure p are chosen as
primitive variables.

All stress variables are expressed in terms of the velocities and the pressures and the stresses
are then back-calculated after finding the velocities vr, vz and the pressure p.

For stability the pressure field must be interpolated with a polynomial one order lower than
the velocity terms. Here we have chosen linear pressure and quadratic velocity fields over the
element.

A quadratic triangle for velocities with six nodes, three on the vertices and the three others on
mid-sides, and a linear triangle for pressures, both processed with area coordinates (Figure 5).

In our problem gravitational and inertial forces are neglected and the motion is obtained as in
the first Stokes problem by drawing the cylinder opposite to the sphere displacement with a
constant, upward Vs velocity. To solve the nonlinear equations iterative optimization tech-
niques are used.

3.1. Linear and quadratic triangles

The Nef g shape functions for velocities corresponding to the three vertice nodes and three mid-
side nodes (1, 2, …, 6) are respectively using the well-known area coordinates L1, L2, L3.
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L1 2 L1–1ð Þ; L2 2 L2–1ð Þ; L3 2 L3–1ð Þ; 4L1L2; 4L2L3; 4L3L1 (21)

and those concerning the pressure for nodes 1, 2, 3 are L1, L2, L3, (Figure 6).

The element shown satisfies the LBB condition and thus gives reliable and convergent solu-
tions for velocity and pressure fields [16].

Figure 5. (a) A linear triangular element; and (b) a quadratic triangular element.

Figure 6. Area coordinates.
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Along the centerline of the cylindrical tube (r = 0): vr = 0 ∂vz
∂r ¼ 0
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At the outlet of the flow: vr = 0 ∂vz
∂r ¼ 0.

p ¼ 0 atmospheric pressure
� �

(19)

2.4. Dimensionless stress components

Introducing K ¼ υ10
η0

Vs
a in the CEF constitutive equation Eq. (1), using Eq.(13) nondimensional

formulas and Eq. (7), τ∗ ¼ τ a
Vsηo
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� �
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1
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� �
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1

� �
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1
2
υ1 A2ð Þzz

� �

(20)
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The derivatives of the interpolation functionswith respect to the global coordinates are of the form

∂Ne
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∂Ne
i

∂z

8>><
>>:

9>>=
>>;

¼ J�1

∂Ne
i

∂L1

∂Ne
i

∂L2

8>>><
>>>:

9>>>=
>>>;

(22)

with the Jacobian matrix of transformation

J ¼

∂r
∂L1

∂z
∂L1

∂r
∂L2

∂z
∂L2

���������

���������

The element area

drdz ¼ 1
2
detJdL1dL2 (23)

The integration must be carried out over the elemental volume of the axisymmetric geometry
rdrdθdz. Since the solution is independent of the θ coordinate, the integration with respect to θ
yields a multiplicative constant 2π. (Table 1) [17].

3.2. Interpolation formulas

According to the constraint

L1 þ L2 þ L3 ¼ 1

Number of integration points Degree of polynomial Order of the residual Location of integration points

L1 L2 L3 W Geometric locations

1
(Pressures)

1
O (h2)

1/3 1/3 1/3 1

3
(Velocities)

2
O (h3)

1/2
0
1/2

0
1/2
1/2

1/2
1/2
0

1/3

Table 1. Quadrature weights and points for triangular elements.
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we eliminate the dependent variable L3 for the sake of simplicity. Thus, we have

vr ¼ �L1 þ 2L21
� �

vr1 þ �L2 þ 2L22
� �

vr2 þ ð1� 3L1�
� 3L2 þ 2L21 þ 4L1L2 þ 2L22Þvr3 þ 4L1L2vr4þ
þ 4 L2 � L1L2 � L22

� �
vr5 þ 4 L1 � L1L2 � L21

� �
vr6

vz ¼ �L1 þ 2L21
� �

vz1 þ �L2 þ 2L22
� �

vz2 þ ð1� 3L1�
� 3L2 þ 2L21 þ 4L1L2 þ 2L22Þvz3 þ 4L1L2vz4þ
þ 4 L2 � L1L2 � L22

� �
vz5 þ 4 L1 � L1L2 � L21

� �
vz6

p ¼ L1 p1 � p3
� �þ L2 p2 � p3

� �þ p3 (24)

3.3. Basis of application

The flow domain is meshed using linear and quadratic triangular elements [9]. Three unstruc-
tured meshes are generated by an adaptive mesh generator, as given in Table 2 and shown in
Figure 7. Independent unknown variables are, due to axisymmetry vr, vz and p. The continuity
equation being interpreted as an additional relation among the velocity components, i.e., a
constraint satisfied in an approximate least squares sense [18], it may be omitted in the
effective area consideration around the mid-side nodes, in order to keep the balance between
the equation and unknown variable numbers. Resolving the global equation system obtained
while taking into account the boundary conditions and integrating numerically by means of
Gauss quadrature over the effective area around each node, the values of the variables are
found [19, 20].

As a typical numerical example after [9], the values below are processed:

a ¼ 0:05 m a=R ¼ 0:2 Vs ¼ 0:016 m=s

3.3.1. Comparison and contour patterns

In order to provide a basis for a comparison, and to pose the behavioral difference between
inelastic and viscoelastic fluids, an example taken from the literature [9], for the simpler case
υ1 = 0, gives contours of streamfunction, velocity, stress, pressure and viscosity at parameter
settings of n = 0.5 and We = Weissenberg number = 2.5 (Figure 8). As it can be seen in the
Figure 8, the flow accelerates as the fluid approaches the sphere.

The extrema contour levels for the inelastic fluid are again shown in a table (Table 3).

Mesh Sphere surface nodes Elements Nodes

AM1 21 644 1401

AM2 31 948 2035

AM3 41 1242 2645

Table 2. Summary of finite element meshes.
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3.3.2. The attempt of getting υ1 ¼ υ2 ¼ 0 condition as a special case

The reasons why the results obtained by Townsend [9] cannot be achieved for the generalized
fluid by replacing υ1 ¼ υ2 ¼ 0 in our equations given above for the generalized condition are
explained by Kaloni [21] in the literature.

Nonetheless, we think that is beneficial to make a comparison with Townsend [9] solutions.

3.3.3. Mesh-independent results

The model used in this study, which is called as Mesh#1, was obtained as a result of a three-stage
optimization. In the “Initmesh” stage, an “adaptive mesh” was formed. In the second stage
number of triangles was increased with the “refinemesh” function to obtain an improvement in
this first mesh. Finally, at the third stage, an optimization was achieved with the “jigglemesh”
function. Therefore, Mesh#1 is an optimal mesh, and it can be considered sufficient in terms of
“mesh independence” alone. Mesh#2 is an adaptive mesh, and the number of triangles in this
mesh, was increased considerably with respect to Mesh#1 (Figure 9 and Table 4).

Because the subject of this study is based on the fact that the elastic effect in polymeric fluids
cannot be neglected, Mesh#1 and Mesh#2 results in Table 5 were presented as comparison of
the normal stresses. In this table, the average difference between each mesh is approximately
2%. Because the results of two very different meshes mostly overlap, the results obtained are
proven to be independent from mesh configuration, i.e., “mesh independence” is achieved.
The generated mesh is improved according to the initmesh, refine mesh and jigglemesh
MATLAB programs and the mesh independence is tested and ensured.

Figure 7. Mesh patterns around sphere, a/R = 0.2.
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3.4. Explanatory flow characteristics remarks and results of our the theoretical problem
solved numerically, cited before the sections findings and discussion and conclusions to
better find out the problem studied

3.4.1. Explanatory remarks

The starting example of “Settling of Small Particles in Fluid Medium” problem in the literature
which has important applications in many fields such as the shelf life of foodstuffs etc., is given
for “generalized Newtonian fluid” medium [9]. As is known, the motion equation is Navier-
Stokes in this case, and viscosity coefficient η is function of the shear-rate _γ. Although this paper
contains useful information, especially for velocity and stress contours, the elastic effects should
not be neglected because in practice the fluids encountered in this field are non-Newtonian. This
study is to cover this difference. Thus, CEF model was taken as fluid, and for emphasizing the
elastic effect, the normal stress coefficients υ1 and υ2 was included. The simulation model is in

Figure 8. Contours of streamfunction (ψ), radial velocity (vr), axial velocity (vz), pressure (p), stress components (τrr, τzz,
τθθ, τrz), and viscosity (η); a/R = 0.2, We = 2.5, and n = 0.5.
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the form of the flow of a non-Newtonian fluid around a sphere falling along the centerline of a
cylindrical tube. The problem was tried to be solved numerically by writing continuity and
motion equations and using FEM. The partial differential equation system obtained was
transformed into a set of simultaneous, nonlinear, algebraic equations. Here, we chose linear
triangular elements for pressures and quadratic triangular elements for velocities.

Because of the boundary conditions, the equations are “overdetermined.” The problem is axi-
symmetric, the global coordinates r, z were transformed into local coordinates L1, L2, L3; and
Gauss quadrature was used for integrating numerically over the effective area around each node.
In the solution of the algebraic equation system, naturally optimized formulation with the aid of
(MATLAB-Optim set f-solve) function was used instead of the methods like “weak form.”

It is useful to give following explanatory remarks:

Although the differential equation is third order, the shape functions are chosen as linear for
pressures and quadratic (2nd degree) polynomials for velocities. The degree difference
between pressures and velocities is compulsory for stability. These are thought to be sufficient
in the literature examples. Using third order polynomial would extend the problem extremely,
and make the solution unreachable. Considering the elastic effect (υ1, υ2 coefficients) made the
problem already harder compared to the generalized Newtonian fluid example [9].
Zienkiewicz especially stresses that FEM application of very refined and sophisticated models
does not always yield better solutions [19].

Because the motion is relative, the sphere was taken constant in the problem; however, a
motion from bottom to top with a constant Vs velocity was introduced to the cylinder, as done
in the 1st Stokes problem. In this case, the inlet is through the bottom surface, while the outlet
is through the top surface of the cylinder.

As an example to viscoelastic fluid, Carreau type Separan 30 was chosen [7]. The coefficient
λ = 8.04 s was taken from the table given by Tanner [7]. This fluid was used frequently in
experiments, and detailed information about its properties is given in the literature [4].

Flow domain Minimum Maximum

ψ 0.0000 3.1250

νr �0.1933 0.2171

νθ — —

νz 0.0000 1.1249

P �4.9296 7.8010

τrr �2.6545 3.1418

τθθ �1.4139 1.8356

τrz �1.3276 2.9703

τzz �3.6693 2.8291

η 0.244 1.4672

Table 3. Extrema contour levels.
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The boundary conditions are generally the conditions at the inlet and outlet, and—for veloci-
ties—the no slip conditions at the sphere surface and cylinder wall. It was assumed that vr = 0
vz = 0 at sphere surface and vr = 0 vz = 1 (i.e., Vs) at cylinder wall. These values are observed
clearly on the contours (Figures 10 and 11).

Definition Matrices for points
P

Matrices for edges
E

Matrices for triangles
T

Vector of nodal values
V

Mesh#1 2 / 205 7 / 62 4/346 1/1715

Mesh#2 2 / 311 7 /84 4/536 1/2625

Table 4. Mesh comparison.

Figure 9. Mesh#1 and Mesh#2.
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Contour values were found by dividing the space between the max and min contours by ten,
and were written on the figures without covering them up. That is why contour labels are
generally fractional. If an integer contour (e.g., zero) is to be drawn, it can be shown with linear
interpolation on the figure.

As seen in pressure (p) contours (Figure 12), similarly to the example Rameshwaran, Townsend
[9], max and min values are on the “stagnation” points on the sphere (at the vicinity of the
vertical axis). Here vr = vz = 0; since the total energy is constant (Bernoulli at inviscid flow), if
the kinetic energy is zero, potential energy is an extremum, i.e., the pressure is at its extremum
value. This is what is seen perspectively in the 3-D surf (surface) drawing (Figure 13).

The extreme values concerning the contours are gathered in Table 6. The flow is not uniform:
the existence of the sphere at the center, the wall effect of cylinder (drag) and the boundary
conditions prevent the flow from being uniform. Thus, max and min values are obtained.

In the adaptive “mesh” drawn, there are 755 nodes. At these nodes vr, vz, p values are taken as
unknowns and they were determined as a result of calculations. Because the contours followed
the nodes, zigzag course was obtained instead of a smooth curve. If the number of nodes had

Stresses τrr τθθ τzz

Extreme values Min Max Min Max Min Max

Mesh#1 �6.0019 3.3792 �6.0115 3.4000 �6.1339 3.7165

Mesh#2 �5.9810 3.2325 �5.8722 3.4022 �6.3396 3.8825

Table 5. Comparison of normal stresses.

Figure 10. Radial velocity (vr) [�0.1772 �0.1333 �0.0893 �0.0454 �0.0014 0.0425 0.0865 0.1304 0.1743 0.2183].
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been increased extremely, we could have got curves instead of the zigzag course. This is not
a drawback in terms of the results. 10 contours were drawn by dividing space between the
max and min values into 10 fragments. Contours are the geometric milieu of the nodes which
have the same value of the related independent variable. Horizontal projections of the curves

Figure 11. Axial velocity (vz) [0.0000 0.1802 0.2737 0.3671 0.4606 0.5541 0.6476 0.7411 0.8345 0.9280 1.0215].

Figure 12. Pressure (p) [�3.4962 �2.4411 �1.3860 �0.3310 0.7241 1.7792 2.8343 3.8893 4.9444 5.9995].
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a drawback in terms of the results. 10 contours were drawn by dividing space between the
max and min values into 10 fragments. Contours are the geometric milieu of the nodes which
have the same value of the related independent variable. Horizontal projections of the curves

Figure 11. Axial velocity (vz) [0.0000 0.1802 0.2737 0.3671 0.4606 0.5541 0.6476 0.7411 0.8345 0.9280 1.0215].

Figure 12. Pressure (p) [�3.4962 �2.4411 �1.3860 �0.3310 0.7241 1.7792 2.8343 3.8893 4.9444 5.9995].
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(level curves) that are obtained by intersecting the surface shown in 3D in the surf drawing with
the horizontal planes yield the contours. Contours were drawn with the pdecont, pdemesh,
pdesurf commands at MATLAB. These 10 values, below the contours are given separately.

3.4.2. Technical details for the solution of the equation system

We transformed the partial equation system with the aid of FEM to nonlinear overdeter-
mined algebraic equation system. As we have numerous simultaneous and highly nonlinear

Figure 13. 3-D surf drawing of pressure.

Flow domain Minimum Maximum

ψ 0.0000 3.1416

νr �0.1772 0.2183

νz 0.0000 1.0215

p �3.4962 5.9995

τrr �6.0019 3.3792

τzz �6.1339 3.7165

τθθ �6.0115 3.4000

τrz �0.3701 0.8390

η 0.0845 1.0000

υ1 0.0029 0.9981

Table 6. Extrema contour levels.
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equations, which moreover are overdetermined due to the existence of the boundary condi-
tions, we were compelled to resort to the optimization techniques to resolve the equation
system [22].

Average error 0.1004

Standard Deviation 0.1820

η_avg 0.1104

C 1.6502

Table 7. Error computation, standard deviation, the average of η values at sphere surface (η_avg) and drag coefficient (C).

Error spaces 0–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–2.5

Equation number 1637 66 11 1 0

Percentage (%) 95.4519 3.8484 0.6414 0.0583 0

Table 8. Histogram results concerning equation errors; 1715 equations were used in total.

Min., Max. and Norms: Min(F) Max(F) ||F||2 ||F||∞

�1.3449 1.6251 8.6075 1.6251

Table 9. Euclidean and infinite norms and minimum and maximum values of the minimized equation vector F.

Figure 14. Mesh scheme for a/R = 0.2.
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The end of the iterative optimization process is determined according to the fulfillment of
the Error computation, Standard deviation, Histogram and minimum and maximum
values of the minimized equation vector F, Euclidean norm and Infinite norm (Tables 7–
9). We determined that the results are in the acceptable order. We used the (Optim set f-
solve) function in MATLAB for iterative optimization. The basis of the method is based on
“least squares method.”

Figure 15. Stream function (Ψ) [0.00 0.01 0.05 0.20 0.44 0.77 1.25 1.88 2.67 3.14].

Figure 16. 3-D mesh drawing of radial velocity.
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Figure 17. 3-D surf drawing of radial velocity.

Figure 18. 3-D mesh drawing of axial velocity.

Figure 19. 3-D surf drawing of axial velocity.
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Figure 17. 3-D surf drawing of radial velocity.

Figure 18. 3-D mesh drawing of axial velocity.

Figure 19. 3-D surf drawing of axial velocity.
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Figure 20. 3-D mesh drawing of pressure.

Figure 21. Normal stress (τrr) [�6.0019 �4.9595 �3.9172 �2.8748 �1.8325 �0.7902 0.2522 1.2945 2.3369 3.3792].

Figure 22. Axial stress (τzz) [�6.1339 �5.0394 �3.9449 �2.8504 �1.7560 �0.6615 0.4330 1.5275 2.6220 3.7165].

Polymer Rheology86

Figure 23. Azimuthal stress (τθθ) [�6.0115 �4.9658 �3.9200 �2.8743 �1.8286 �0.7829 0.2628 1.3086 2.3543 3.4000].

Figure 24. Shear stress (τrz) [�0.3701 �0.2358 �0.1014 0.0329 0.1673 0.3016 0.4360 0.5703 0.7047 0.8390].

Figure 25. Viscosity coefficient (η) [0.0845 0.1862 0.2879 0.3896 0.4914 0.5931 0.6948 0.7965 0.8982 1.0000].
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3.4.3. Numerical solution

Obtained mesh configuration contains (linear and quadratic) 755 nodes in total (Figure 14).
Totally, 1715 equations are used. Extrema contour levels are given in Table 6. Error computa-
tion, Standard deviation, Drag coefficient in Table 7 and Histogram results about equation
errors are given in Table 8. Minimum and maximum values of the minimized equation vector
F, Euclidean and Infinite norms are shown in Table 9.

Stream function ψ, radial velocity vr, axial velocity vz, pressure p, normal stress τrr, axial
stress τzz, axisymmetric stress τθθ, shear stress τrz, viscosity coefficient η, normal stress coeffi-
cient v1 contours and error histogram are given in Figures 10–13 and in Figures 15–27.

Figure 26. Normal stress coefficient (υ1) [0.0029 0.1135 0.2241 0.3346 0.4452 0.5558 0.6663 0.7769 0.8875 0.9981].

Figure 27. Equation numbers producing error are shown on the vertical axis.
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4. Findings and discussion

In order to make a comparison and to compare the findings given in the literature in connec-
tion with settling of small particles for inelastic fluids with the behaviour of viscoelastic non-
Newtonian fluids having variable material coefficient that show shear-thinning due to being
mostly polymeric and viscoelastic nature of aforementioned materials; based on an example
given by Rameshwaran et al. [9] for generalized Newtonian fluid, results of a typical example
(CEF fluid) discussed in this study are compared visually with stream function, velocities,
pressures and stresses with contour curves, and numerically with extrema tables. For both
fluids the contour curves are shown in Figure 8 and in Figures 10–13 and in Figures 15–27,
and the contour levels are shown numerically in Table 3 and 6. The contours are drawn for the
ψ stream function, vr, vz velocities, p pressure, τrr, τθθ, τzz, and τrz stresses, η viscosity coeffi-
cient, υ1 normal stress coefficient (Figures 10–13, 15–27). These contours and their extrema are
compared with the generalized Newtonian fluid given in the literature [9].

As explained above, although the transition from system we used to a simpler example in the
literature taking υ1 as equal to 0 is not completely possible, this comparison was very useful in
general terms and allowed for new findings.

This comparison results can be explained as follows:

ψ stream function contours are completely similar for each two fluids. The extreme values
match up with each other. vr radial velocity contours are also in complete harmony to each
other. Although max values being 0.2171 and 0.2183 are approximately equal, there is small
difference between minimums, �0.1933 and �0.1772. At vz contours, harmony is perfect,
extreme values are respectively 0.00/0.00 and 1.1249/1.0215. Because vz = 1 must be at cylinder
wall as a boundary condition, the value we found is more realistic. The courses of p contours
are similar. The contour given in the literature is not very detailed, however our contour is
completely detailed and also it gives a better idea as it is colorful. What attracts attention is that
max and min values of each contour are at the same place at source and sink points of the
sphere surface. Extreme values are �4.9296/�3.4962 and 7.8010/5.9995. The pressure drops for
the fluids between sphere’s front and back faces caused by sphere motion, which settles along
the cylinder axis are 7.8 � 4.93 = 2.87 and 5.9995 � 3.4962 ≈ 2.50, respectively. The small
difference between the pressure drops can be explained by the elastic effect.

The viscosity coefficient (η) contours are harmonic. The contour given by us is colorful and
detailed, and it continues throughout the cylinder. Shear-thinning in this contour obviously
manifests itself. In the vicinity of the sphere where the shear-rate _γ is very large, η coefficient
becomes smaller and approaches to zero. Extreme values are respectively 0.244/0.0845 and
1.4672/1.0000. For both fluids Carreau equation and shear-thinning curve is used, and
according to this extreme values given for the generalized Newtonian fluid seem to be exag-
gerated. The contour of the first normal stress coefficient υ1 properly illustrates the formula it
was derived from and shows a course parallel to contour η. In conformity to the relaxation
time curve υ1

η given by Barnes et al. [8], this ratio approaches to 1 for small values of _γ and goes
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to zero for large values. Extrema values are 0.0029/0.9981. Likewise ratio of the υ1 and η
extreme values is 0.9981/1.0000 ≈ 1.0 for small _γ and 0.0029/0.0845 ≈ 0.034 for large _γ.

The main differences are at the stresses. These support our expectations. The magnitudes of
normal stresses τrr, τθθ, τzz in absolute values are increased considerably. Thus, elastic effect
appeared by inclusion of υ1 in our equations. In spite of this, the shear stress τrz in absolute
value decreased.

So, the shear effect decreased relatively, while the extensional effect increased. The category of
the flow slightly changed from shear flow toward extensional flow (Table 10).

5. Conclusions

Since the materials under consideration are rather polymeric and consequently viscoelastic, it
is compulsory to include the elastic behaviour in the analysis by taking the effects of the
normal stress into account in addition to those of the shear stresses and to use a constitutive
equation appropriate to this. In this study, this point of view is tried to be ensured, and in order
not to neglect the viscoelastic effect, a constitutive equation such as CEF, which includes
normal stress coefficients, υ1, υ2, is used.

The results of the analysis, as expressed above in the findings and discussion section, confirms
this idea. Comparison of the normal and shear stresses given in Table 10 exposed an increase
which reaches 3 times in absolute value in the normal stresses and in parallel a decrease which
reaches 4 times in the shear stresses. This table reveals that elastic effect in polymeric fluids
cannot be neglected. In this manner a fact has been emphasized, and an important point in
fluid literature has been clarified.

Author details

Şule Celasun
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Department of Mechanics, Mechanical Engineering Faculty, Istanbul Technical University,
Taksim, Istanbul, Turkey

Stresses τrr τθθ τzz τrz

Extreme values Min Max Min Max Min Max Min Max

Inelastic �2.6545 3.1418 �1.4139 1.8356 �3.6693 2.8291 �1.3276 2.9703

Viscoelastic �6.0019 3.3792 �6.0115 3.400 �6.1339 3.7165 �0.3701 0.8390

Table 10. Comparison of the normal and shear stresses.
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Abstract

Supramolecular polymer networks are built up by combining multiple noncovalent 
interactions among macromolecules, resulting in the formation of materials with versa-
tile functionality. This chapter describes an exploratory research focused on the formula-
tion of a supramolecular polymer network based on reversible interactions among the 
main- and side chains of a mixture of xanthan gum, partly hydrolyzed polyacrylamide 
(HPAM), and a hydrophobically modified polyacrylamide (HMPAM) in brine solutions 
relevant for applications in enhanced oil recovery (EOR). The formation and charac-
terization of the supramolecular network system was carried out through oscillatory 
rheology.

Keywords: supramolecular polymers, self-assembling, self-association, polymer 
flooding, heavy oil recovery, salt tolerance, mechanical stability, thermal stability

1. Introduction

Self-organization of molecular structures refers to the spontaneous assembly of individual 
building blocks into ordered and thermodynamically stable nanostructures by noncovalent 
interactions, resulting in the formation of dynamic and responsive materials. The noncova-
lent (reversible) interactions include electrostatic attractions, metal/ligand complexes, π/π-
stacking, ionic interactions, hydrogen bonding, or hydrophobic effects without the application 
of external energy. Therefore, self-assembly is a low-cost and high-yield process [1–6] that can 
be activated by external stimuli, which involves changes in temperature, pH, ionic strength, 
radiation, the addition of other molecules, or their combination [2, 7–9].
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Supramolecular polymer networks can be formed by polymer blends (PBs) in which the 
reversible and highly directional noncovalent interactions are randomly distributed across 
the polymer chains [6]. The resulting supramolecular structure displays polymeric properties 
in dilute and concentrated solutions that follow well-established theories of polymer physics 
[9]. These networks exhibit enhanced material properties compared to the individual poly-
mers [1], and the reversibility of noncovalent interactions provides self-healing properties to 
these materials [6, 10].

This study focuses on the formulation and characterization of a supramolecular polymer 
network based on reversible interactions among the main- and side chains of a mixture of 
xanthan gum, HPAM, and HMPAM or associating polymer (AP) in brine. Xanthan gum and 
HPAM are the most commonly used polymers in the field for enhanced oil recovery (EOR) 
[11]. Figure 1 displays the chemical structures of these polymers.

Xanthan gum is a high-molecular weight (≈2–3 × 106 g/mol) anionic polysaccharide derived 
from the fermentation of the bacterium Xanthomonas campestris. Its chemical structure contains 
a cellulose backbone consisting of five monosaccharides to form a pentasaccharide repeating 
unit. The cellulosic backbone is substituted at C-3 on alternate β-1,4-D-glucopyranosyl residues 
with charged trisaccharide side chains of β-D-rhamnopyranosyl β-1,4-D-glucuronopyranosyl, 
and α-1,2-D-mannopyranosyl. The two charged functional groups, COO−, are found in the 
α-Manp and β-GlcAp residues (Figure 1(a)) [8, 11–25].

Xanthan gum is a stereoregular polymer and displays order–disorder transition in solution 
that depends on polymer concentration, ionic strength, and temperature [11–14, 17, 19, 24, 26]. 
A high polymer concentration and an increased ionic strength support ordered structures, 
while elevated temperatures favor disorder structures [11]; therefore, xanthan gum is a ther-
mally responsive biopolymer [27]. At low temperatures, the native state of xanthan gum shows 
an ordered and rigid conformation as a single helical or a double-strand helix stabilized by 
inter- and intramolecular hydrogen bonds. The ordered conformation of the xanthan molecule 
is semi-flexible with a hydrodynamic length ranging from 600 to 2000 nm and a hydrodynamic 
diameter of 2 nm [20]. At elevated temperatures (≥60°C) [12, 16, 24] and low ionic strength, the 
native state, which displays an order state, transitions to a more flexible disordered-denatured 
state [13]. Optical rotation measurements have demonstrated that xanthan gum dissolved 
in distilled water at 25°C displayed the nonordered conformation [24]. However, a decrease 
in temperature (<40°C) [16, 24, 28] and the simultaneous increase in the ionic strength cause 

Figure 1. Generic chemical structures of (a) xanthan gum, (b) HPAM, and (c) associating polymers (Figure 1(a) was 
adapted from reference [12] and Figure 1(b) and (c) were adapted from reference [13]).
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conformation reversal to a reordered-renatured state [11–19, 21–23, 27, 29, 30]. In saline solu-
tions, monovalent or divalent cations (e.g., Na+ and Ca2+) condense on the ionized carboxyl 
moieties on the xanthan trisaccharide side chains, reducing repulsive forces between polymer 
chains. The side chains collapse down to the backbone causing conformation transition to a 
rigid rod-like shape of reduced hydrodynamic size stabilized by hydrogen bonding [23]. This 
conformation increases the intra- and intermolecular attraction and the xanthan chains tend to 
adopt a more rigid ordered conformation [13, 14]. The stability of xanthan gum is attributed 
to its ordered conformation which is stabilized by salts. Thus, the optimum functionality of 
xanthan gum requires the addition of salt [17].

Xanthan gum is prone to self-association at low concentrations and has been used as a build-
ing block to generate self-assembled structures [24, 25]. The onset of macromolecular self-
organization has been reported at concentrations ≥0.1 wt% [8]. Parallel packing or side-by-side 
associations stabilized by hydrogen bonds facilitate the formation of three-dimensional net-
works [8, 19, 26]. Previous research has also demonstrated the self-organization of xanthan 
gum through polyelectrolyte complexation with other polysaccharides, such as chitosan-
xanthan, β-lactoglobulin-xanthan, α-galactosidase-modified guar gum-xanthan, and sodium 
caseinate-xanthan, among many others [8, 26, 31]. Another example of self-aggregation 
through hydrophobic interactions is the intermolecular binding of xanthan gum-carob gum. 
These self-organizations take place in both the ordered and disordered conformations of the 
xanthan macromolecule depending on the ionic strength [8, 20, 32, 33].

Advantages of xanthan gum include non-toxicity, high water solubility, salinity tolerance, stabil-
ity over a broad range of pH values, thermal stability against hydrolysis provided by its ordered 
conformation, high shear stability, high viscosities but a significant shear-thinning behavior 
on shearing at a low concentration, slight variations in viscosity with changes in temperature, 
availability, the ease of processing, and low manufacturing costs [11, 17, 18, 22, 26, 34, 35]. The 
main downside of xanthan gum is high sensitivity to microbial attack. Salt-tolerant aerobic and 
anaerobic microorganisms can degrade the xanthan gum chains leading to loss in solution vis-
cosity. In practical applications, biocides are added to the xanthan gum solution to suppress the 
growth of degrading microorganisms [11, 17, 36].

Partially hydrolyzed polyacrylamides, HPAMs (Figure 1(b)), with degree of hydrolysis rang-
ing from 25 to 35%, are the most used polymers for enhanced oil recovery (EOR) [35, 37]. 
HPAM is highly sensitive to mono- and divalent cation environments because of the shielding 
effect of the negative charges on the polymer backbone. Thus, the static repulsion between the 
HPAM lateral groups fades and the polymer structure collapses, which drastically reduces 
the viscosity of the polymer solution [35]. Divalent cations (e.g., Ca2+) can also induce the 
self-aggregation of HPAM through polyion-cation complexation and depending on the con-
centration of Ca2+ inter- and intrachain complexation takes place [36]. The molecular confor-
mation and viscosity of HPAM solutions are also affected by the degree of hydrolysis, pH, 
temperature, molecular weight, pressure, and solvent quality [35, 36]. HPAM is susceptible to 
mechanical degradation under high shear due to chain scission reducing the polymer chain 
size and molecular weight, which in turns reduces the viscosity of the polymer solution. 
Advantages of HPAM are low manufacturing costs and resistance to bacterial attack [36].
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Hydrophobically modified polyacrylamides (HMPAMs) are water-soluble polymers containing 
both hydrophobic groups (e.g., methyl or ethyl acrylates, alkyl vinyl ethers, styrene comono-
mers, or alkyl acrylamides) and weakly charged pendant groups (e.g., carboxylic acid pendant 
groups) directly attached to the polymer backbone (Figure 1(c)). The hydrophobic groups can 
be distributed in a block-like fashion, randomly, or discretely distributed along the backbone. In 
aqueous solutions, these hydrophobic groups aggregate through intra- and intermolecular asso-
ciations that increase the hydrodynamic volume of the polymer, which increases the viscosity of 
the polymer solution [36, 38]. The alkyl chain length and charge density determine the hydro-
phobicity of these polymers [39]. The presence of counter-ions in the aqueous media reduces the 
repulsion between charged groups within the polymer chain, which favors inter- and intrachain 
hydrophobic interactions [39, 40]. Benefits of HMPAM include salt tolerance and the enhance-
ment in solution viscosity in the presence of low-molecular-weight electrolytes because of the 
shielding of intramolecular Coulombic attractions rather than the intermolecular hydrophobic 
interactions [36]. The inter- and intramolecular hydrophobic interactions are dynamic and 
reversible. Therefore, under high shear rate, these associations are interrupted and the viscosity 
of the solution decreases, but as soon as the high mechanical shear is removed, the hydrophobic 
groups re-associate and the viscosity of the solution returns to its original value [36].

The goal of this exploratory research was to formulate a supramolecular polymer network 
with enhanced properties (i.e., viscoelasticity, mechanical stability, salt tolerance, and thermal 
stability), taking advantage of the synergistic combination of the beneficial properties of the 
individual polymers in the blend. The formation and characterization of the supramolecular 
polymer network was demonstrated through frequency (time) and temperature-dependent 
oscillatory rheology [4, 5]; the use of other analytical techniques for structural characteriza-
tion of the supramolecular system is beyond the scope of this work.

In this chapter, the formulation and characterization of the supramolecular self-assembled 
polymer network (SAP) is first described, and then the effect of ionic strength on the visco-
elastic behavior of the SAP is discussed. The next section describes the structural strength of 
the SAP through dynamic mechanical analysis (DMA), followed by the evaluation of the SAP 
thermal stability by dynamic mechanical thermo-analysis (DMTA). In the following section, 
the long-term thermal stability of the SAP prepared in brines having different ionic strengths 
is discussed. Finally, the performance of the SAP in displacing heavy oil employing conven-
tional sad-pack displacement tests at simulated oil reservoir conditions is presented.

2. Formulation of the self-assembled polymer network (SAP)

Several types of polymers commercially available were evaluated for the formulation of the 
SAP network with enhanced viscoelastic flow behavior. Xanthan gum (B), commercial food 
grade (Groupe Maison Cannelle Inc. (Richmond, QC, Canada)), a partly hydrolyzed poly-
acrylamide, HPAM, with a degree of hydrolysis ranging from 5 to 10 mol% and a molecular 
weight of approximately 5 × 106 daltons [41] (GelTech, Midland, TX, USA), and AP of low 
anionicity, low-molecular weight (8–12 million Dalton), and a high hydrophobic content 
[42–44] (SNF Floerger, Riceboro, GA, USA). Baseline polymers and polymer blends were ini-
tially prepared in brine solution of 2.1 wt% concentration (see Table 1). Polymer solutions 
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were mixed using a magnetic stirrer under strong mixing conditions to prevent the formation 
of lumps (e.g., fish eyes) at room temperature. The viscoelastic behavior, DMA, and DTMA 
of the baseline polymers and SAP were characterized through oscillatory rheology at 25°C 
using a Bohlin Geminin HR Nano Rheometer manufactured by Malvern (Worcestershire, UK) 
equipped with a parallel-plate measuring geometry (gap: 1000 μm) and a solvent trap to pre-
vent drying effects during measurements. The amplitude sweep was performed in the strain 
range from 1 to 1000% at a fixed frequency of 1 rad/s, while the frequency sweep was run from 
0.01 to 100 rad/s at fixed strain within the linear viscoelastic (LVE) range as determined from 
the preceding amplitude sweep.

Figure 2 displays the frequency sweeps as the curve functions of the loss factor (tanδ), storage 
modulus (G’), loss modulus (G“), and complex viscosity (|η*|) for the baseline polymers B, 
HPAM, and AP at concentrations of 0.2, 0.2, and 0.1 wt%, respectively, prepared in 2.1 wt% brine.

The frequency sweeps (Figure 2) demonstrate that all polymers follow the characteristic 
shear-thinning flow behavior of polymers, thus viscosity decreases with increasing shear 
rate. At the same salinity (2.1 wt% brine), temperature, and angular frequency range, poly-
mer B at 0.2 wt% solution concentration shows a significantly higher viscoelasticity than the 
HPAM at 0.2 wt% solution and the AP at 0.1 wt% solution. The behavior of polymer B (i.e., 
xanthan gum) results from its molecular-ordered aggregation behavior in saline solutions.

Regarding the loss factor (tanδ), which is useful to describe the viscoelastic behavior of 
materials in the low shear range (ω ≤ 1 s−1) [12, 45]; Figure 2 shows that polymer B behaves 
different from the HPAM and AP polymer solutions. Polymer B exhibits a flow transition 
from a viscoelastic liquid behavior (tanδ > 1) to a viscoelastic weak-gel behavior (tanδ < 1) as 
angular frequency increases. At low angular frequencies (i.e., ω ≤ 1 rad/s), the polysaccharide 
molecules are entangled with neighboring macromolecules forming aggregates stabilized 

Salts Brine compositions (wt%)

2.1 4.2 8.4

NaCl 1.72 3.45 6.9

MgCl2 0.04 0.09 0.18

CaCl2 0.33 0.65 1.30

Na2SO4 0.01 0.02 0.04

Table 1. Brine compositions (wt%).

Figure 2. Frequency sweeps as curve functions of tanδ, G’, G’, and |η*|for baseline polymers prepared in 2.1 wt% brine.
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by hydrogen bonds and intermolecular associations through acetate residues [15] that resist 
flow and therefore viscous behavior dominates [13, 14, 17, 19, 45]. As the angular frequency 
increases,  progressive disentanglement of the macromolecules takes place aligning the mol-
ecules in the direction of shear and shear gradient, which offer less resistance to flow, and the 
viscoelastic flow behavior of polymer B solution transitions to an elastic-dominated state [11, 12, 
17, 20, 45, 46]. This flow behavior at rest and/or low shear is different from the typical flow 
behavior of common polymer solutions [15–17, 19, 29].

The polymer blends (PBs) and respective concentrations evaluated were as follows:

   PB#1  ̲    : B [0.2 wt%]  ↔ HPAM  [0.2 wt%] ―  PB#2 :  ̲    B  [0.2 wt%]  ↔ AP  [0.1 wt%]   

  PB#3 :   ̲   HPAM [0.2 wt%]  ↔ AP  [0.1 wt%] ―  PB#4 :   ̲   B [0.2 wt%]  ↔ HPAM [0.2 wt%]  ↔ AP  [0.1 wt%] . 

All polymer blend solutions were homogeneous as such phase separation was not observed. 
The dynamic rheological properties of PB #1, #2, and #4 (Figure 3) suggest polymer interac-
tions with an enhanced viscoelasticity relative to the baseline polymers, except for PB # 3 
(HPAM [0.2 wt%]↔AP [0.1 wt%]) that resulted in far inferior viscoelasticity (data not shown) 
and was rejected. Besides, it seems that polymer B directs the interactions among the main- 
and side chains of the blended polymers because PB # 1, # 2, and # 4 assume the rheological 
behavior of the baseline polymer B (see Figures 2 and 3).

Polymer blend # 4 -B [0.2 wt%]↔HPAM [0.2 wt%]↔AP [0.1 wt%] showed the highest elastic-
ity and viscosity gain (Figure 3). At the angular frequency (ω) of 7.055 rad/s, the percentage 
increase in ΔG’ was 43%, ΔG” was 41%, and Δ|η*| was 42% relative to polymer B baseline. 
ΔG,’ ΔG”, and Δ|η*|increase by more than an order of magnitude relative to the baseline 
of the HPAM and AP polymers at the same ω = 7.055 rad/s. Furthermore, the low loss fac-
tor, tanδ < 1, with G’ > G” in the entire range of angular frequency; corresponds to a flow 
behavior that is characteristic of stable dispersions in the form of network-like structures 
built up through inter- and intramolecular interactions [3, 9, 45, 47–51]. Furthermore, the stor-
age modulus, G’, kept increasing at high angular frequencies, which “[verifies] the dynamic 
nature of the bonds within the network” [5]. This rheological behavior demonstrates that 
interchain self-association among the blended polymers forms a stronger polymer network of 
a larger hydrodynamic volume showing an enhanced solution viscosity. Figure 3 also shows 
that PB # 1 displays the second larger gain in G’, G”, and |η*|relative to their individual 
polymer constituents.

Figure 3. Frequency sweeps as curve functions of tanδ, G’, G”, and |η*|for the polymer blends prepared in 2.1 wt% brine.
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Supramolecular systems can be formed via electrostatic interactions due to the high solubility 
of charged groups in water. Previous research has demonstrated that xanthan gum and HPAM 
form physical networks through ionic cross-linking using divalent cations (e.g., Ca2+) [2, 26]. 
More examples of network systems built up through electrostatic interactions are reported 
in Ref. [6]. Specifically, Ca2+ is an efficient binder for carboxylic acids that induce aggregation 
in aqueous polymer solutions through the formation of polyion/cation complexes. In these 
systems, “the focal point is the carboxylate moiety [that is an] excellent ligand” [52].

In this work, the anionic polymers were mixed in brine containing 3300 ppm of CaCl2 (see 
Table 1, brine 2.1 wt%). In this system, self-assembling is dominated by rapid cooperative 
electrostatic interactions in which the divalent cations, Ca2+, bridge the negative charges (i.e., 
carboxylic groups) in the polymer macromolecules causing complexation of a mixture of 
anionic polymers. In this case, the divalent cations act as the physical crosslink among the 
anionic polymer chains [6, 8]. The interpolymer associations driven by electrostatic interac-
tions decrease the intra- and interpolymer electrostatic repulsion promoting the intra- and 
intermolecular hydrophobic interactions (i.e., van der Waals interactions) among the hydro-
phobic segments of the macromolecules forming a stronger network structure [36]. Therefore, 
the screening of the charged groups by divalent cations reduces the steric hindrance among 
polymer chains and aids the interpolymer association via hydrogen bonding and hydropho-
bic interactions [53]. Hydrogen bonding among side chains (e.g., carboxylic acids and amide 
groups) of polymers B, HPAM, and AP takes place, as previously demonstrated between 
HPAM and xanthan gum side groups [35, 51]. In solution, supramolecular networks are com-
monly controlled by strong intra- and intermolecular hydrogen bonds. “The double hydro-
gen bonding of two or more amides can work in a cooperative manner to drive the formation 
of many ordered supramolecular architectures” [54].

Figure 4 displays the frequency sweep rheometry data that shows the effect of varying the 
concentration of polymer B in PB # 1 and # 4 from 0.1 to 0.3 wt%, while maintaining the 
concentrations of HPAM and AP fixed at 0.2 and 0.1 wt%, respectively.

Increasing the concentration of polymer B significantly increases the elasticity and viscosity 
of both blends. However, the largest gain in viscoelasticity is shown by PB # 4. The rheologi-
cal data suggest that increasing the concentration of polymer B encourages more intra- and 
interpolymer chain associations through cation bridging, hydrophobic interactions, and 
hydrogen bonding, which enhances the structural strength and viscosity of the SAP without 
compromising its solubility in brine solution [36]. Furthermore, PB # 4 exhibits the lowest 

Figure 4. Frequency sweeps as curve functions of tanδ, G’, G”, and |η*|for PB # 1 and PB # 4 in 2.1 wt% brine using 
different concentrations of polymer B in the blends.
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by hydrogen bonds and intermolecular associations through acetate residues [15] that resist 
flow and therefore viscous behavior dominates [13, 14, 17, 19, 45]. As the angular frequency 
increases,  progressive disentanglement of the macromolecules takes place aligning the mol-
ecules in the direction of shear and shear gradient, which offer less resistance to flow, and the 
viscoelastic flow behavior of polymer B solution transitions to an elastic-dominated state [11, 12, 
17, 20, 45, 46]. This flow behavior at rest and/or low shear is different from the typical flow 
behavior of common polymer solutions [15–17, 19, 29].

The polymer blends (PBs) and respective concentrations evaluated were as follows:

   PB#1  ̲    : B [0.2 wt%]  ↔ HPAM  [0.2 wt%] ―  PB#2 :  ̲    B  [0.2 wt%]  ↔ AP  [0.1 wt%]   

  PB#3 :   ̲   HPAM [0.2 wt%]  ↔ AP  [0.1 wt%] ―  PB#4 :   ̲   B [0.2 wt%]  ↔ HPAM [0.2 wt%]  ↔ AP  [0.1 wt%] . 

All polymer blend solutions were homogeneous as such phase separation was not observed. 
The dynamic rheological properties of PB #1, #2, and #4 (Figure 3) suggest polymer interac-
tions with an enhanced viscoelasticity relative to the baseline polymers, except for PB # 3 
(HPAM [0.2 wt%]↔AP [0.1 wt%]) that resulted in far inferior viscoelasticity (data not shown) 
and was rejected. Besides, it seems that polymer B directs the interactions among the main- 
and side chains of the blended polymers because PB # 1, # 2, and # 4 assume the rheological 
behavior of the baseline polymer B (see Figures 2 and 3).

Polymer blend # 4 -B [0.2 wt%]↔HPAM [0.2 wt%]↔AP [0.1 wt%] showed the highest elastic-
ity and viscosity gain (Figure 3). At the angular frequency (ω) of 7.055 rad/s, the percentage 
increase in ΔG’ was 43%, ΔG” was 41%, and Δ|η*| was 42% relative to polymer B baseline. 
ΔG,’ ΔG”, and Δ|η*|increase by more than an order of magnitude relative to the baseline 
of the HPAM and AP polymers at the same ω = 7.055 rad/s. Furthermore, the low loss fac-
tor, tanδ < 1, with G’ > G” in the entire range of angular frequency; corresponds to a flow 
behavior that is characteristic of stable dispersions in the form of network-like structures 
built up through inter- and intramolecular interactions [3, 9, 45, 47–51]. Furthermore, the stor-
age modulus, G’, kept increasing at high angular frequencies, which “[verifies] the dynamic 
nature of the bonds within the network” [5]. This rheological behavior demonstrates that 
interchain self-association among the blended polymers forms a stronger polymer network of 
a larger hydrodynamic volume showing an enhanced solution viscosity. Figure 3 also shows 
that PB # 1 displays the second larger gain in G’, G”, and |η*|relative to their individual 
polymer constituents.

Figure 3. Frequency sweeps as curve functions of tanδ, G’, G”, and |η*|for the polymer blends prepared in 2.1 wt% brine.
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Supramolecular systems can be formed via electrostatic interactions due to the high solubility 
of charged groups in water. Previous research has demonstrated that xanthan gum and HPAM 
form physical networks through ionic cross-linking using divalent cations (e.g., Ca2+) [2, 26]. 
More examples of network systems built up through electrostatic interactions are reported 
in Ref. [6]. Specifically, Ca2+ is an efficient binder for carboxylic acids that induce aggregation 
in aqueous polymer solutions through the formation of polyion/cation complexes. In these 
systems, “the focal point is the carboxylate moiety [that is an] excellent ligand” [52].

In this work, the anionic polymers were mixed in brine containing 3300 ppm of CaCl2 (see 
Table 1, brine 2.1 wt%). In this system, self-assembling is dominated by rapid cooperative 
electrostatic interactions in which the divalent cations, Ca2+, bridge the negative charges (i.e., 
carboxylic groups) in the polymer macromolecules causing complexation of a mixture of 
anionic polymers. In this case, the divalent cations act as the physical crosslink among the 
anionic polymer chains [6, 8]. The interpolymer associations driven by electrostatic interac-
tions decrease the intra- and interpolymer electrostatic repulsion promoting the intra- and 
intermolecular hydrophobic interactions (i.e., van der Waals interactions) among the hydro-
phobic segments of the macromolecules forming a stronger network structure [36]. Therefore, 
the screening of the charged groups by divalent cations reduces the steric hindrance among 
polymer chains and aids the interpolymer association via hydrogen bonding and hydropho-
bic interactions [53]. Hydrogen bonding among side chains (e.g., carboxylic acids and amide 
groups) of polymers B, HPAM, and AP takes place, as previously demonstrated between 
HPAM and xanthan gum side groups [35, 51]. In solution, supramolecular networks are com-
monly controlled by strong intra- and intermolecular hydrogen bonds. “The double hydro-
gen bonding of two or more amides can work in a cooperative manner to drive the formation 
of many ordered supramolecular architectures” [54].

Figure 4 displays the frequency sweep rheometry data that shows the effect of varying the 
concentration of polymer B in PB # 1 and # 4 from 0.1 to 0.3 wt%, while maintaining the 
concentrations of HPAM and AP fixed at 0.2 and 0.1 wt%, respectively.

Increasing the concentration of polymer B significantly increases the elasticity and viscosity 
of both blends. However, the largest gain in viscoelasticity is shown by PB # 4. The rheologi-
cal data suggest that increasing the concentration of polymer B encourages more intra- and 
interpolymer chain associations through cation bridging, hydrophobic interactions, and 
hydrogen bonding, which enhances the structural strength and viscosity of the SAP without 
compromising its solubility in brine solution [36]. Furthermore, PB # 4 exhibits the lowest 

Figure 4. Frequency sweeps as curve functions of tanδ, G’, G”, and |η*|for PB # 1 and PB # 4 in 2.1 wt% brine using 
different concentrations of polymer B in the blends.
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crossover point (G’ = G” and tanδ < 1 at ω = 0.1 rad/s), which indicates the formation of a more 
stable supramolecular system [4]. For this reason, PB # 4 was selected as the optimum SAP 
formulation. Hereafter, PB # 4 is designated as SAP, while PB # 1 is designated as the baseline 
system for comparison purposes.

On the basis of the results obtained from oscillatory rheology in this exploratory research, 
a hypothetical structure of the optimum supramolecular polymer network is proposed in 
Figure 5, which shows the plausible reversible interactions taking place during self-aggrega-
tion of the SAP network.

Forthcoming research will characterize the structure of the optimum SAP system in depth, 
employing several analytical techniques (i.e., 1H Nuclear Magnetic Resonance (1H-NMR), 
Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spectrometry (FTIR), and 
Size Exclusion Chromatography, among others) to test the proposed hypothetical SAP structure 
shown in Figure 5. In the succeeding section, a qualitative characterization of the polymers 
and SAP morphologies was conducted through optical microscopy. However, a more compre-
hensive characterization of these systems is required. This information will be provided in the 
upcoming work, which is beyond the scope of this chapter.

The morphology of the baseline polymers samples and the optimum SAP was observed 
using a polarized light optical microscope (Olympus model GX41), equipped with an M 
Plan N 10×/0.25 ∞/-FN22n objective (Olympus), digital camera, and image analysis software 
(Lumenera model Infinity 2-2C). Figure 6(a) and (b) display the micrographs of the baseline 
polymers and SAP dissolved in distilled water and in brine (8.4 wt%), respectively. In these 
micrographs, Figures 1–4 correspond to polymers AP, B, HPAM, and SAP respectively.

Figure 5. Proposed hypothetical structure of the SAP network.
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In the photomicrographs presented in Figure 6(a) is possible to qualitatively observe the 
morphology of the different polymer systems despite light interference [55]. The micrograph 
of the AP polymer in distilled water (Figure 6(a1)) reveals well-separated ramifications of 
aggregated macromolecules or clusters as previously reported for hydrophobically modi-
fied polyacrylamides [6, 40], while polymer B (Figure 6(a2)), HPAM (Figure 6(a3)), and the 
SAP (Figure 6(a4)) display extended macromolecular configurations. The polymer blend in 
Figure 6(a4) exhibits a more dense, well-aligned, and extended configuration of polymer 
structures. This macromolecular configuration results from the reciprocal charge repulsion 
among the anionic polymers stretching out the chains, which occupy a larger hydrodynamic 
volume because, minimum interchain interactions take place in distilled water [13, 26].

Figure 6(b1)–(b4) demonstrate that in brine solution, the screening of the negative charges 
in the polymer chains causes the increase of intra- and interchain interactions among the 
anionic polymers. For instance, dense intra- and interchain hydrophobic interactions are vis-
ible for the associating polymer, AP, in Figure 6(b1), in the form of a dense network that was 
not observed in distilled water (Figure 6(a1)). Micrographs in Figure 6(b2) and (b3) display 
branch-like fractal structures for polymer B and HPAM, which agree with previous research 
[56]. The screening of the negative charges in the polymer side chains causes the coiling/fold-
ing of the polymer chains that decreases the hydrodynamic volume of the macromolecules 
and the viscosity of the polymer solutions [13, 26]. By contrast, Figure 6(b4) exposes a network 
of fully entangled macromolecules. This high-density thread-like net reveals a homogeneous 
web of intra- and interchain interactions among the anionic polymers.

3. Effect of ionic strength on the viscoelasticity of the SAP system

Three brine concentrations 2.1, 4.2, and 8.4 wt% (see Table 1) were employed to establish 
the effect of ionic strength on the viscoelasticity of the SAP system. Figure 7 presents the 
frequency sweep of the SAP and baseline solutions in different brine concentrations in terms 
of the curve functions of tanδ, G’, G”, and |η*|.

Figure 6. Polarized light micrographs of samples of baseline polymers and SAP system. (a) in distilled water and (b) in 
brine (8.4 wt%). Micrographs (1)–(4) correspond to polymers AP, B, HPAM, and the SAP system, respectively.
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crossover point (G’ = G” and tanδ < 1 at ω = 0.1 rad/s), which indicates the formation of a more 
stable supramolecular system [4]. For this reason, PB # 4 was selected as the optimum SAP 
formulation. Hereafter, PB # 4 is designated as SAP, while PB # 1 is designated as the baseline 
system for comparison purposes.

On the basis of the results obtained from oscillatory rheology in this exploratory research, 
a hypothetical structure of the optimum supramolecular polymer network is proposed in 
Figure 5, which shows the plausible reversible interactions taking place during self-aggrega-
tion of the SAP network.

Forthcoming research will characterize the structure of the optimum SAP system in depth, 
employing several analytical techniques (i.e., 1H Nuclear Magnetic Resonance (1H-NMR), 
Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spectrometry (FTIR), and 
Size Exclusion Chromatography, among others) to test the proposed hypothetical SAP structure 
shown in Figure 5. In the succeeding section, a qualitative characterization of the polymers 
and SAP morphologies was conducted through optical microscopy. However, a more compre-
hensive characterization of these systems is required. This information will be provided in the 
upcoming work, which is beyond the scope of this chapter.

The morphology of the baseline polymers samples and the optimum SAP was observed 
using a polarized light optical microscope (Olympus model GX41), equipped with an M 
Plan N 10×/0.25 ∞/-FN22n objective (Olympus), digital camera, and image analysis software 
(Lumenera model Infinity 2-2C). Figure 6(a) and (b) display the micrographs of the baseline 
polymers and SAP dissolved in distilled water and in brine (8.4 wt%), respectively. In these 
micrographs, Figures 1–4 correspond to polymers AP, B, HPAM, and SAP respectively.

Figure 5. Proposed hypothetical structure of the SAP network.
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In the photomicrographs presented in Figure 6(a) is possible to qualitatively observe the 
morphology of the different polymer systems despite light interference [55]. The micrograph 
of the AP polymer in distilled water (Figure 6(a1)) reveals well-separated ramifications of 
aggregated macromolecules or clusters as previously reported for hydrophobically modi-
fied polyacrylamides [6, 40], while polymer B (Figure 6(a2)), HPAM (Figure 6(a3)), and the 
SAP (Figure 6(a4)) display extended macromolecular configurations. The polymer blend in 
Figure 6(a4) exhibits a more dense, well-aligned, and extended configuration of polymer 
structures. This macromolecular configuration results from the reciprocal charge repulsion 
among the anionic polymers stretching out the chains, which occupy a larger hydrodynamic 
volume because, minimum interchain interactions take place in distilled water [13, 26].

Figure 6(b1)–(b4) demonstrate that in brine solution, the screening of the negative charges 
in the polymer chains causes the increase of intra- and interchain interactions among the 
anionic polymers. For instance, dense intra- and interchain hydrophobic interactions are vis-
ible for the associating polymer, AP, in Figure 6(b1), in the form of a dense network that was 
not observed in distilled water (Figure 6(a1)). Micrographs in Figure 6(b2) and (b3) display 
branch-like fractal structures for polymer B and HPAM, which agree with previous research 
[56]. The screening of the negative charges in the polymer side chains causes the coiling/fold-
ing of the polymer chains that decreases the hydrodynamic volume of the macromolecules 
and the viscosity of the polymer solutions [13, 26]. By contrast, Figure 6(b4) exposes a network 
of fully entangled macromolecules. This high-density thread-like net reveals a homogeneous 
web of intra- and interchain interactions among the anionic polymers.

3. Effect of ionic strength on the viscoelasticity of the SAP system

Three brine concentrations 2.1, 4.2, and 8.4 wt% (see Table 1) were employed to establish 
the effect of ionic strength on the viscoelasticity of the SAP system. Figure 7 presents the 
frequency sweep of the SAP and baseline solutions in different brine concentrations in terms 
of the curve functions of tanδ, G’, G”, and |η*|.

Figure 6. Polarized light micrographs of samples of baseline polymers and SAP system. (a) in distilled water and (b) in 
brine (8.4 wt%). Micrographs (1)–(4) correspond to polymers AP, B, HPAM, and the SAP system, respectively.
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Figure 7 demonstrates the significant effect of ionic strength on the SAP system. At the highest 
ionic strength (i.e., brine 8.4 wt%), the SAP system displays the highest elasticity and viscos-
ity. The curves in Figure 7 show G’ values that are markedly larger than G” at all frequen-
cies. A tanδ < 1 in the entire range of angular frequency is consistent with a gel (physical 
network)-like behavior [45]. Figure 7 also reveals a negligible effect of ionic strength on the 
viscoelasticity of the baseline or PB # 1, which consists of a mixture of 0.2 wt% polymer B and 
at 0.2 wt% of HPAM.

These rheological data indicate that the higher the ionic strength the higher the suppression of the 
electrostatic repulsion among polymer chains through cation bridging (i.e., Ca2+), which results 
in more and stronger intra- and specially interpolymer complexations and associations that rein-
force the polymer network and enhances the viscosity of the solution [36]. Previous research has 
also demonstrated that the addition of inorganic salts to interpolymer mixtures (e.g., anionic and 
nonionic polymers) in aqueous solutions deteriorates the thermodynamic quality of the solvent 
(e.g., water) with respect to the polymers, which promotes the strengthening of the interchain 
complexation through hydrophobic interactions and hydrogen bonding [57].

The main difference between the SAP system and the baseline shown in Figure 7 is that the 
SAP system contains 0.1 wt% of AP polymer (i.e., hydrophobically modified polymer); there-
fore, the addition of inorganic salts shelters the charged groups in the associating polymer 
side chains and uncovers the hydrophobic moieties, making these associating groups more 
accessible for intra- and interpolymer hydrophobic interactions [31, 36]. These observations 
agree with previous work [51].

These experimental findings indicate that the viscoelastic functionality of the SAP formula-
tion is improved as the ionic strength in the aqueous solution increases. This performance 
makes the SAP system suitable for EOR applications involving brines containing high salinity 
and hardness concentrations.

4. Dynamic mechanical analysis (DMA)

The structural strength of a material is usually determined through the reestablishment of 
the storage modulus, G’, of the disrupted network after the shear deformation driven by high 
shear rates has been lifted [5, 45]. In this study, the structural strength of the SAP system 
was established through thixotropic behavior analysis by applying an oscillatory rheologi-
cal test consisting of three steps, each one at constant dynamic mechanical conditions, as 
recommended in Ref. [45]. The first or reference step is carried out at low-shear conditions 

Figure 7. Curves of tanδ, G’, G”, and |η*| versus ω and brine concentration.
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(strain = 20%, ω = 6.283 rad/s, time ≈ 960 s) within the LVE range. The G’-value at the end of the 
first step is taken as the reference value of G’-at-rest to be compared to the G’-value occurring 
at the end of the third step [45]. The second or high shear step is conducted at high shear condi-
tions (strain = 1000%, ω = 6.283 rad/s, time ≈ 480 s) outside the LVE range with the purpose of 
breaking the internal structure of the sample. The third or regeneration step is performed at the 
same shear conditions (strain = 20%, ω = 6.283 rad/s, time ≈ 960 s) of the first step within the 
LVE range to facilitate the regeneration of the sample’s structure. The percentage of structural 
regeneration is calculated by taking the G’-value at the end of the third step in relation to the 
reference value of G’-at-rest of the first step [45].

Figure 8 displays the curves of G’ and G” as a function of time [s], brine concentration (2.1 and 
8.4 wt%), and polymer systems for the reference step (step 1) and for the regeneration step (step 3).

Figure 8 shows that at low salinity (i.e., brine 2.1 wt%), the baseline displays a complete structural 
regeneration (i.e., thixotropic behavior), while the SAP system exhibits a 5% increase in the struc-
tural strength relative to the reference value of G’ obtained from step 1. The G’-values (empty 
square symbols) gathered during the regeneration step are consistently higher than the G’-values 
(solid square symbols) obtained during the reference step. Furthermore, Figure 8 indicates that 
the structural regeneration of both systems takes place immediately after the high shear step 
ends. The corresponding G”-curves for both systems show a similar behavior. The mechanical 
response for both systems is dominated by G’ (tanδ < 1) during the entire testing period, thus 
displaying a network-like character. The upsurge in the structural strength exhibited by the SAP 
network is due to the increase in the number and strength of noncovalent interchain associations 
that reconnect the polymer chains in the network very quickly, causing the rapid regain and 
enhancement of the mechanical structural strength and solution viscosity [3, 5, 36, 45].

At high brine concentration (i.e., 8.4 wt%), the baseline does not show complete structural 
regeneration (Figure 8). The G’-values obtained in step 3 are below the G’-values obtained in 
step 1 during the entire testing period. The decrease in the structural strength might be related 
to the weakening of the interchain noncovalent interactions for this system. On the contrary, 
the SAP system demonstrates full recovery after extension under load. The G’-values in step 3 
show an immediate 100% structural strength regeneration. Again, for the SAP system, G’ > G” 
showing network-like properties during the total testing period.

These results verify the reversibility of the interpolymer interactions of the SAP system 
involving the instant recovery of the noncovalent associations following shear thinning [58]. 
This demonstrates the self-healing advantage of supramolecular polymer networks due to the 
reversibility of the physical associations and high-chain mobility in water [3, 6, 58].

Figure 8. Thixotropic analysis: G’ and G” as a function of time.
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Figure 7 demonstrates the significant effect of ionic strength on the SAP system. At the highest 
ionic strength (i.e., brine 8.4 wt%), the SAP system displays the highest elasticity and viscos-
ity. The curves in Figure 7 show G’ values that are markedly larger than G” at all frequen-
cies. A tanδ < 1 in the entire range of angular frequency is consistent with a gel (physical 
network)-like behavior [45]. Figure 7 also reveals a negligible effect of ionic strength on the 
viscoelasticity of the baseline or PB # 1, which consists of a mixture of 0.2 wt% polymer B and 
at 0.2 wt% of HPAM.

These rheological data indicate that the higher the ionic strength the higher the suppression of the 
electrostatic repulsion among polymer chains through cation bridging (i.e., Ca2+), which results 
in more and stronger intra- and specially interpolymer complexations and associations that rein-
force the polymer network and enhances the viscosity of the solution [36]. Previous research has 
also demonstrated that the addition of inorganic salts to interpolymer mixtures (e.g., anionic and 
nonionic polymers) in aqueous solutions deteriorates the thermodynamic quality of the solvent 
(e.g., water) with respect to the polymers, which promotes the strengthening of the interchain 
complexation through hydrophobic interactions and hydrogen bonding [57].

The main difference between the SAP system and the baseline shown in Figure 7 is that the 
SAP system contains 0.1 wt% of AP polymer (i.e., hydrophobically modified polymer); there-
fore, the addition of inorganic salts shelters the charged groups in the associating polymer 
side chains and uncovers the hydrophobic moieties, making these associating groups more 
accessible for intra- and interpolymer hydrophobic interactions [31, 36]. These observations 
agree with previous work [51].

These experimental findings indicate that the viscoelastic functionality of the SAP formula-
tion is improved as the ionic strength in the aqueous solution increases. This performance 
makes the SAP system suitable for EOR applications involving brines containing high salinity 
and hardness concentrations.

4. Dynamic mechanical analysis (DMA)

The structural strength of a material is usually determined through the reestablishment of 
the storage modulus, G’, of the disrupted network after the shear deformation driven by high 
shear rates has been lifted [5, 45]. In this study, the structural strength of the SAP system 
was established through thixotropic behavior analysis by applying an oscillatory rheologi-
cal test consisting of three steps, each one at constant dynamic mechanical conditions, as 
recommended in Ref. [45]. The first or reference step is carried out at low-shear conditions 

Figure 7. Curves of tanδ, G’, G”, and |η*| versus ω and brine concentration.
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(strain = 20%, ω = 6.283 rad/s, time ≈ 960 s) within the LVE range. The G’-value at the end of the 
first step is taken as the reference value of G’-at-rest to be compared to the G’-value occurring 
at the end of the third step [45]. The second or high shear step is conducted at high shear condi-
tions (strain = 1000%, ω = 6.283 rad/s, time ≈ 480 s) outside the LVE range with the purpose of 
breaking the internal structure of the sample. The third or regeneration step is performed at the 
same shear conditions (strain = 20%, ω = 6.283 rad/s, time ≈ 960 s) of the first step within the 
LVE range to facilitate the regeneration of the sample’s structure. The percentage of structural 
regeneration is calculated by taking the G’-value at the end of the third step in relation to the 
reference value of G’-at-rest of the first step [45].

Figure 8 displays the curves of G’ and G” as a function of time [s], brine concentration (2.1 and 
8.4 wt%), and polymer systems for the reference step (step 1) and for the regeneration step (step 3).
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tural strength relative to the reference value of G’ obtained from step 1. The G’-values (empty 
square symbols) gathered during the regeneration step are consistently higher than the G’-values 
(solid square symbols) obtained during the reference step. Furthermore, Figure 8 indicates that 
the structural regeneration of both systems takes place immediately after the high shear step 
ends. The corresponding G”-curves for both systems show a similar behavior. The mechanical 
response for both systems is dominated by G’ (tanδ < 1) during the entire testing period, thus 
displaying a network-like character. The upsurge in the structural strength exhibited by the SAP 
network is due to the increase in the number and strength of noncovalent interchain associations 
that reconnect the polymer chains in the network very quickly, causing the rapid regain and 
enhancement of the mechanical structural strength and solution viscosity [3, 5, 36, 45].

At high brine concentration (i.e., 8.4 wt%), the baseline does not show complete structural 
regeneration (Figure 8). The G’-values obtained in step 3 are below the G’-values obtained in 
step 1 during the entire testing period. The decrease in the structural strength might be related 
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These results verify the reversibility of the interpolymer interactions of the SAP system 
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This demonstrates the self-healing advantage of supramolecular polymer networks due to the 
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Figure 8. Thixotropic analysis: G’ and G” as a function of time.
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5. Dynamic mechanical thermo-analysis (DMTA)

Dynamic mechanical thermo-analysis was conducted by performing upwards temperature 
ramps from 282.5 (9°C) to 353.5 K (80°C) at a linear heating rate of 9 K/min and downwards 
temperature ramps from 353.5 (80°C) to 282.5 K (9°C) at a linear cooling rate of 7 K/min at 
a constant frequency (1 Hz) and % strain (20%) within the LVE range. Figure 9 displays the 
oscillatory upward and downward temperature sweeps showing the G’- and G”-curves of the 
baseline and SAP network at low- and high salinity.

The upward heating curves (Figure 9) show that for both systems (i.e., baseline and SAP 
network), the G’- and G”-values decrease as the temperature increases with the G’-values 
showing steeper curves. Similarly, the downward cooling curves show the reverse process; 
however, the G’- and G”-curves show hysteresis upon cooling. As temperature increases dur-
ing the heating process, the motion and friction between the polymer chains increase, produc-
ing frictional heat. A fraction of this frictional heat may heat up the sample and another part 
may be lost to the surrounding environment; therefore, these materials exhibit irreversible 
deformation behavior [45] due to heat transfer. Figure 9 also shows that hysteresis is less 
pronounced for both systems at higher salinities, which suggests the formation of supramo-
lecular networks that are more rigid, stronger, and more stable at elevated temperatures.

Figure 10 shows that the baseline system reaches the gel transition temperature (Tgel) at approxi-
mately 334 K (60.5°C) for both brine salinities: 2.1 and 8.4 wt%. As temperature increases, the 
interchain interactions undergo faster rates of dissociation-association up to the vicinity of the 
gel transition temperature at which the rate of dissociation is much higher than the rate of 
association. At Tgel, disruption of the network takes place and the system transitions from a gel-
like flow behavior to a fluid-like flow behavior [9, 58]. Likewise, during the cooling process as 
temperature decreases, the rate of interchain dissociation-association decreases and chain inter-
actions get progressively stronger and the material becomes more elastic until G’ = G” at the 
crossover point, the flow gel-like behavior is regained and G’ > G” at lower temperatures [45].

The SAP system displays a different behavior as shown in Figure 10. In both brine salinities 
(2.1 and 8.4 wt%), the heating curves do not reach the gel transition temperatures. At low 
salinity, the cooling curve just reaches the crossover point (G’ = G” and tanδ = 1) at the highest 
testing temperature and then rapidly transitions to a viscoelastic gel behavior upon cooling. 
The SAP cooling curve at a high salinity never reaches the transition temperature (G’ = G”). 
These observations suggest that the SAP network exhibits more rigid and stronger polymer 

Figure 9. Temperature-dependent functions of G’ and G” of baseline and SAP network.
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chain interactions, which are capable of maintaining the stability of the supramolecular poly-
mer network and the behavior of a viscoelastic gel (G’ > G”) in the range of temperature 
evaluated. Therefore, the interchain associations are stable and network disruption was not 
observed in the temperature range from 282.5 (9°C) to 353.5 K (80°C) [45, 58].

6. Extended thermal stability

The extended thermal stability evaluation was performed at 90°C for a period of 8 weeks. 
Figure 11 displays the G’- and G”-curves versus angular frequency and time of the baseline 
and SAP system at low- and high-salinity brines.

The G’- and G”-curves (Figure 11) indicate that after the second week (Week # 2) of testing, 
the elasticity and viscosity of the baseline and the SAP network are significantly affected. At 
low-salinity brine (2.1 wt%), the baseline displays a more stable performance than the SAP 
network during the testing period; however, this behavior is reversed at high-salinity brine 
concentration (8.4 wt%), in which the SAP system is noticeably more stable, particularly at 
week # 8, than the baseline system. Furthermore, the direct observation of the samples reveals 
the onset of fine solid precipitation from week # 2 for both systems and brine concentrations. 
Some of the samples became turbid with testing time.

The thermal deterioration of the viscoelasticity of both systems as a function of time could 
be attributed in part to the autohydrolysis of the amide moieties (i.e., acrylamide groups) 
and hydrophobic functional groups forming additional acrylate moieties at elevated tempera-
tures (i.e., >85°C). These acrylate structures rapidly associate with divalent cations (i.e., Ca2+) 
causing the precipitation of polymer from the bulk of the solution, which becomes turbid. 
More detailed information on autohydrolysis of polymers at elevated temperature and ionic 
strength is provided elsewhere [43, 59]. Thermal degradation of the polymer samples can also 
be attributed to the induced breaking of the acrylic backbone trigger via free-radical reactions, 
which reduces the molecular weight of the polymer chains [59].

Figure 10. Temperature-dependent function of tanδ of the baseline and SAP system.
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actions get progressively stronger and the material becomes more elastic until G’ = G” at the 
crossover point, the flow gel-like behavior is regained and G’ > G” at lower temperatures [45].
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(2.1 and 8.4 wt%), the heating curves do not reach the gel transition temperatures. At low 
salinity, the cooling curve just reaches the crossover point (G’ = G” and tanδ = 1) at the highest 
testing temperature and then rapidly transitions to a viscoelastic gel behavior upon cooling. 
The SAP cooling curve at a high salinity never reaches the transition temperature (G’ = G”). 
These observations suggest that the SAP network exhibits more rigid and stronger polymer 

Figure 9. Temperature-dependent functions of G’ and G” of baseline and SAP network.

Polymer Rheology106

chain interactions, which are capable of maintaining the stability of the supramolecular poly-
mer network and the behavior of a viscoelastic gel (G’ > G”) in the range of temperature 
evaluated. Therefore, the interchain associations are stable and network disruption was not 
observed in the temperature range from 282.5 (9°C) to 353.5 K (80°C) [45, 58].

6. Extended thermal stability

The extended thermal stability evaluation was performed at 90°C for a period of 8 weeks. 
Figure 11 displays the G’- and G”-curves versus angular frequency and time of the baseline 
and SAP system at low- and high-salinity brines.

The G’- and G”-curves (Figure 11) indicate that after the second week (Week # 2) of testing, 
the elasticity and viscosity of the baseline and the SAP network are significantly affected. At 
low-salinity brine (2.1 wt%), the baseline displays a more stable performance than the SAP 
network during the testing period; however, this behavior is reversed at high-salinity brine 
concentration (8.4 wt%), in which the SAP system is noticeably more stable, particularly at 
week # 8, than the baseline system. Furthermore, the direct observation of the samples reveals 
the onset of fine solid precipitation from week # 2 for both systems and brine concentrations. 
Some of the samples became turbid with testing time.

The thermal deterioration of the viscoelasticity of both systems as a function of time could 
be attributed in part to the autohydrolysis of the amide moieties (i.e., acrylamide groups) 
and hydrophobic functional groups forming additional acrylate moieties at elevated tempera-
tures (i.e., >85°C). These acrylate structures rapidly associate with divalent cations (i.e., Ca2+) 
causing the precipitation of polymer from the bulk of the solution, which becomes turbid. 
More detailed information on autohydrolysis of polymers at elevated temperature and ionic 
strength is provided elsewhere [43, 59]. Thermal degradation of the polymer samples can also 
be attributed to the induced breaking of the acrylic backbone trigger via free-radical reactions, 
which reduces the molecular weight of the polymer chains [59].
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Although this extended thermal stability evaluation demonstrates the significant effect of tem-
perature and time on the viscoelastic flow behavior of both systems, these results further con-
firm that the functionality of the SAP system is increased at higher ionic strengths due to the 
formation of stronger intra- and interpolymer associations that enhances its stability at 90°C.

7. Heavy oil recovery

The performance of the baseline and the SAP system as mobility control agents in displacing 
and mobilizing heavy oil was carried out through conventional sand-pack displacement tests. 
The heavy oil that was provided by Husky Energy Inc. (Calgary, AB, Canada) had an initial 
viscosity of 68,728 cP at 25°C that was adjusted to 3000 cP at 25°C by dilution with natural 
condensate (density: 0.9 g/ml) provided by Corridor Resources Inc. (McCully field, Sussex, 
NB, Canada). A Temco DCHH-series core holder (Temco Inc., Tulsa, OK, USA) was employed 
to perform the displacement tests. The core holder’s rubber sleeve was packed with sand 
(QUIKRETE® Premium Play Sand®, No. 1113, 100% quartz) of effective size: D10 = 180 μm and 
a uniformity coefficient: D60/D10 = 2.44 determined by sieve analysis (ASTM C136/C136M-14) 
[60] employing woven wire brass sieves (Endecotts Limited, London, UK). The packed sleeve 
was sealed using the floating distribution plug and inserted into the core holder body. An over-
burden pressure of 500 psi was applied by filling the annulus between the outer diameter of the 
sleeve and the inner diameter of the core holder body with distilled water. CFR-series transfer 
vessels (Temco Inc., Tulsa, OK, USA) were used to store heavy oil, brine, and polymer that were 
pumped to the sand pack by a Teledyne ISCO Syringe pump, model 100DX (Teledyne Isco Inc., 
Lincoln, NE, USA). Pressure gauges (Omega, Laval, QC, Canada) with an accuracy of 0.5% (FS) 
were installed in different sections of the sand-pack displacement setup (Figure 12).

Four displacement tests were carried out at 25°C. Two displacement tests evaluated the per-
formance of the baseline system and the other two tests the performance of the SAP network. 
The unconsolidated porous media were characterized by determining the pore volume (PV), 
porosity (ϕ), and permeability (k) following standard procedures described in Ref. [61]; at 
this stage, the sand packs were 100% saturated with brine (8.4 wt%). Table 2 summarizes the 
properties of each of the sand packs employed during the flooding tests.

The fluid injection sequence was carried out in four steps as follows. The first step was the 
injection of heavy oil into the brine-saturated porous media until no more brine was produced 
from the sand pack that corresponded to approximately two pore volumes (2PV), followed by 

Figure 11. G’- and G”-curves as a function of angular frequency and time.
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the second step of brine (8.4 wt%) injection to displace heavy oil (i.e., water flooding) until the 
production of oil stopped, which corresponded on average to the injection of 6 PVs of brine. The 
third step consisted of the injection of 1 PV of baseline and/or the SAP system as EOR mobility 
control agents to further displace and recover oil. The fourth and final step was the post-poly-
mer brine (8.4 wt%) injection as a chaser to displace the baseline polymer and/or the SAP system 
through the sand pack. On average, 6PV of post-polymer brine was injected. The average injec-
tion flow rate was 0.76 ml/min that corresponds to a linear velocity of 0.77 ft./day. During each 
injection step, the volume of fluid injected, the volume of fluid produced, injection time, and 
pressures at the inlet, at the sand-pack pressure ports, and outlet of the sand-pack holder were 
recorded. Material balance of each injection step was carried out to determine the sand-pack 
fluid saturation and oil recovery. More details on the experimental procedure employed during 
these routine sand-pack displacement tests are provided in Ref. [62].

The performance of the baseline and the SAP network as mobility control agents in porous 
media was analyzed by plotting the effective viscosity or resistance factor (RF) [63–68] of 
the polymer system during flow through porous media as a function of the volume of fluid 
injected expressed as a fraction of pore volume (PV), which was normalized for porosity and 
permeability to compare the displacement tests on the same reference. The capillary bundle 
parameter model was applied for data normalization [66, 69–71].

Figure 12. Experimental setup sand-pack displacement test.

Flooding test # Pore volume, PV (cm3) Porosity, φ (%) Permeability, k (mD)

Baseline # 1 208 29 10,049

Baseline # 2 206 29 8667

SAP # 1 204 29 8109

SAP # 2 187 26 4700

Table 2. Sand-pack properties.
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Although this extended thermal stability evaluation demonstrates the significant effect of tem-
perature and time on the viscoelastic flow behavior of both systems, these results further con-
firm that the functionality of the SAP system is increased at higher ionic strengths due to the 
formation of stronger intra- and interpolymer associations that enhances its stability at 90°C.

7. Heavy oil recovery

The performance of the baseline and the SAP system as mobility control agents in displacing 
and mobilizing heavy oil was carried out through conventional sand-pack displacement tests. 
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a uniformity coefficient: D60/D10 = 2.44 determined by sieve analysis (ASTM C136/C136M-14) 
[60] employing woven wire brass sieves (Endecotts Limited, London, UK). The packed sleeve 
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burden pressure of 500 psi was applied by filling the annulus between the outer diameter of the 
sleeve and the inner diameter of the core holder body with distilled water. CFR-series transfer 
vessels (Temco Inc., Tulsa, OK, USA) were used to store heavy oil, brine, and polymer that were 
pumped to the sand pack by a Teledyne ISCO Syringe pump, model 100DX (Teledyne Isco Inc., 
Lincoln, NE, USA). Pressure gauges (Omega, Laval, QC, Canada) with an accuracy of 0.5% (FS) 
were installed in different sections of the sand-pack displacement setup (Figure 12).

Four displacement tests were carried out at 25°C. Two displacement tests evaluated the per-
formance of the baseline system and the other two tests the performance of the SAP network. 
The unconsolidated porous media were characterized by determining the pore volume (PV), 
porosity (ϕ), and permeability (k) following standard procedures described in Ref. [61]; at 
this stage, the sand packs were 100% saturated with brine (8.4 wt%). Table 2 summarizes the 
properties of each of the sand packs employed during the flooding tests.

The fluid injection sequence was carried out in four steps as follows. The first step was the 
injection of heavy oil into the brine-saturated porous media until no more brine was produced 
from the sand pack that corresponded to approximately two pore volumes (2PV), followed by 
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the second step of brine (8.4 wt%) injection to displace heavy oil (i.e., water flooding) until the 
production of oil stopped, which corresponded on average to the injection of 6 PVs of brine. The 
third step consisted of the injection of 1 PV of baseline and/or the SAP system as EOR mobility 
control agents to further displace and recover oil. The fourth and final step was the post-poly-
mer brine (8.4 wt%) injection as a chaser to displace the baseline polymer and/or the SAP system 
through the sand pack. On average, 6PV of post-polymer brine was injected. The average injec-
tion flow rate was 0.76 ml/min that corresponds to a linear velocity of 0.77 ft./day. During each 
injection step, the volume of fluid injected, the volume of fluid produced, injection time, and 
pressures at the inlet, at the sand-pack pressure ports, and outlet of the sand-pack holder were 
recorded. Material balance of each injection step was carried out to determine the sand-pack 
fluid saturation and oil recovery. More details on the experimental procedure employed during 
these routine sand-pack displacement tests are provided in Ref. [62].

The performance of the baseline and the SAP network as mobility control agents in porous 
media was analyzed by plotting the effective viscosity or resistance factor (RF) [63–68] of 
the polymer system during flow through porous media as a function of the volume of fluid 
injected expressed as a fraction of pore volume (PV), which was normalized for porosity and 
permeability to compare the displacement tests on the same reference. The capillary bundle 
parameter model was applied for data normalization [66, 69–71].
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Polymer retention in porous media after the post-polymer brine injection was determined 
by the residual resistance factor, RRF [59, 62–65, 67, 68, 70–74]. RF and RRF are significant 
parameters because they provide reliable information on the propagation and effectiveness of 
polymeric systems as mobility control agents through porous media. Figure 13 displays the 
average RF and RRF as a function of the volume of fluid injected normalized for porosity and 
permeability of the baseline and the SAP system sand-pack displacement tests.

The RF curves reveal that the SAP system offers a higher end value of effective viscosity, RF 
(61%), during flow in porous media relative to the baseline. The SAP RF curve also shows a 
tendency to level off as a function of the volume of fluid injected, which indicates an appropri-
ate propagation of the SAP network through the unconsolidated porous media. Therefore, 
the SAP network displays a better performance as mobility control agent compared with the 
baseline system.

The RRF curves indicate a larger retention of the SAP system along the sand pack with an 
end RRF value that stabilizes at around 2.8, while the end RRF value induced by the baseline 
levels off at approximately 1.3. Therefore, the permeability of the unconsolidated sand packs 
was further reduced by the SAP system, which aids the displacement and mobilization of 
heavy oil by further reducing the relative permeability to water [70, 75].

Figure 14 shows cumulative oil recovery as the percentage of the original oil in place (OOIP) 
recovered, the ratio of the remaining oil saturation to the initial oil saturation (Sor/Soi), and the 
water to oil ratio (WOR) as a function of the volume of fluid injected for the water-flooding 
stage, polymer-flooding stage, and post-polymer water-flooding stage. Water flooding as a 
secondary oil recovery process on average recovers between 20 and 30% of the original oil in 
place [76, 77], which agree with our results.

Polymer-flooding and the post-polymer water-flooding steps rendered an overall percent-
age of cumulative oil recovery of 41% for the baseline system and 51% for the SAP network. 
Therefore, the SAP system rendered a 10% higher incremental oil recovery relative to the 
baseline. In field applications of polymer flooding, an incremental oil recovery of 5% is con-
sidered successful [44].

Figure 13. RF and RRF versus volume of fluid injected.
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The superior performance of the SAP network in displacing heavy oil is attributed to an 
enhanced effective viscosity during flow in porous media, which generates a more stable dis-
placement front that increases the volumetric sweep efficiency accelerating the production of 
oil. Besides, both systems—the baseline and the SAP network—show to be very efficient in 
controlling WOR during the polymer-flooding stage. However, as soon as the post-polymer 
water flooding is initiated, the water to oil ratio, WOR, increases very rapidly, due to the uncon-
trollable channeling of brine toward the production end caused by viscous fingering [63].

8. Conclusions

A stable supramolecular system was formulated based on the self-assembling of xanthan gum, 
HPAM, and HMPAM driven by electrostatic interactions through divalent cation (i.e., Ca2+) 
bridges, which reduce the steric hindrance among anionic polymer chains promoting strong 
and stable intra- and interpolymer associations via hydrophobic interactions and hydrogen 
bonding. The viscoelastic functionality of the SAP system is enhanced in high ionic strength 
aqueous solutions. This performance makes the SAP system suitable for EOR applications 
involving brines containing high salinity and hardness concentrations.

The SAP system shows a high structural strength, mechanical stability, and self-healing capa-
bilities. The supramolecular polymer network exhibits instant recovery of the interpolymer 
noncovalent interactions and even the increase in structural strength following the lifting of 
high-shear conditions (i.e., severe shear thinning).

In the temperature range from 282.5 (9°C) to 353.5 K (80°C), the SAP network exhibits thermal 
stability. In this temperature range, the strong and stable intra- and interchain interactions 
maintain the integrity of the supramolecular polymer and its flow viscoelastic behavior. 
Likewise, the SAP system demonstrated an enhanced thermal stability after 8 weeks at 90°C 
in high-salinity brine (8.4 wt%) compared with the thermal performance of the baseline. This 
further confirms that the functionality of the SAP system is upgraded at higher ionic strengths 
due to the formation of stronger intra- and interpolymer associations.

The SAP system rendered a 10% higher incremental oil recovery relative to the baseline 
system. The superior performance of the SAP network in displacing heavy oil is attributed 
to better mobility control properties, to the generation of a stable displacement front, the 

Figure 14. Cumulative oil recovery, Sor/Soi, and WOR versus volume of fluid injected.
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recovered, the ratio of the remaining oil saturation to the initial oil saturation (Sor/Soi), and the 
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secondary oil recovery process on average recovers between 20 and 30% of the original oil in 
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The superior performance of the SAP network in displacing heavy oil is attributed to an 
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trollable channeling of brine toward the production end caused by viscous fingering [63].
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and stable intra- and interpolymer associations via hydrophobic interactions and hydrogen 
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involving brines containing high salinity and hardness concentrations.

The SAP system shows a high structural strength, mechanical stability, and self-healing capa-
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noncovalent interactions and even the increase in structural strength following the lifting of 
high-shear conditions (i.e., severe shear thinning).
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stability. In this temperature range, the strong and stable intra- and interchain interactions 
maintain the integrity of the supramolecular polymer and its flow viscoelastic behavior. 
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in high-salinity brine (8.4 wt%) compared with the thermal performance of the baseline. This 
further confirms that the functionality of the SAP system is upgraded at higher ionic strengths 
due to the formation of stronger intra- and interpolymer associations.

The SAP system rendered a 10% higher incremental oil recovery relative to the baseline 
system. The superior performance of the SAP network in displacing heavy oil is attributed 
to better mobility control properties, to the generation of a stable displacement front, the 

Figure 14. Cumulative oil recovery, Sor/Soi, and WOR versus volume of fluid injected.

Viscoelasticity of a Supramolecular Polymer Network and its Relevance for Enhanced Oil Recovery
http://dx.doi.org/10.5772/intechopen.77277

111



efficient and rapid control of the WOR, and an improved volumetric sweep efficiency that 
accelerates the production of oil. Overall, the SAP system is a straightforward formulation 
that offers several advantages relevant to EOR such as enhanced viscoelastic flow behavior, 
increased functionality in high ionic strength environments, stability to mechanical shear, and 
an improved thermal stability.
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efficient and rapid control of the WOR, and an improved volumetric sweep efficiency that 
accelerates the production of oil. Overall, the SAP system is a straightforward formulation 
that offers several advantages relevant to EOR such as enhanced viscoelastic flow behavior, 
increased functionality in high ionic strength environments, stability to mechanical shear, and 
an improved thermal stability.
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Agave fructans have thermal protective and encapsulating properties as well as techno-
logical functions as stabilizers. The effect of the combination of maltodextrin 10% [w/v] 
and native agave fructans in concentrations of 0, 2, and 4% [w/v] on the rheological prop-
erties and microstructure, of spray-dried chayote, carrot, mango and pineapple powders 
was evaluated. The flow behavior was analyzed in a simple shear flow and low-cutting 
speed in the range of 5–200 s−1. The experimental data of fresh or reconstituted juices were 
fitted to different flow models such as Newtonian, Bingham, and Ostwald-de-Waele. The 
flow behavior of all juices can be described by the Bingham model with low plastic vis-
cosities; the addition of fructans and the step of spray drying had no significant influence 
on the plastic viscosity of juices as compared to fresh juices.
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 polyphenols, carotenoids and vitamin C. Chayote is also an important source of folic acid. 
There is an increasing interest in highly nutritious and instant foods, which is why the concen-
trated juice powder of these fruits could be an excellent and profitable option for consumption. 
In this way, chayote is mainly produced in Mexico and unknown in most countries. Due to 
the physical characteristics of the different types of fruit and the environmental conditions in 
the growing regions, large amounts of the harvested fruits fall short of the minimum quality 
standards for direct use and result in significant losses.

In recent years, new processes have been under development in order to achieve commer-
cialization for fruit that fails to meet quality standards—the idea is to create products higher 
in quality and with greater added value. In this sense, the production of fruit juice powders 
is a better alternative for the use of raw material that fails to meet quality standards for 
exportation. In the processing of fruit juice, many variables exist that can lead to changes in 
the final product quality [1]. Rheological properties play an important role in the handling 
and processing, quality control and sensory evaluation of various foods [2]. The determina-
tion of rheological properties such as viscosity is of great importance in the prediction of 
heat and mass coefficients as well as for the design or development of heat transfer equip-
ment and mass in the fruit juice industry [3]. Operational effects, such as concentration by 
evaporation, reverse osmosis, pumping and homogenization, are due to variations in vis-
cosity [3]. In addition, factors such as the variety or maturity of the fruit and the treatment 
applied to fruit juice affect the viscosity of a reconstituted juice, so that the preference and 
acceptability of the consumer will be influenced by these factors [1, 4, 5]. Spray-drying is 
an alternative process for products which are sensitive to heat and has been used success-
fully in fruit juices [6]; the result is a product that has acceptable sensory characteristics and 
stability for storage.

In order to increase the glass transition temperature (Tg), the addition of thermoprotective 
additives such as maltodextrin is necessary to guarantee an adequate control of the spray 
drying process in fruit juices and the quality of the products obtained. The average aggregate 
amount has been reported between 30% and 75% (w/v); however, an excess of these gener-
ates increases in viscosity [7, 8], which stands in function of the total solids content of the 
particular juice to be processed. Carrier agent usually used in spray drying of fruit juices are 
carbohydrate based, such as maltodextrins and gums, mainly due to their high solubility, low 
viscosity, which are important conditions for the spray-drying process [9]. The production of 
fruit powders presents a challenge in the reduction of the viscosity of the juice of feeding, for 
the improvement of the drying, handling and storage. The presence of fructose, glucose and 
sucrose which are low molecular weight sugars as well as some organic acids in the fruit have 
changes in the viscosity of the fruit powder and the reconstituted.

Recent studies have attributed agave fructans with thermal protective and encapsulating 
properties, as well as technological functions as stabilizers [10]. Fructans are rich in fructose 
polymers with a terminal glucose and are composed of fructose units and terminal glucose 
unit linked by β-(2 → 1) and β-(2 → 6) links [11]. The most common inulin type fructans are 
from chicory roots (Cichorium intybus). On the other hand, levan-type fructans are present in 
grasses and cereals as well as those produced by bacteria [12]; however, this levan fructans are 

Polymer Rheology120

rarely commercially available. At the same time, inulin-type fructans are widely used as food 
ingredients because of their gelling and thickening capacity, its ability for replace fat by up 
to 100% [13] as well as substitute of other carbohydrates to reduce the calories of some foods 
such as ice creams, dairy products and baked goods [11, 14].

Fructans are widely distributed in plants. They perform similar functions as dietary fiber 
and indigestible in the gastro-intestinal tract. As polymers, they have high molecular weight, 
increase amount of solids, provide no flavor or color, in general, they have functional proper-
ties that are excellent candidates as carrier agents. Botrel et al. [15] demonstrated that fructans 
have favorable effects on the microencapsulation of fish oil when used as carrier agents, favor-
ing the reduction of particle size, high efficiency in microencapsulation and a decrease in bulk 
density. Chávez et al. [16] concluded that the thermal stability of agave fructans during the 
spray-drying process gives them the ability to be used as carrier agents.

Linear fructans show the tendency to form gels while branched fructans promote the forma-
tion of solutions [10]. In this sense, it has been reported that levan-type fructans interact with 
the membranes of phospholipids, which causes the properties of the surface of the acid mix-
tures to be strongly affected [17].

The reconstituted powders are fluids that can be classified according to their response to 
deformation in the linear (LVR) and non-linear viscoelastic (n-LVR) region. In particular, large 
amplitude oscillatory shear (LAOS) deformation permits varying experiments depending 
on whether suitable conditions for examining the material response within LVR are present 
and to obtain additional information in n-LVR. LVR is related to the structural arrangement, 
while n-LVR is associated with the mechanical response when food structure has been mostly 
deformed [18]. The n-LVR is more related to consumer perception than LVR [19].

Currently, few reports on the use of agave fructans as additives in the spray-drying process 
of fruit, or their use in the reduction of conventionally used materials, such as MD exist. In 
this sense, the objective of this study was to evaluate the effect of adding agave fructans and 
maltodextrin DE 10 on rheology in spray-dried chayote (Sechium edule), pineapple (Ananas 
comosus), carrot (Daucus carota) and mango (Mangifera indica) juices.

2. Fruit powder rheology

2.1. Raw materials

Chayote, carrot, mango and pineapple fruit in consumption degree of ripeness were obtained 
in Tepic, Nayarit and subsequently washed and disinfected in a sodium hypochlorite solu-
tion (NaClO) at 200 ppm (0.02%). Then, they were peeled, and the juice of these fruits was 
obtained using a conventional extractor. Maltodextrin DE10 or native agave fructans were 
added by homogenization using an electric laboratory homogenizer (PRO Scientific. Inc. 300 
PC) at 350 rpm during 15 min and filtered in a No. 50 filter sieve. One liter of homogenized 
juice was used for each test.
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2.2. Spray drying

A pilot dryer (model LPG-5, CIMA Industries Inc.) equipped with a rotatory nozzle was used 
for the spray-drying process with a feed rate of 15 mL.min−1, 2.5 bar, a juice feed tempera-
ture of 25°C, air inlet rate of 9.4 m/s and temperature of 120°C. Maltodextrin was added to 
reach a final concentration of 10% (m/v). Fructans were added to a concentration of 0.2% or 
4%. The inlet temperature and maltodextrin concentrations were determined in preliminary 
studies. Total solids were determined in fresh chayote, carrot, mango and pineapple juices; 
these parameters were taken as a reference for rehydration. A mass balance was performed 
to determinate the quantity of water necessary to reconstitute the powder with total solids 
content similar (TSS) to fresh juice.

2.3. Rheological properties of juices

The rheometric measurements were carried out with a controlled stress rheometer (Model 
AR-G2 TA Instruments with Software Trios v4.0.1) using concentric cylinder geometry [exte-
rior cylinder diameter 21.96 mm, interior cylinder diameter 20.38 mm, height 59.50 mm], 
gap 500 μm, a constant temperature of 25°C, maintained in a circulating water bath and a 
AG2 heater. The flow behavior was analyzed in a simple shear flow, low cutting speed in 
a range of 5–200 s−1. Juices were reconstituted based on the total soluble solids of the fresh 
juice. The experimental data of fresh or reconstituted juices were fitted to different flow 
models such as Newtonian (Eq. 1), Bingham (Eq. 2) and Ostwald-de-Waele Power Law 
model (Eq. 3).

  τ = η  γ   ̇    (1)

  τ −  τ  0   =  η   ́   γ   ̇   (2)

  τ = K   γ   ̇    η   (3)

where τ is the shear stress [Pa],   γ   ̇   is the shear rate [s−1], η is the viscosity (Pa.s), η’ is the plastic 
viscosity (Pa.s), τ0 is the yield stress (Pa), K is the consistency index (Pa1/2 sn) and n is the flow 
behavior index.

The best rheological model for describing the flow behavior of juices was selected by compar-
ing the value of correlation coefficient, R2.

2.4. Rheological analysis

Figure 1 represents the flow curve of reconstituted juices containing three different concentra-
tions of native agave fructans 0.2 and 4%. As can be observed from the figure, the flow curves 
at the three concentrations demonstrate an initial yield stress, indicating the presence of 
entangled rehydrated powders which prevents the free flow of the juices at zero shear rates. 
Similar flow curves were observed in the three concentrations of fructans. Figure 1 shows 
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in the curves flow a Newtonian behavior (viscosity independent of the shear rate) for all the 
concentrations of fructans studied. In this sense, shear thinning behavior is characterized for 
a viscosity decrease with the shear rate due to structure destruction or a new structure forma-
tion. In this study, the concentrations of fructans were below 5%, so it is important to mention 
that for Cfructan ≤ 30% [w/v] [which were measured in a double wall Couette geometry], and 
at shear rates smaller than 70 s−1 shear thinning was detected followed by shear thickening at 
shear rates higher than 270 s−1 in accordance with Ponce et al. [20].

Arvidson et al. [12] found shear thinning for aqueous levan polysaccharide solutions of 30% 
[w/v] and were measured at 20°C. The double wall Couette-type geometry presents second-
ary flow formation or Taylor vortices at higher shear rates, behaving turbulently as a flow 
type. The observed shear thickening behavior at high shear rates is attributed to the formation 
of instabilities of hydrodynamic flow [21, 22].

This phenomenon has been studied predicting the stress near to the wall with the theoreti-
cal analysis of Stuart [22, 23]. Others authors have reported hydrodynamic instabilities such 
as Taylor-Couette Vortices in Newtonian fluids [23] and viscoelastics fluids [24, 25]. Macias 
et al. [26] observed flow instabilities at shear rates higher than 250 s−1 for water in Double 

Figure 1. Flow behavior index curves of reconstituted chayote (a), pineapple (b), carrot (c), and mango (d) powders [ ] 
0% FT, [ ] 2% FT, [ ] 4% FT. FT: Fructanos.
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gap 500 μm, a constant temperature of 25°C, maintained in a circulating water bath and a 
AG2 heater. The flow behavior was analyzed in a simple shear flow, low cutting speed in 
a range of 5–200 s−1. Juices were reconstituted based on the total soluble solids of the fresh 
juice. The experimental data of fresh or reconstituted juices were fitted to different flow 
models such as Newtonian (Eq. 1), Bingham (Eq. 2) and Ostwald-de-Waele Power Law 
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  τ = η  γ   ̇    (1)

  τ −  τ  0   =  η   ́   γ   ̇   (2)

  τ = K   γ   ̇    η   (3)

where τ is the shear stress [Pa],   γ   ̇   is the shear rate [s−1], η is the viscosity (Pa.s), η’ is the plastic 
viscosity (Pa.s), τ0 is the yield stress (Pa), K is the consistency index (Pa1/2 sn) and n is the flow 
behavior index.

The best rheological model for describing the flow behavior of juices was selected by compar-
ing the value of correlation coefficient, R2.

2.4. Rheological analysis

Figure 1 represents the flow curve of reconstituted juices containing three different concentra-
tions of native agave fructans 0.2 and 4%. As can be observed from the figure, the flow curves 
at the three concentrations demonstrate an initial yield stress, indicating the presence of 
entangled rehydrated powders which prevents the free flow of the juices at zero shear rates. 
Similar flow curves were observed in the three concentrations of fructans. Figure 1 shows 
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in the curves flow a Newtonian behavior (viscosity independent of the shear rate) for all the 
concentrations of fructans studied. In this sense, shear thinning behavior is characterized for 
a viscosity decrease with the shear rate due to structure destruction or a new structure forma-
tion. In this study, the concentrations of fructans were below 5%, so it is important to mention 
that for Cfructan ≤ 30% [w/v] [which were measured in a double wall Couette geometry], and 
at shear rates smaller than 70 s−1 shear thinning was detected followed by shear thickening at 
shear rates higher than 270 s−1 in accordance with Ponce et al. [20].

Arvidson et al. [12] found shear thinning for aqueous levan polysaccharide solutions of 30% 
[w/v] and were measured at 20°C. The double wall Couette-type geometry presents second-
ary flow formation or Taylor vortices at higher shear rates, behaving turbulently as a flow 
type. The observed shear thickening behavior at high shear rates is attributed to the formation 
of instabilities of hydrodynamic flow [21, 22].

This phenomenon has been studied predicting the stress near to the wall with the theoreti-
cal analysis of Stuart [22, 23]. Others authors have reported hydrodynamic instabilities such 
as Taylor-Couette Vortices in Newtonian fluids [23] and viscoelastics fluids [24, 25]. Macias 
et al. [26] observed flow instabilities at shear rates higher than 250 s−1 for water in Double 

Figure 1. Flow behavior index curves of reconstituted chayote (a), pineapple (b), carrot (c), and mango (d) powders [ ] 
0% FT, [ ] 2% FT, [ ] 4% FT. FT: Fructanos.
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wall Couette-type geometry. The shear thinning observed at low fructans concentration 
(Cfructans ≤ 30% [w/v]) could be due to these flow instabilities, since the viscosity of agave solu-
tions is near to the water viscosity.

The increase in viscosity is explained based on the transition of non-entangled fructan chains, 
however, an increase in the fructans concentration produce a greater amount of entangle-
ments. The two slope changes they present themselves at medium concentration regimen 
at Cfructans = 35% [w/v] which are related to the overlap chains concentration. At higher con-
centrations at Cfructans = 70% [w/v], the solution behaves like a weak gel where high entangle-
ments between fructan chains are detected. In solutions of linear polymers diluted with good 
solvents the dependence of η0 with concentration should be η ≈ Cfructans 4.7 [27]. Nevertheless, 
an increase in the concentration of polysaccharides causes the addition in the values of the 
exponent in the law of viscosity scale. Therefore, the value of the power law generates a screen 
in the understanding of the structure of the solution.

At 30°C, the agave fructan solutions exhibit a Newtonian behavior, this for samples with con-
centrations ≤80% [w/v]. In higher concentrations, the formation of a highly viscous solution is 
observed, so that the system at temperatures between 25 and 30°C shows a shearing dilution 
behavior; however, at high temperatures, there is a shear thickening [20]. The effect of fructan 
concentration on viscosity was similar to that of fructose or sucrose solutions. This confirms 
that the dependence of rheology on fructan concentration is closer to that of low molecular 
weight monosaccharides than to that of high molecular weight polysaccharides, as was pro-
posed by Martínez-Padilla [28].

Table 1 shows the fitted parameters of the Newtonian, Bingham and Power Law rheologi-
cal models for chayote, carrot, mango and pineapple fresh or reconstituted juices with dif-
ferent content of fructans. For all the reconstituted juices, the best adjustment of flow data 
was obtained with the Bingham model, values of R2 ranged between 0.9992 and .9999. These 
results are in agreement with those of Shamsudin et al. [29] who found that the flow curves of 
Yankee pineapple juices were described by the Bingham model.

FT: fructans, N/A: no additives. All samples contain 10% maltodextrin. Note: similar letters no 
significant differences. Different letters significant differences (p > 0.05).

Bingham model describes plastic fluid that behaves as a rigid body at low stresses but flows 
as a viscous fluid at high stress. Then this type of fluid is characterized by a yield stress 
and a plastic viscosity. These parameters were statistically compared in Table 2 for each 
formulation of juices. Whether for pineapple, carrot, mango or chayote juices, the addi-
tion of maltodextrin (10% [w/v]) and fructans (0–4% [w/v]) and the step of spray-drying 
had no significant influence on the plastic viscosity of juices as compared to fresh juices. 
Moreover, all the considered juices (Table 1) presented a low plastic viscosity that ranged 
from 0.0026 to 0.0030 Pa.s at 25°C. In contrast, yield stresses were impacted by the addition 
of maltodextrin, fructans or by the step of spray drying. Yield stress values were correlated 
to the presence and the degree of entanglement of colloids in fluids. For chayote and car-
rot juices, the addition of maltodextrin decreases significantly the value of the yield stress 
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tion of maltodextrin (10% [w/v]) and fructans (0–4% [w/v]) and the step of spray-drying 
had no significant influence on the plastic viscosity of juices as compared to fresh juices. 
Moreover, all the considered juices (Table 1) presented a low plastic viscosity that ranged 
from 0.0026 to 0.0030 Pa.s at 25°C. In contrast, yield stresses were impacted by the addition 
of maltodextrin, fructans or by the step of spray drying. Yield stress values were correlated 
to the presence and the degree of entanglement of colloids in fluids. For chayote and car-
rot juices, the addition of maltodextrin decreases significantly the value of the yield stress 
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from 0.0145 Pa (fresh juice) to 0.0029 Pa. The addition of maltodextrin to chayote and carrot 
juice induces a significant decrease of the yield stress of juice. This effect may be attributed 
to the interactions between the maltodextrin and the other polysaccharides, which do not 
allow these polysaccharides to fully extend in solution [30]. According to Grabowski et al. 
2008 who studied the rheological properties of spray-dried sweet potato-maltodextrin 
powders, maltodextrin polysaccharide interactions could induce a decrease of the viscos-
ity, since longer molecules have a larger hydrodynamic volume, which increases solution 
viscosity.

The additional supplementation of fructans up to 4% induced a slight but significant increase 
of the yield stress of fresh chayote juice up to 0.0078 Pa. Furthermore, spray drying did not 
seem to deeply impact the rheological behavior of chayote juices (Table 1). Pineapple juices 
presented higher yield stresses than chayote, while they had the same plastic viscosity. These 
findings could be because fruit juices contain colloidal systems. These colloids are part of the 
fruit itself or may be formed by microorganisms during fruit ripening. Most of the colloids 
come from the plant itself. The amount of colloids present in fruit juice is in the range of 
100–1000 mg/L. An examination of colloids in the juice after pressing shows that they are basi-
cally polysaccharides such as pectins and starch [31, 32]. In this sense, the pineapple contains 

Table 1. Experimental data fitted to parameters of rheological models (Newtonian, Bingham and Power Law).
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more pectins than chayote, carrot and mango, and pectins are responsible for the turbidity 
and high viscosity of fruit juices. The addition of maltodextrin and fructans up to 4% [w/v] 
also induced a slight but significant increase of the yield stress of pineapple juices. However, 

Table 2. Influence of fructans addition and spray-drying on yield stress (τ0, pa) and plastic viscosity (η’, pa.S) of juices.

Effect of Maltodextrin Reduction and Native Agave Fructans Addition on the Rheological…
http://dx.doi.org/10.5772/intechopen.75758

127



from 0.0145 Pa (fresh juice) to 0.0029 Pa. The addition of maltodextrin to chayote and carrot 
juice induces a significant decrease of the yield stress of juice. This effect may be attributed 
to the interactions between the maltodextrin and the other polysaccharides, which do not 
allow these polysaccharides to fully extend in solution [30]. According to Grabowski et al. 
2008 who studied the rheological properties of spray-dried sweet potato-maltodextrin 
powders, maltodextrin polysaccharide interactions could induce a decrease of the viscos-
ity, since longer molecules have a larger hydrodynamic volume, which increases solution 
viscosity.

The additional supplementation of fructans up to 4% induced a slight but significant increase 
of the yield stress of fresh chayote juice up to 0.0078 Pa. Furthermore, spray drying did not 
seem to deeply impact the rheological behavior of chayote juices (Table 1). Pineapple juices 
presented higher yield stresses than chayote, while they had the same plastic viscosity. These 
findings could be because fruit juices contain colloidal systems. These colloids are part of the 
fruit itself or may be formed by microorganisms during fruit ripening. Most of the colloids 
come from the plant itself. The amount of colloids present in fruit juice is in the range of 
100–1000 mg/L. An examination of colloids in the juice after pressing shows that they are basi-
cally polysaccharides such as pectins and starch [31, 32]. In this sense, the pineapple contains 

Table 1. Experimental data fitted to parameters of rheological models (Newtonian, Bingham and Power Law).

Polymer Rheology126

more pectins than chayote, carrot and mango, and pectins are responsible for the turbidity 
and high viscosity of fruit juices. The addition of maltodextrin and fructans up to 4% [w/v] 
also induced a slight but significant increase of the yield stress of pineapple juices. However, 

Table 2. Influence of fructans addition and spray-drying on yield stress (τ0, pa) and plastic viscosity (η’, pa.S) of juices.

Effect of Maltodextrin Reduction and Native Agave Fructans Addition on the Rheological…
http://dx.doi.org/10.5772/intechopen.75758

127



a decrease of this rheological parameter was observed for reconstituted juices after spray 
 drying especially for samples with 4% of fructans, which could be due to the solubility of 
fructans above 95% [10].

The viscosity of agave fructans solutions (Agave tequilana Weber blue var.) at different concentra-
tions and temperatures has been studied by Ponce et al. [20]. They observed that solutions with 
concentrations inferior to 30% [w/v] at temperatures ranging between 30 and 60°C presented a 
low viscosity, similar to water. Meanwhile, the viscosity of solutions with concentrations supe-
rior or equal to 30% [w/v], increased when increasing the concentration up to 70%, forming a 
highly viscous fluid. The results obtained in this work are in agreement with previous find-
ings; lower plastic viscosity was observed in fructans powders with lower concentrations, this 
according to the flow parameters such as plastic viscosity (η’) and yield stress (τ0) obtained with 
Eq. 2. This shear thinning behavior at low shear rate (20 s−1) followed by thickening behavior at 
high shear rate [300 s−1] in low fructans concentrations (Cfructans ≤ 30% in weight) could be due to 
flow instabilities such as vortices, since the viscosity of the samples is close to that of water [33].

The effect of adding maltodextrin on tomato pulp during spray-drying has been studied by 
Goula and Adamopoulos [30]. They observed that reconstituted tomato pulp from the result-
ing powder showed a non-Newtonian behavior with low stress, and a decrease in viscosity 
when the maltodextrin concentration and dextrose equivalent increase. This same effect is 
observed in the reconstituted chayote and pineapple powders and is attributed to the fact that 
the 10% maltodextrin concentration is higher in comparison to that of fructans.

Chayote, carrot, mango and pineapple juices [fresh and reconstituted] did not present the 
same rheological behavior [specially for the yield stress]. In this sense, studies have found 
that a decrease in sweet-potato solids, as well as interaction between maltodextrin and sweet-
potato polysaccharides contributed to a decrease in viscosity of the reconstituted purée [34]. 
In general, the flow behavior of fresh and reconstituted sweet-potato solutions was different 
suggesting that the solids concentration being modified by the molecular changes during 
spray-drying. This could also explain the distinct rheological behavior for each reconstituted 
fruit powder in the present study.

3. Conclusions

The addition of native agave fructans contributes to a significant decrease in the mass frac-
tion of maltodextrin added in this type of industrial products. All fresh or reconstituted juices 
present a flow behavior typical of plastic fluids [Bingham model]. The addition of maltodex-
trin [10%] and fructans [up to 4%] as well as the step of spray-drying did not change signifi-
cantly the plastic viscosity of juices. Only the yield stresses, which represent the behavior of 
fluids at rest, were impacted by these parameters. The combination of native agave fructans 
with maltodextrin as a stabilizer produced spherical particles with shrinkage, lumps, and cak-
ing between them. The flow behavior as a function of concentration indicates that the agave 
native fructans and the fructans-maltodextrin mixtures behave similar to simple sugars but 
with an increase in the viscosity of the mixture.
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Abstract

Viscosity functions of particle-filled polymer melts are shifted to higher values in com-
parison with those of the unfilled polymer melts. This increase is affected by a number 
of factors such as the volume content, size, size distribution and the aspect ratio of the 
suspended particles. If interparticle interactions occur, which include the formation and 
breaking of agglomerates as well as the migration and rotation of particles during flow, 
the extent of the viscosity increase of suspensions also depends on the applied shear 
stress. Filler with a high aspect ratio, such as fibrous and plate-like particles, exhibits 
a strong tendency for interparticle interactions even at low volumetric concentrations. 
However, depending on the polymer matrix, spherical particles can exhibit a range of 
negligible interparticle interactions at low filler volume concentrations. Non-negligible 
interactions occur at higher filler concentrations. On the basis of the generalized interaction 
function, which considers the transition from negligibly interparticle interactions to the 
domain of non-negligibly interactions, the flow behavior of particle-filled polymer melts 
can be estimated. The subject of this chapter is the application of the generalized interaction 
function for the characterization of the flow behavior of particle-filled polyolefin melts.

Keywords: interparticle interaction, generalized interaction function, interaction 
exponent, rheology, flow function, suspension

1. Introduction

A suspension is a heterogeneous system in which solid particles are dispersed in a liq-
uid. An example of a suspension is a particle-filled thermoplastic polymer melt in which 
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the dispersed phase is characterized by the fillers and the continuous or suspending phase 
(matrix) by the polymer melt. The rheological properties of suspensions that are relevant 
to processing are influenced by a variety of factors and significantly differ from those of 
the matrix fluid. When the suspending medium is a Newtonian fluid, then the suspension 
exhibits non-Newtonian behavior with increasing filler concentration. When the suspend-
ing medium is non-Newtonian in character, the presence of solid particles magnifies the 
complexities of its rheological behavior [1].

Rheological investigations on particle-filled polymer melts show that the viscosity functions 
exhibit higher values with increasing volumetric filler concentration (Figure 1). The offset 
depends not only on the volume fraction but also on the shape, size and size distribution 
of the suspended particles. In the case of interaction effects, the offset also depends on the 
applied shear stress and shear rate.

Several theoretical and empirical relationships have been proposed to describe the viscosity 
of suspensions [1]. Most of these relationships describe the influence of the volumetric filler 
concentration on the relative viscosity, which is defined as the ratio of the viscosity of the 
suspension to the viscosity of the suspending liquid.

   η  r   =   
 η  s   __  η  0      (1)

where

  η  
r
    = relative viscosity [−]

  η  
s
    = viscosity of the suspension [Pa s]

  η  
0
    = viscosity of the suspending liquid [Pa s]

Figure 1. Viscosity functions of LDPE filled with natural graphite (d50 = 266.6 μm; median particle size of a particle 
analysis) with varying volume content (T = 190°C; typical processing and recommended MFI temperature – ISO 1133).

Polymer Rheology136

The first theoretical relationship of the relative viscosity of a Newtonian fluid in which rigid 
spheres are suspended was proposed in 1906 by Albert Einstein (corrected in 1911) [2, 3]. He 
derived an analytical solution that is valid for dilute suspensions in which no particle-particle 
interactions occur:

   η  r   = 1 + 2.5φ  (2)

Rutgers experimentally proved that (Eq. (2)) is valid for volume fractions up to  φ < 0.1  [1]. 
For more densely filled suspensions, Einstein’s equation was extended by higher order terms 
to mathematically describe the nonlinear relationship between relative viscosity   η  

r
    and filler 

volume fraction  φ :

   η  r   = 1 + Bφ +  B  1    φ   2  + …  (3)

with B = 2.5 according to Einstein’s constant and with  7.35 ≤  B  
1
   ≤ 14.1  found by different authors 

[1, 4–6]. The main drawback of the polynomial function (Eq. (2)) is the poor consistency of 
calculated and measured values for particle volume fractions  φ > 0.25  [5].

Krieger & Dougherty developed an empirical equation describing the relative viscosity as a 
function of the filler content, taking into account the maximum packing of the filler   φ  

m
    (equiva-

lent formulas or modifications by Maron-Pierce, Kitano, Queimada or Mooney) [1, 5–9]:

   η  r   =   (1 −   
φ

 ___  φ  m    )    
−B φ  m  

   (4)

This equation is one of the most widely used functions for fitting to experimental data, since  
B  and   φ  

m
    can be used as fitting parameters for the approximation [5].

In addition to the abovementioned equations, there are a variety of other relationships for 
describing the flow behavior of suspensions based on the relative viscosity [1, 5–12]. Within a 
large number of publications, the relative viscosity as a function of the filler concentration is 
determined either at a constant shear rate or at a constant shear stress. However, studies on 
particle-filled LDPE and PP indicate that the relative viscosity (determined at both constant 
shear stress and constant shear rate) depends not only on the filler concentration but also on 
the applied shear rate (Figure 2).

Figure 2 (right) shows the impact of the apparent shear rate on the relative viscosity, which 
can be expressed by a power function. On the basis of this function, it can be shown that an 
increase of the shear rate by a decade leads to a reduction of the relative viscosity, determined 
at constant shear stress, by approximately 60%. The relative viscosity, determined at constant 
shear rate, is reduced by approximately 28%. This shows that the shear rate has to be taken 
into account for an exact prediction of the real flow behavior of particle-filled polymer melts.

Hinkelmann noted in his investigations on glass-filled SAN that a simple analytical descrip-
tion of the filler concentration on the relative viscosity is problematic due to the strong 
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impact of the shear rate on this value [12]. Gleißle et al. also pointed out in his investigations 
on charcoal-filled silicone oil that equations describing the relative viscosity as a function 
of the volume concentration cannot universally describe the increase in the viscosity of 
liquids by the addition of particles [13]. Alternatively, Gleißle and Baloch proposed a very 
vivid description to illustrate the flow behavior of suspensions based on the concept of 
shear-stress-equivalent shear rate.

Within this concept, the hydraulic diameter is reduced by the volume content of the particles. 
This leads to an increase in the shear rate of the continuous phase between these particles, the 
so-called inner shear rate (Figure 3).

The relative increase of this inner shear rate to the shear rate of the suspension (considered as 
a homogeneous liquid) is expressed by the shift factor B.

Figure 3. Idealization of Poiseuille flow (pressure-induced channel flow) processes in suspensions according to the 
concept of the shear-stress-equivalent shear rate.

Figure 2. (left) Viscosity functions of LDPE and LDPE filled with 45.7 vol% natural graphite; (right) Relative viscosity 
determined at the same shear rate and shear stress, respectively.
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  B =   
  γ   ̇   c   ___   γ   ̇   0  

    (5)

where,

   γ   ̇   
c
    = inner shear rate [1/s]

   γ   ̇   
0
    = shear rate of the suspension [1/s]

In general, the flow behavior of a shear thinning fluid, such as particle-filled polymer melt, 
can be described by the power law (defined by consistency index K and flow behavior index 
n) of Ostwald/de Waele. On the basis of the power law, interaction effects can be taken into 
account in the calculation of the shift factor as follows [14]:

  B   (τ)     n  0    =   
 K  c   ___   K  0     χ    ⋅  τ    (χ−1)    (6)

where,

  K  
c
    = consistency index (suspension) [Pa sn]

  K  
0
    = consistency index (polymer matrix) [Pa sn]

 τ  = applied shear stress [Pa]

 χ  = interaction exponent   (χ =   
 n  

c
  
 __  n  

0
    )   [−]

  n  
c
    = flow behavior index (suspension) [−]

  n  
0
    = flow behavior index (polymer matrix) [−]

Shift factor B is affected by a number of factors: interparticle interactions, the formation and 
breaking of particle aggregates, the solids content of the suspension, the particle size and mor-
phology of the solid phase, the effects of surfactants, which in turn affect the viscosity of the 
suspension [15]. In case of negligible interparticle interactions, the flow behavior indices are 
the same for the flow functions of the suspension (nc) and the matrix polymer (n0); thus, the 
interaction exponent is equal to one. In this case, shift factor B is independent of the applied 
shear stress, and the filler content only affects the consistency index [13].

The quantitative impact of the volumetric filler concentration on the consistency index of the 
suspension (Figure 4) is expressed by the following empirical Equation [16, 17]:

   K  c   =  K  0   ⋅  (1 + A ⋅   φ  v     α  ⋅  e   β⋅ φ  v   )   (7)

where,

  φ  
v
    = volumetric filler concentration [−]

The adjustable parameters A, α, β can be found by regression analysis to fit a given set of 
experimental data.

As already stated, in case of negligible interparticle interactions, only the consistency index 
of the suspension changes as a function of the volumetric filler concentration, while the 
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a homogeneous liquid) is expressed by the shift factor B.

Figure 3. Idealization of Poiseuille flow (pressure-induced channel flow) processes in suspensions according to the 
concept of the shear-stress-equivalent shear rate.

Figure 2. (left) Viscosity functions of LDPE and LDPE filled with 45.7 vol% natural graphite; (right) Relative viscosity 
determined at the same shear rate and shear stress, respectively.
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  B =   
  γ   ̇   c   ___   γ   ̇   0  
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where,

   γ   ̇   
c
    = inner shear rate [1/s]

   γ   ̇   
0
    = shear rate of the suspension [1/s]

In general, the flow behavior of a shear thinning fluid, such as particle-filled polymer melt, 
can be described by the power law (defined by consistency index K and flow behavior index 
n) of Ostwald/de Waele. On the basis of the power law, interaction effects can be taken into 
account in the calculation of the shift factor as follows [14]:

  B   (τ)     n  0    =   
 K  c   ___   K  0     χ    ⋅  τ    (χ−1)    (6)

where,

  K  
c
    = consistency index (suspension) [Pa sn]

  K  
0
    = consistency index (polymer matrix) [Pa sn]

 τ  = applied shear stress [Pa]

 χ  = interaction exponent   (χ =   
 n  

c
  
 __  n  

0
    )   [−]

  n  
c
    = flow behavior index (suspension) [−]

  n  
0
    = flow behavior index (polymer matrix) [−]

Shift factor B is affected by a number of factors: interparticle interactions, the formation and 
breaking of particle aggregates, the solids content of the suspension, the particle size and mor-
phology of the solid phase, the effects of surfactants, which in turn affect the viscosity of the 
suspension [15]. In case of negligible interparticle interactions, the flow behavior indices are 
the same for the flow functions of the suspension (nc) and the matrix polymer (n0); thus, the 
interaction exponent is equal to one. In this case, shift factor B is independent of the applied 
shear stress, and the filler content only affects the consistency index [13].

The quantitative impact of the volumetric filler concentration on the consistency index of the 
suspension (Figure 4) is expressed by the following empirical Equation [16, 17]:

   K  c   =  K  0   ⋅  (1 + A ⋅   φ  v     α  ⋅  e   β⋅ φ  v   )   (7)

where,

  φ  
v
    = volumetric filler concentration [−]

The adjustable parameters A, α, β can be found by regression analysis to fit a given set of 
experimental data.

As already stated, in case of negligible interparticle interactions, only the consistency index 
of the suspension changes as a function of the volumetric filler concentration, while the 
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interaction exponent remains constant at a value of one. The interaction exponent decreases 
only if interparticle interactions occur (Figure 5).

A general mathematical description of the interaction exponent over the entire range of neg-
ligible interparticle interactions with the transition to non-negligible interparticle interactions 
provides the following equation, which is called the generalized interaction function [18]:

  χ =   1 __________ 
  (1 +   (  

 K  c   ___  K   ∗   )    
a

 )    
  b __ a  

 

    (8)

where,

K* = transitional consistency index [Pa sn]

a, b = adjustable parameters [−]

Figure 5. Interaction exponent of a suspension as a function of the consistency index.

Figure 4. Typical function of the correlation between consistency index of a suspension and volumetric filler concentration.

Polymer Rheology140

The model parameter (K*) describes the transition from negligible interactions to non-negligible 
interactions, whereas (a) expresses the width of the transition. The intensity of interaction effects 
is considered by parameter (b). The model parameters of this empirical equation can be found 
by regression analysis to fit a given set of experimental data with regard to minimize the sum of 
the relative error squares. To quantify the quality of the approximation, the mean of the absolute 
relative error values is used. This procedure was applied to all regression analyses in this study.

2. Comparison of interaction effects in long-chain branched and 
linear polymeric matrices

Interparticle interactions take place when the filler concentration increases. This includes an 
increase of particles per unit volume, which come into contact during flow. Furthermore, 
the rotation and migration of particles during flow, as well as the formation and breaking of 
aggregates, produces additional dissipative effects, which lead to an increase in the viscosity 
[1]. The mathematical consideration of interaction effects, which are dependent on the size, 
size distribution and morphology of the filler particles, as well as the filler volume concentra-
tion and the applied shear rate or shear stress, which is affected by volume output and the flow 
channel geometry in one general approach that describes the flow behavior of suspensions, 
is subject of this chapter. In addition to the particle properties and process conditions, the 
molecular structure of the matrix polymer has an influence on the formation of interparticle 
interaction effects and thus also on the flow behavior of the suspension. Linear and long-chain 
branched polymers differ in both shear thinning flow behavior and nonlinear, steady-state 
viscoelastic melt properties. The elastic melt properties, defined as the ratio of normal stress 
difference and shear stress, influence the particle migration during flow. The resulting differ-
ences in flow behavior are illustrated below using a long-chain branched LDPE and a linear 
PP as polymer matrices. In order to characterize the rheological properties of the particle-filled 
polymer melts, the fillers must be uniformly dispersed into the polymer matrix by means of 
suitable compounding techniques. The fillers mentioned in this chapter (Figure 6) can be clas-
sified based on their geometrical shape into the following categories:

• Spherical  glass beads, wood flour (small fraction)

• Plate-like  natural graphite

• Fibrous  wood flour (big fraction), wood fibers

The particle size distribution was determined using the Mastersizer 3000 (Malvern Instruments 
GmbH) via laser diffraction. The preparations of all formulations as shown in the following sec-
tion were carried out by compounding on a corotating twin screw extruder (Brabender DSE 20) 
with a mass temperature of 190°C and mass output of 5 kg/h. Temperature profile: feed zone 
170°C; plastification zone 180°C; conveying zone 185°C; mixing zone 185°C; extrusion zone 190°C.

2.1. Low-density polyethylene

The polymer matrix of all following compounds in this section is a low-density polyethylene 
(LDPE), which is highly branched and exhibits shear thinning flow behavior.
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Figure 7. Flow functions of LDPE filled with varying volume fractions of wood fibers (d50 = 527 μm).

Figure 7 shows the flow functions (shear stress as a function of shear rate) of unfilled LDPE 
and LDPE filled with different volumetric concentrations of wood fibers. The volume concen-
trations correspond to typical mass fractions and have been discussed in previous studies [14].

All flow functions exhibit shear thinning flow behavior, which can be mathematically described 
by the power law of Ostwald/de Waele. With increasing volumetric content of the wood fibers, 
the level of the flow functions is shifted to higher values. Accordingly, the consistency indices 
(K) increase with the increasing volume fraction of the filler particles. The extent of the consis-
tency increase depends on the size and geometrical shape of the filler particles. Figure 8 shows 
flow functions of various filled LDPE systems at a fixed loading of 46 vol% to illustrate the 
impact of the filler morphology on the flow behavior. At low shear rates, the relative increase 

Figure 6. Light transmitted microscopy of spherical, plate-like and fibrous particles.

Polymer Rheology142

in shear stress of the suspension to the shear stress of the polymer matrix is the highest for the 
fibrous particles (wood fibers), slightly lower for the plate-like particles (natural graphite), and 
the lowest for the spherical particles (glass beads). With increasing shear rates, the impact of the 
filler morphology on the flow behavior decreases.

In order to describe the impact of the volumetric filler concentration on the consistency index 
of particle-filled LDPE for various fillers in different size fractions, Eq. (7) has been used. 
Figure 9 shows that experimental data (symbols) can be excellently fitted (lines) on the basis 
of this equation.

At low filler concentrations up to approx. 20 vol%, the particle properties, for example, par-
ticle size and morphology, have no significant impact on the extent of the consistency index 

Figure 8. Flow functions of LDPE filled with 46 vol% of different fillers; glass beads (d50 = 346 μm), natural graphite 
(d50 = 267 μm), wood fibers (d50 = 527 μm) in comparison with the unfilled LDPE (T = 190°C).

Figure 9. Consistency index as a function of volumetric filler concentration for LDPE filled with various fillers with 
different particle sizes, (T = 190°C); (a) glass beads (d50 = 346 μm), natural graphite (d50 = 267 μm), wood fibers 
(d50 = 527 μm); (b) glass beads (d50 = 60 μm), natural graphite (d50 = 77 μm), wood flour (d50 = 110 μm).
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increase. At higher filler concentrations, the differences between the filler types are substan-
tial. High aspect ratio particles such as wood fibers and natural graphite, regardless of their 
size, have a significantly greater impact on the consistency index than the spherical glass 
beads. Generally, the viscosity of a suspension and thus the consistency index exhibit higher 
values with decreasing particle size at a constant filler volume fraction. An exception can 
be observed here with the wood fillers. The small particle fraction contains a considerable 
amount of wood dust, which has a much lower aspect ratio as compared to the larger wood 
fibers. Since the impact of the aspect ratio on the consistency index increase is stronger in 
comparison with the particle size, the larger fibrous wood fillers cause a higher increase in 
consistency than the smaller particles of wood flour.

The generalized interaction function (Eq. (8)) is used in order to describe the interaction expo-
nent as a function of the consistency index, taking into account the transition from negli-
gible interparticle interactions to the domain of non-negligible interactions. Figure 10 shows 
that experimental data (symbols) can be fitted (lines) on the basis of this equation with high 
accuracy.

The interaction function illustrates that glass beads in LDPE exhibit less interparticle interac-
tions in comparison with particles with larger aspect ratio. In particular, large glass beads 
even show a range of negligible interparticle interactions with a transition to non-negligible 
interactions. Regardless of type and size, high aspect ratio particles have a characteristic rela-
tionship between consistency index and interaction exponent, which is distinctive of the poly-
mer matrix LDPE.

Based on the generalized interaction function (Eq. (8)) and the relationship between consistency 
and volumetric filler concentration (Eq. (7)), the shift factor B can be derived as a function of 
the volume fraction for variable shear stresses (Eq. (6)). Figure 11 comparatively illustrates the 
influence of the filler volume concentration and the applied shear stress for various fillers in 

Figure 10. Interaction exponent as a function of consistency index of LDPE filled with various fillers (T = 190°C).
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different size fractions on the shift factor B. On the basis of the shift factor B, the flow behav-
ior of polymer suspensions can be estimated for arbitrary volume concentrations and shear 
stresses or shear rates on the basis of the following equation:

   τ  c   =  B    n  0    ⋅  τ  0   =  B    n  0    ⋅  K  0   ⋅   γ   ̇     n  0     (9)

2.2. Polypropylene

The polymer matrix of all following compounds in this section is a polypropylene (PP), which 
exhibit a linear molecular structure and shear thinning flow behavior.

Figure 11. Shift factor B as a three-dimensional function of filler content and applied shear stress for LDPE filled with 
various fillers; (a) glass beads (d50 = 60 μm), (b) glass beads (d50 = 346 μm), (c) natural graphite (d50 = 77 μm), (d) natural 
graphite (d50 = 267 μm), (e) wood flour (d50 = 110 μm), (f) wood fibers (d50 = 527 μm).
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Figure 12 shows the flow functions (shear stress as a function of shear rate) of PP filled with 
different volumetric concentrations of wood flour, as well as of the unfilled polymer matrix.

As with particle-filled LDPE, all PP-based flow functions exhibit shear thinning flow behav-
ior. In the observed shear rate range, the flow behavior can also be described very well by 
the power law. Compared to the LDPE-based compounds, the flow behavior index (n) of the 
PP-based formulations has slightly smaller values and thus a higher pseudoplasticity.

The influence of the filler morphology on the flow behavior of PP filled with different filler types 
at a fixed loading of 46 vol% is shown in Figure 13. Compared to long-chain branched LDPE, 
the impact of filler type on the flow function of linear PP is lower. Furthermore, it is obvious that 
the flow behavior index is only slightly affected by the different aspect ratio of the filler types.

On the basis of (Eq. (7)), the impact of the volumetric filler concentration on the consistency 
index of particle-filled PP has been described. Figure 14 shows that experimental data (sym-
bols) can be excellently fitted (lines).

Over the entire range of volume fraction, the differences between the filler types are substan-
tial regarding the impact on the consistency index increase. Basically, a strong influence can 
be observed of the aspect ratio of the filler particles on the consistency increase. High aspect 
ratio particles such as wood fibers and natural graphite, regardless of their size, have a sig-
nificantly greater impact on the consistency index than the spherical glass beads, especially 
at high filler contents.

Figure 15 presents the correlation between interaction exponent and consistency index, which 
have been mathematically described by the generalized interaction function (Eq. (8)). This con-
tains all fillers; wood fibers/flour, natural graphite and glass beads, in the entire concentration 
range from 6 to 56 vol%, in each case in two particle size fractions.

It is a remarkable fact that there is a characteristic relationship between interaction exponent 
and consistency index for all PP-based compounds, regardless of filler type, size and volume 

Figure 12. Flow functions of PP filled with varying volume fractions of wood flour (d50 = 110 μm), (T = 200°C).
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fraction. On the basis of this characteristic correlation, interparticle interactions in PP-based 
suspensions can be universally described with only one set of parameters of the generalized 
interaction function. The parameters that are generally valid for particle-filled PP to describe 
the interaction exponent as a function of consistency (Eq. (8)) index are:

   K   ∗  = 16706 Pa  s   n   

  a = 4.076  

  b = 0.385  

Figure 13. Flow functions of PP filled with 46 vol% of different fillers; glass beads (d50 = 346 μm), natural graphite 
(d50 = 267 μm), wood fibers (d50 = 527 μm) in comparison with the unfilled LDPE (T = 200°C).

Figure 14. Consistency index as a function of volumetric filler concentration for PP filled with various fillers with different 
particle sizes, (T = 200°C); (a) glass beads (d50 = 346 μm), natural graphite (d50 = 267 μm), wood fibers (d50 = 527 μm); (b) 
glass beads (d50 = 60 μm), natural graphite (d50 = 77 μm), wood flour (d50 = 110 μm).
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On the basis of these parameters, the flow curves of particle-filled PP can be estimated, regard-
less of the filler type, particle size, and volume fraction. Figure 16 exemplarily illustrates this 
on different formulations. The experimental data (symbols) have been excellently fitted (lines), 
using that generally valid parameter set of the interaction function.

Figure 17 comparatively illustrates the influence of the filler volume concentration and the 
applied shear stress for various fillers in different size fractions on the shift factor B, which has 
been derived on the basis of (Eq. (6)). On the basis of the shift factor B, the flow behavior of 
polymer suspensions can be estimated for arbitrary volume concentrations and shear stresses 
or shear rates, respectively.

Figure 16. Comparison of experimental data (symbols) to predicted flow curves (lines) for PP filled with various fillers 
by using just one parameter set of the interaction function (K* = 16,706 Pa sn, a = 4.076, b = 0.385), (T = 200°C).

Figure 15. Interaction exponent as a function of consistency index of PP filled with various fillers (T = 200°C).
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3. Conclusion

In this chapter, new mathematical models describing interparticle interaction effects in long-
chain branched and linear polymer matrices have been presented. In the context of studies 
with variable volumetric filler concentrations, the influence of filler type (morphology and 
aspect ratio) and particle size on interparticle interactions has been compared.

On the basis of the generalized interaction function, the correlation between interaction expo-
nent and consistency index of particle-filled polymer melts can be mathematically described 
with high accuracy to experimental data. This correlation is characteristic and valid for each 
individual polymer matrix.

Figure 17. Shift factor B as a three-dimensional function of filler content and applied shear stress for PP filled with 
various fillers; (a) glass beads (d50 = 60 μm), (b) glass beads (d50 = 346 μm), (c) natural graphite (d50 = 77 μm), (d) natural 
graphite (d50 = 267 μm), (e) wood flour (d50 = 110 μm), (f) wood fibers (d50 = 527 μm).
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by using just one parameter set of the interaction function (K* = 16,706 Pa sn, a = 4.076, b = 0.385), (T = 200°C).

Figure 15. Interaction exponent as a function of consistency index of PP filled with various fillers (T = 200°C).
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3. Conclusion

In this chapter, new mathematical models describing interparticle interaction effects in long-
chain branched and linear polymer matrices have been presented. In the context of studies 
with variable volumetric filler concentrations, the influence of filler type (morphology and 
aspect ratio) and particle size on interparticle interactions has been compared.

On the basis of the generalized interaction function, the correlation between interaction expo-
nent and consistency index of particle-filled polymer melts can be mathematically described 
with high accuracy to experimental data. This correlation is characteristic and valid for each 
individual polymer matrix.

Figure 17. Shift factor B as a three-dimensional function of filler content and applied shear stress for PP filled with 
various fillers; (a) glass beads (d50 = 60 μm), (b) glass beads (d50 = 346 μm), (c) natural graphite (d50 = 77 μm), (d) natural 
graphite (d50 = 267 μm), (e) wood flour (d50 = 110 μm), (f) wood fibers (d50 = 527 μm).
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Based on the generalized interaction function, the shear thinning flow behavior of polymer sus-
pensions can be estimated with high accuracy, regardless of filler type, particle size and vol-
ume fraction. The procedure for this is illustrated below using the example of LDPE filled 
with glass beads (d50 = 60 μm):

1. analysis of the flow functions for different filler concentrations (Figure 18a)

2. determination of the functional relationship between consistency index and volumetric 
filler concentration (Eq. (7))

3. determination of the functional parameters of the generalizes interaction function (Eq. (8))

4. derivation of the shift factor B (Eq. (6))

5. estimation of the flow functions for arbitrary volumetric filler concentrations (Eq. (9); Figure 18b)
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Abstract

In many applications and/or manufacturing processes, highly filled polymers are neces-
sary. One of these fields is powder metallurgy, where polymers or polymer mixtures are 
used to enable the shaping process within the production of the parts. Metal and also 
ceramic powders are mixed with different polymeric substances with a powder content 
of more than 50 vol%. Within the production, this mixture, called feedstock, has to flow 
into the final shape. Thus, for a proper understanding of the production processes, fun-
damental knowledge on the flow behavior of the feedstocks is required. For the rheology 
of polymers, several techniques together with the proper equipment are available. In the 
case of high viscosities, rotational and high-pressure capillary rheometers (HPCRs) are 
used. To gain reliable data, a proper measurement procedure is essential, which means 
that the operator has to have a deeper physical understanding of the material and the 
effects arising during the measurements. Therefore, this chapter gives an insight into 
rotational and high-pressure capillary rheometry with special emphasis on the behavior 
of polymers highly filled with stiff particles. Based thereon important remarks on the 
measurement equipment, procedure and evaluation of the measured data are provided.

Keywords: rheology, polymer, highly filled, feedstock, plate-plate rheometer,  
high-pressure capillary rheometer, yield stress, powder loading, Bagley correction

1. Introduction

The addition of inorganic or organic fillers into polymeric materials is an effective way to 
attain certain desirable properties for different applications [1].The rheological behavior is 
dependent on the amount of fillers in the liquid polymer. Other factors influencing the viscos-
ity of the highly filled polymers are the particle size and shape, the particle size distribution, 
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the nature of the filler and the polymer matrix, as well as the use of coupling agents or com-
patibilizers. A detailed description of these influencing factors is given in [1].

For very dilute systems, the fillers are sufficiently apart that the interaction between them 
is negligible, and their rheological behavior is drastically changed when the concentration 
increases beyond 15 vol%, approaching a solid-like behavior [2]. However, the critical vol-
ume fraction, at which the solid-like behavior is observed, is a function of the particle shape 
and size distribution [1]. In this chapter, we discuss the flow behavior of filled polymers with 
a particle concentration well above 15 vol%, where the interparticle interaction cannot be 
ignored; these materials are referred at as highly filled polymers. Highly filled polymers have 
found applications in many industries including the adhesive, dental, battery, ceramic, metal-
lurgy, electronics packaging, and solid propellant industries; therefore, understanding their 
flow behavior is crucial for many industrial applications [1].

In the literature, a wide variety of models to describe the dependence of the viscosity of 
mainly the volume concentration of the filler φP is available [3–12]. Other parameters like 
shape factors or interactions between the particles are also taken into account [1, 13]. Einstein 
was the first to address the suspension behavior in the dilute limit theoretically ([4], corrected 
1911 [5]). Later on, further models have been developed. Regarding the concentration of the 
filler as the main parameter, these models can be structured into two groups [13]:

• Exponential models (Mooney [10] type) and

• Power-law models (Krieger [9] type)

In addition to [1, 13], we show in this chapter some models with a flow behavior integrating 
a yield strength.

Particular applications of highly filled polymers in the ceramic and metallurgy industries are 
ceramic injection molding (CIM), metal injection molding (MIM), and fused filament fabrication 
(FFF) [14, 15]. FFF is a special variant of material extrusion (ME) additive manufacturing (AM). 
In CIM, MIM, and FFF, a polymeric blend is used as a carrier or binder material for stiff pow-
ders during the fabrication of ceramic and metallic parts with complex geometry. Since the final 
part obtained at the end of these processes must be metal or ceramic, the filler content should be 
larger or equal to 50 vol% [15]. Measuring the rheological behavior of these materials is crucial 
to ensure that the correct processing conditions (e.g., for injection molding or extrusion) are 
used. Thus, it is one of the main motivations and backgrounds for preparing this chapter.

In this chapter, the methods used to measure the rheological properties of highly filled poly-
mers with stiff fillers together with special issues or features of the rheological behavior of 
highly filled polymers are discussed in Section 2, and models used to describe the viscosity of 
highly filled polymers are explained in Section 3.

2. Measurement methods

Rheometers can be divided into two groups. In the first group, a material is dragged along 
a moving wall (like rotational rheometers), while in the second group, the sample is forced 
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through a channel, cylindrical pipe, or slit by means of pressure (like high-pressure capil-
lary rheometers (HPCRs)) [2]. In this section, the specific details of performing rheometry on 
highly filled polymers with both types of rheometers are presented. It is important to remem-
ber that in order to have a complete rheological characterization of highly filled polymers 
both rheometers are needed to cover the range of shear rates that could occur during different 
processing operations [16].

2.1. Rotational rheometer

A rotational rheometer consists of a rotating or oscillating geometry and a fixed geometry; 
between these two geometries, the sample is sheared by a known torque when using a con-
trolled shear stress (CSS) rheometer or a known deformation rate when using a controlled 
strain rate (CSR) rheometer. Several measuring geometries are available for rotational rheom-
eters of polymeric materials; the most common examples are concentric cylinders (Couette or 
Searle Type), cone plates, and parallel plates (or disks) [2]. For highly filled polymers, parallel 
plates are the preferred measuring geometry (Figure 1). The main reason for using parallel 
plates is that the measuring gap can be adjusted. The high content of solid rigid particles in 
highly filled polymers could prevent reaching gaps smaller than 0.5 mm, which are required 
when using truncated cone-plate geometries and certain types of concentric cylinders. It is 
recommended that the measuring gap be at least 10 times larger but not larger than 50 times 
than the largest particle inside a suspension [2].

In order to satisfactorily measure rheological data in a rotational rheometer, two conditions 
need to be satisfied:

i. the sample must adhere to the plate surface and

ii. the flow must be laminar.

For highly filled polymers, adhesion to the plate surface can be complicated since the filler 
particles may be in direct contact with the plate surface and thus reduce the friction. Over 
time also particle migration or sedimentation might contribute to the formation of a low-
viscosity depleted layer between the plate surface and the bulk of the fluid. Both condi-
tions could lead to slip effects. In order to prevent slip from happening, it is recommended 
to use serrated plates (instead of smooth plates), as shown in Figure 2. The serrated plates 
provide enough grip between the sample and the measuring plates; thus, the sample is 

Figure 1. Schematic drawing of the parallel plate rheometer.
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homogeneously sheared throughout its bulk, satisfactorily preventing slip. Using deep 
channels or smaller features on the plate is not sufficient to prevent slip during rotational 
rheometry measurements as it has been shown elsewhere [16].

For highly filled polymers, it is recommended to use a measuring gap between 0.5 and 1.5 mm 
and serrated plates with a diameter between 20 and 25 mm. The sample should be prepared 
by pressing the highly filled polymeric pellets into disks of slightly larger dimensions than 
the selected measuring plate and the desired gap, in order to ensure reaching the selected gap 
without air gaps in the highly viscous sample. Once the measuring temperature is selected and 
the measuring chamber has reached the set temperature, the sample can be introduced. When 
it has reached the measuring temperature, the movable plate is slowly brought to the measur-
ing gap. It is important to remove the excess material coming out from between the measuring 
plates and that the normal force is zero before starting the measurement in order to prevent 
artificially increasing the measured viscosities. In a previous investigation, it was observed that 
a tenfold increased normal force leads to a viscosity increase of one order of magnitude [16].

Viscosity measurements of highly filled polymers are usually performed in constant rotational 
mode and not in the oscillatory mode because the Cox-Merz rule [17] is not valid for highly 
filled polymers (see also Section 2.6). The shear rate range for highly filled polymers is also quite 
narrow (10−4 to 10−1 s−1). The large amount of fillers leads to a yield stress near the zero shear 
stress limit, and therefore, a high viscosity value is observed at low shear rates [18]. Once the 
rotating plate starts to move, the filler particles start to orient in the direction of flow and there-
fore a clear shear thinning behavior is observed for most highly filled polymers. Continuously 
shearing the sample eventually leads to melt fracture and sample expulsions, which lead to 
an abrupt and irreversible drop in the viscosity; therefore, only the viscosity measurements 
before melt fracture should be considered [2]. Sample expulsion is very common and can occur 
already at shear rates of 10−1 s−1, but this depends on the filler content and the type of polymer.

When measuring highly filled polymers, preshear should be applied. This is especially impor-
tant for thixotropic materials and those materials that show a yield stress. This can be used to 
set the initial state of the sample and increase the repeatability of rheological measurements 
of highly filled polymers [2].

Finally, care should also be taken when selecting the time of the experiment, since prolonged 
exposure to temperatures above the melt temperature of the suspending polymers could lead 
to chemical changes in the sample [2]. Furthermore, it is always recommended to perform rota-
tional rheometry measurements in an oxygen-free atmosphere and not to use high shear rates.

Figure 2. Measuring plate geometries: smooth (a) and serrated (b).
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2.2. High-pressure capillary rheometer

The high-pressure capillary rheometer (HPCR) allows the routine analysis of the flow and 
viscosity of polymer melts at shear rates from 10 to 106 s−1. The realizable shear rate range 
depends on the viscosity of the tested material, the measurement temperature, and the used 
die geometry (e.g., round die or slit die).

The HPCR comprises a temperature-controlled test barrel and an exchangeable die at its end. 
The geometry of the die is variable. The melt inside the test barrel is pressed through the 
round or slit die by means of a test piston. When all test parameters are defined and the sys-
tem reaches the test temperature, the test barrel can be filled with polymer granulate. In order 
to fill it bubble free, the material should be filled in portions. After each portion, the material 
should be pressed manually with a tamper or with the test piston. The measurement is ready 
to begin when the test barrel is full. Then, the preheat time (or melting time) starts. At the end 
of the preheat time, the test starts automatically by the movement of the piston with the first 
preselected feed rate. The melt pressure is measured by using mounted pressure transducers 
before the round die or along the slit length of the slit die (Figure 3). As soon as the pressure 
varies exactly within the tolerance limit, the speed of the piston is recorded. Therefrom, the 
apparent viscosity data are calculated immediately. At the same time, the piston speed is 
increased to the next value. In this way, the whole speed program is run step by step.

In the following section, the two types of dies used for HPCR are presented together with a 
discussion of important points one should be aware of when measuring viscosities with them.

2.2.1. Round die

High-pressure capillary rheometers with round dies (Figure 3, left) are widely used in poly-
mer melt rheometry. Round dies exist in different lengths with the same diameter (e.g., 

Figure 3. Schematic drawing of the high-pressure capillary rheometer with the round and slit die; p—Pressure 
transducers and T—Thermocouple (wall temperature).
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2.2. High-pressure capillary rheometer

The high-pressure capillary rheometer (HPCR) allows the routine analysis of the flow and 
viscosity of polymer melts at shear rates from 10 to 106 s−1. The realizable shear rate range 
depends on the viscosity of the tested material, the measurement temperature, and the used 
die geometry (e.g., round die or slit die).

The HPCR comprises a temperature-controlled test barrel and an exchangeable die at its end. 
The geometry of the die is variable. The melt inside the test barrel is pressed through the 
round or slit die by means of a test piston. When all test parameters are defined and the sys-
tem reaches the test temperature, the test barrel can be filled with polymer granulate. In order 
to fill it bubble free, the material should be filled in portions. After each portion, the material 
should be pressed manually with a tamper or with the test piston. The measurement is ready 
to begin when the test barrel is full. Then, the preheat time (or melting time) starts. At the end 
of the preheat time, the test starts automatically by the movement of the piston with the first 
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before the round die or along the slit length of the slit die (Figure 3). As soon as the pressure 
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L/D = 10, 20, and 30). The entrance angle of a round die is 180°. To measure the temperature 
near the die wall, thin thermocouples can be attached to the die as shown in Figure 3.

From geometrical data, the speed of the piston, and the related pressure drop, the so-called 
apparent viscosity is calculated [19]. In order to obtain the correct viscosity of polymeric 
materials, two corrections are commonly applied to round dies data: the Bagley correction 
[20] and the Weissenberg-Rabinowitsch correction [21]. The Bagley correction takes care of 
the nonideality arising from viscoelastic effects at the entrance of the die. During the melt 
flow in the die inlet, outlet pressure losses develop. For the correction of these inlet and outlet 
pressure losses, the Bagley correction can be used. Therefore, several measurements with 
capillaries with the same diameter but with different lengths have to be done.

The plotted measured pressures (   p  
meas

   )     in front of the die versus L/D ratio in general can be 
described by a linear function for each individual shear rate. The extrapolation of these straight 
lines to the L/D ratio = 0 provides the pressure correction value   p  

en
    mentioned in Eq. (1) [21].

   τ  ⃝   =   
 ( p  meas   −  p  en  )  ∙ R  ___________ 2 ∙ L    (1)

where   τ  ⃝    is true shear stress,   p  
en

    is entrance pressure loss, and R is die radius.

The apparent shear rate for round die    γ   ̇    
app,  ⃝

    is calculated by using Eq. (2) [19].

    γ   ̇    app,  ⃝   =   4 ∙  V   ̇   _____ π ∙  R   3     (2)

with   V   ̇    as the volumetric flow rate.

The Weissenberg-Rabinowitsch correction for the round die (Eq. (3)) considers the fact that 
the shear rate mentioned in Eq. (2) is only valid for Newtonian fluids and provides the true 
shear rate at the capillary wall for them [22].

    γ    ̇    ⃝   =   
  γ   ̇    app,  ⃝   _______ 4   (3 +   

d log   γ   ̇    app,  ⃝   _____________________ d log  τ  ⃝    )   (3)

Finally, the true viscosity is calculated from Eq. (4).

  η =   
 τ  ⃝   ___   γ   ̇    ⃝  

    (4)

2.2.2. Slit die

In the slit die, the pressure gradient, which is used to calculate the viscosity, is measured by using 
a series of pressure transducers along the length of the slit. Figure 3, right, gives a schematic 
drawing of the HPCR with slit die. The pressure profile along the slit die is measured by melt 
pressure transducers p1 to p5. The pressure transducer pe gives the pressure at the die entrance. 
The temperature at the die wall is recorded by using thermocouples, which are fixed very near 
to the inner wall of the slit. The slit die has the rectangular channel of width (B) and height (H).
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The pressure drop  Δp  can be determined by taking the difference of two pressures measured 
along the flow length and the corresponding distance  ΔL  between the pressure transducers. 
Thus, no Bagley correction is necessary when the pressure drop is measured along the slit. 
However, a so-called shape factor   F  

p
    [23] in Eq. (7) might be employed to account for the 

influence of the width in the rectangular flow channel [19]. The true shear stress   τ  □    can be 
calculated from the measured pressures along the slit length and geometrical parameters of 
slit die, by using Eq. (5) [24].

   τ  □   =   
Δp ∙ H

 _____ 2 ∙ ΔL    (5)

Eq. (5) is applicable when the ratio B/H is greater than 40; in other cases,   τ  □    is given by [19]

   τ  □   =   
Δp ∙  (B ∙ H) 

 ___________  2 ∙ ΔL ∙  (B + H)     (6)

The apparent shear rate    γ   ̇    
app,□

    is given by Eq. (7) [23].

    γ   ̇    app,□   =   
6 ∙    V __  F  p       

̇  
 _____ B ∙  H   2     (7)

The Weissenberg-Rabinowitsch correction (Eq. (8)) adjusts the shear rate at the wall for the 
non-Newtonian liquids. The true shear rate at the wall for a slit die (   γ   ̇    □   ) is calculated by [22]:

    γ   ̇    □   =   
  γ   ̇    app,□  

 _____ 3   (2 +   
d log   γ   ̇    app,□    _____________________ d log  τ  □    )   (8)

Finally, the true shear viscosity is calculated by using Eq. (9).

  η =   
 τ  □  

 ___   γ   ̇    □      (9)

Figure 4 summarizes the calculation of the viscosity from measurements using round or slit 
dies in the form of a flowchart.

2.2.3. Remarks on Bagley correction

In general, the pressure curves show straight lines with a certain negligible nonlinearity in 
Figure 5, left. Highly filled polymers like some MIM feedstocks can exhibit nonlinear Bagley 
curves that give negative entrance pressure losses when linearized, which has no physical 
meaning.

Figure 5, right, shows the results of the Bagley extrapolation on an MIM feedstock. The linear 
approximation of the measured values results in negative entrance pressure losses. The rea-
sons for this can be the pressure dependence of the viscosity [25] and errors in the pressure 
measurement by using of pressure holes, especially in the low pressure range. A pressure 
hole is generally used when using round dies (insert 1 in Figure 3) since it is not possible to 
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L/D = 10, 20, and 30). The entrance angle of a round die is 180°. To measure the temperature 
near the die wall, thin thermocouples can be attached to the die as shown in Figure 3.

From geometrical data, the speed of the piston, and the related pressure drop, the so-called 
apparent viscosity is calculated [19]. In order to obtain the correct viscosity of polymeric 
materials, two corrections are commonly applied to round dies data: the Bagley correction 
[20] and the Weissenberg-Rabinowitsch correction [21]. The Bagley correction takes care of 
the nonideality arising from viscoelastic effects at the entrance of the die. During the melt 
flow in the die inlet, outlet pressure losses develop. For the correction of these inlet and outlet 
pressure losses, the Bagley correction can be used. Therefore, several measurements with 
capillaries with the same diameter but with different lengths have to be done.

The plotted measured pressures (   p  
meas

   )     in front of the die versus L/D ratio in general can be 
described by a linear function for each individual shear rate. The extrapolation of these straight 
lines to the L/D ratio = 0 provides the pressure correction value   p  

en
    mentioned in Eq. (1) [21].
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where   τ  ⃝    is true shear stress,   p  
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    is entrance pressure loss, and R is die radius.

The apparent shear rate for round die    γ   ̇    
app,  ⃝

    is calculated by using Eq. (2) [19].

    γ   ̇    app,  ⃝   =   4 ∙  V   ̇   _____ π ∙  R   3     (2)

with   V   ̇    as the volumetric flow rate.

The Weissenberg-Rabinowitsch correction for the round die (Eq. (3)) considers the fact that 
the shear rate mentioned in Eq. (2) is only valid for Newtonian fluids and provides the true 
shear rate at the capillary wall for them [22].

    γ    ̇    ⃝   =   
  γ   ̇    app,  ⃝   _______ 4   (3 +   

d log   γ   ̇    app,  ⃝   _____________________ d log  τ  ⃝    )   (3)

Finally, the true viscosity is calculated from Eq. (4).

  η =   
 τ  ⃝   ___   γ   ̇    ⃝  

    (4)

2.2.2. Slit die

In the slit die, the pressure gradient, which is used to calculate the viscosity, is measured by using 
a series of pressure transducers along the length of the slit. Figure 3, right, gives a schematic 
drawing of the HPCR with slit die. The pressure profile along the slit die is measured by melt 
pressure transducers p1 to p5. The pressure transducer pe gives the pressure at the die entrance. 
The temperature at the die wall is recorded by using thermocouples, which are fixed very near 
to the inner wall of the slit. The slit die has the rectangular channel of width (B) and height (H).
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The pressure drop  Δp  can be determined by taking the difference of two pressures measured 
along the flow length and the corresponding distance  ΔL  between the pressure transducers. 
Thus, no Bagley correction is necessary when the pressure drop is measured along the slit. 
However, a so-called shape factor   F  

p
    [23] in Eq. (7) might be employed to account for the 

influence of the width in the rectangular flow channel [19]. The true shear stress   τ  □    can be 
calculated from the measured pressures along the slit length and geometrical parameters of 
slit die, by using Eq. (5) [24].

   τ  □   =   
Δp ∙ H

 _____ 2 ∙ ΔL    (5)

Eq. (5) is applicable when the ratio B/H is greater than 40; in other cases,   τ  □    is given by [19]

   τ  □   =   
Δp ∙  (B ∙ H) 

 ___________  2 ∙ ΔL ∙  (B + H)     (6)

The apparent shear rate    γ   ̇    
app,□

    is given by Eq. (7) [23].

    γ   ̇    app,□   =   
6 ∙    V __  F  p       

̇  
 _____ B ∙  H   2     (7)

The Weissenberg-Rabinowitsch correction (Eq. (8)) adjusts the shear rate at the wall for the 
non-Newtonian liquids. The true shear rate at the wall for a slit die (   γ   ̇    □   ) is calculated by [22]:

    γ   ̇    □   =   
  γ   ̇    app,□  

 _____ 3   (2 +   
d log   γ   ̇    app,□    _____________________ d log  τ  □    )   (8)

Finally, the true shear viscosity is calculated by using Eq. (9).

  η =   
 τ  □  

 ___   γ   ̇    □      (9)

Figure 4 summarizes the calculation of the viscosity from measurements using round or slit 
dies in the form of a flowchart.

2.2.3. Remarks on Bagley correction

In general, the pressure curves show straight lines with a certain negligible nonlinearity in 
Figure 5, left. Highly filled polymers like some MIM feedstocks can exhibit nonlinear Bagley 
curves that give negative entrance pressure losses when linearized, which has no physical 
meaning.

Figure 5, right, shows the results of the Bagley extrapolation on an MIM feedstock. The linear 
approximation of the measured values results in negative entrance pressure losses. The rea-
sons for this can be the pressure dependence of the viscosity [25] and errors in the pressure 
measurement by using of pressure holes, especially in the low pressure range. A pressure 
hole is generally used when using round dies (insert 1 in Figure 3) since it is not possible to 
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mount a pressure transducer flush to the wall of a round die as in a slit die (insert 2 in Figure 3).  
The occurrence of wall slip and different particle distributions can also lead to nonlinear 
Bagley plots. Nyborg [26] and Bilovol [27] also reported negative entrance pressure losses 
from  measurements on MIM feedstocks.

2.2.4. ‘Pressure hole effect’

The comparison of the viscosities of an MIM feedstock measured with round and slit dies 
at a temperature of 200°C is shown in Figure 6. The viscosity measured with the round die 
(D = 1 mm) is about 16% higher than that of the slit die (H = 1 mm). The cause of this differ-
ence may be related to anisotropic pressure propagation in the pressure measurement when 

Figure 5. Bagley diagram. IN718 feedstock (left) and 316LS feedstock [28] (right).

Figure 4. Flowchart of the process used to calculate the true viscosity.
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using a pressure hole (insert 1 in Figure 3). We are dealing with highly filled polymers with 
more than 50 vol% of powder, and a network of powder grains is no good means for pressure 
propagation. This refers to the potential source of error termed “pressure hole effect” [29–31].

2.2.5. Pressure fluctuations

Pressure is one of the most important parameters in viscosity calculation. In rheological mea-
surements, the pressure is determined in such a way that for each shear rate, the disturbances 
in the pressure values must be less than 1%. Usually, these pressure fluctuations are higher in 
highly filled compounds. They are dependent on the filler content and particle size.

The pressure profile measured with the slit die (H = 1 mm) on PE compound with flame 
retardant Al(OH)3 shows considerable pressure fluctuations up to ±50 bar (± 14%) and more 
(Figure 7, left). The melt strand coming out of the slit die showed a cyclic change between 
smooth and wrinkled (Figure 7, left, inserted photo) and the measured pressure is clearly 
unsteady (Figure 7, left, inserted diagram). This can be attributed to the stick-slip effect. The 
pressure profile measured with the slit die on a titanium feedstock also shows considerable 
pressure fluctuations up to ±20 bar and more (Figure 7, right).

2.2.6. Influence of preshearing history on viscosity and homogeneity

Earlier rheological investigations [33–35] showed that the shearing in the plasticizing cylinder 
of the injection molding machine has a significant influence on the flow behavior of MIM 
feedstocks.

Figure 8 shows the viscosities of 316LA MIM feedstock measured with the same slit die on the 
high-pressure capillary rheometer and on the injection molding machine rheometer at three 
temperatures. The slit die of the capillary rheometer was mounted on the injection molding 
machine (IMM) with the appropriate adapter [35]. As expected, both measurements give the 

Figure 6. Comparison of the viscosity measured with round and slit die for IN718 feedstock; measurement at the high-
pressure capillary rheometer.
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highly filled compounds. They are dependent on the filler content and particle size.
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retardant Al(OH)3 shows considerable pressure fluctuations up to ±50 bar (± 14%) and more 
(Figure 7, left). The melt strand coming out of the slit die showed a cyclic change between 
smooth and wrinkled (Figure 7, left, inserted photo) and the measured pressure is clearly 
unsteady (Figure 7, left, inserted diagram). This can be attributed to the stick-slip effect. The 
pressure profile measured with the slit die on a titanium feedstock also shows considerable 
pressure fluctuations up to ±20 bar and more (Figure 7, right).

2.2.6. Influence of preshearing history on viscosity and homogeneity

Earlier rheological investigations [33–35] showed that the shearing in the plasticizing cylinder 
of the injection molding machine has a significant influence on the flow behavior of MIM 
feedstocks.

Figure 8 shows the viscosities of 316LA MIM feedstock measured with the same slit die on the 
high-pressure capillary rheometer and on the injection molding machine rheometer at three 
temperatures. The slit die of the capillary rheometer was mounted on the injection molding 
machine (IMM) with the appropriate adapter [35]. As expected, both measurements give the 
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similar slope of viscosity curves but at different levels. The viscosities measured at the injec-
tion molding machine are lower than those at HPCR. The most likely reason is preshearing of 
the melt by the screw during plasticization. This leads to better homogenization of the feed-
stock. Furthermore, the temperature distribution within the melt in the plasticizing cylinder 
of the IMM could also have an influence.

2.3. Yield stress

In contrast to unfilled thermoplastics for highly filled polymers at very low shear rates, no 
Newtonian plateau is observed but instead the viscosity increases strongly. This indicates 
the possible presence of the limiting shear stress also known as yield stress or yield point. 
The yield stress is classically defined as the minimum shear stress that must be applied to the 
material to initiate flow. In addition, yield stress is generally denoted as the transition stress 
at which a material behaves either as elastic solid-like or viscous liquid-like. This transition 
usually occurs within a range of stresses, in which the material exhibits viscoelastic behavior 
[36, 37]. Moreover yield stress can be defined as the force per unit area necessary to over-
come interparticle interactions and its magnitude is determined by the overall strength of 

Figure 8. Comparison of viscosity measurements on high-pressure capillary rheometer (HPCR) and injection molding 
machine (IMM) [35].

Figure 7. Stick and slip effect. PE compound with flame retardant Al(OH)3 [32] (left) and Ti feedstock (right).
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the  interparticle network. When the stress exceeds the yield stress, the fluid will flow like a 
viscous fluid with a finite viscosity.

The most common way for determining the yield stress is from a flow curve measured on a 
rheometer. It involves the extrapolation of the flow curve to zero shear rate using mathemati-
cal models such as Bingham, Herschel-Bulkley, Cross-Herschel-Bulkley, or CARPOW.

When using models based on measurements with the HPCR only, accuracy could be not satis-
fying, because the HPCR gives data only at higher shear rates, which have to be extrapolated 
to zero.

A better method for the yield point determination is by the rotational rheometer, preferably 
in the controlled shear stress (CSS) mode. Here, by plotting deformation γ versus shear stress 
τ in a double logarithmic scale, two regions with different slopes exist (Figure 9, right). The 
first one (lower slope) is the elastic deformation region, while the second one (steeper slope) 
is the viscous flow region. The yield stress can be detected as the transition point in the slope 
of the two power law regressions [38].

CSS is more sensitive and provides more accurate results of yield stress than CSR. Better 
results are obtained by a combination of CSS measurements (low shear rates) and high-pres-
sure capillary rheometer measurements (high shear rates).

It is evident that the choice of the method or model yields different values of yield stress. 
However, the accuracy depends on the sensitivity of the equipment and the skills of the oper-
ator. The previous investigations [39] show there is no single best method to measure yield 
stress of highly filled polymers, such as MIM feedstock.

2.4. Powder loading

A second important point for highly filled polymers is that the viscosity is a function of the 
characteristics of the powder and of the volume powder content φp. It has been observed that 
the viscosity of concentrated suspensions, including MIM and CIM feedstocks, increases rap-
idly and nonlinearly as the solid content increases [8].

Figure 9. Flow curve measured with rotational (CSS) and high-pressure capillary rheometer (HPCR) for 316 L feedstock: 
fitting the experimental curves using Cross-Herschel-Bulkley model (left) and determination of the yield stress with 
rotational rheometer, CSS (right) [40].
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fying, because the HPCR gives data only at higher shear rates, which have to be extrapolated 
to zero.

A better method for the yield point determination is by the rotational rheometer, preferably 
in the controlled shear stress (CSS) mode. Here, by plotting deformation γ versus shear stress 
τ in a double logarithmic scale, two regions with different slopes exist (Figure 9, right). The 
first one (lower slope) is the elastic deformation region, while the second one (steeper slope) 
is the viscous flow region. The yield stress can be detected as the transition point in the slope 
of the two power law regressions [38].

CSS is more sensitive and provides more accurate results of yield stress than CSR. Better 
results are obtained by a combination of CSS measurements (low shear rates) and high-pres-
sure capillary rheometer measurements (high shear rates).

It is evident that the choice of the method or model yields different values of yield stress. 
However, the accuracy depends on the sensitivity of the equipment and the skills of the oper-
ator. The previous investigations [39] show there is no single best method to measure yield 
stress of highly filled polymers, such as MIM feedstock.

2.4. Powder loading

A second important point for highly filled polymers is that the viscosity is a function of the 
characteristics of the powder and of the volume powder content φp. It has been observed that 
the viscosity of concentrated suspensions, including MIM and CIM feedstocks, increases rap-
idly and nonlinearly as the solid content increases [8].

Figure 9. Flow curve measured with rotational (CSS) and high-pressure capillary rheometer (HPCR) for 316 L feedstock: 
fitting the experimental curves using Cross-Herschel-Bulkley model (left) and determination of the yield stress with 
rotational rheometer, CSS (right) [40].
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Figure 10 shows the comparison of the measured to the calculated increase in viscosity by 
increasing   ϕ  

P
    of the feedstock at shear rate of 100 s−1. Here the relative viscosity ηr is used, 

which is the ratio of the viscosity of the feedstock with a certain powder loading to the viscos-
ity of the polymeric binder system at a given shear rate and temperature. For lower powder 
loadings, the Frankel-Acrivos model [6] provides a better fit to the measured data; for higher 
powder loadings, the Krieger-Dougherty model [9] is better. It has to be emphasized that the 
fit is dependent also on the shear rate at which the data were measured and other models 
available in the literature might fit better [12].

Most of the models in the literature and also the ones used in Figure 10 are shifting the viscos-
ity curve along the y-axis in a double logarithmic viscosity-shear rate diagram as the powder 
content increases (Figure 11, green arrow). This does not describe the behavior of feedstocks 
in a proper way. One main point is the shear rate at which the transition from Newtonian to 
shear thinning behavior takes place. This shear rate is a function of the powder loading φp and 
cannot be described by the models mentioned before [12]. Geisbüsch [42] used a model which 
is based on the fact that the binder is sheared more when more powder is in the feedstock. 
This model is based on the fact that the powder can be regarded as rigid. Thus the deforma-
tion in a shear field has to be taken by the binder (Figure 11, right), which means that the 
binder is sheared more, resulting in a lower viscosity of the binder (due to the shear thinning 
behavior of a polymer [43]). All together the viscosity is shifted to higher values by higher 
powder loading and somewhat decreased by higher dissipation inside the polymer due to 
enhanced shear strain (Figure 11, red arrow).

2.5. Temperature influence

One generally neglected effect on the measured viscosity data is the rise of the temperature 
due to dissipation. In a standard measurement setup of a high-pressure capillary rheometer, a 
temperature is chosen and set in the control unit. Usually there is no temperature transducer 
mounted inside the flow channel. Thus, the set temperature value is assigned to the derived 
viscosity curve.

Figure 10. Comparison of measured with predicted values of relative viscosity   𝜼𝜼  r    [41].
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But in reality, a certain heat dissipation takes place. The assumption of isothermal conditions 
is only applicable if the related rise in temperature is small. For unfilled polymers, this effect 
cannot be neglected at very high shear rates only (105 to 106 s−1). In our case of stiff fillers 
(between 50 and 60 vol% of filler), nearly all the dissipated heat is generated in the matrix, 
since the stiff filler is more or less just ‘swimming’ with the flow of the polymer (Figure 11 
right). As reported previously [44], at a shear rate above 100 s−1, nearly all dissipated heat will 
stay in the polymer resulting in a higher temperature and at the same time a lower viscosity of 
the polymer. Therefore, the actual temperature, which should be assigned to a specific value 
of viscosity, is higher than the normally used one. Using the actual temperature data gives in 
the end a flatter viscosity curve.

2.5.1. Temperature development in the slit die and temperature correction

Rheological measurements on unfilled polymers [45–47] and on MIM feedstocks [33, 35, 44] 
show an initial increase of the measured die wall temperature.

Figure 12 shows, as an example, the measured temperature profiles of the die wall tempera-
tures for 316 L MIM feedstock from experimental measurements with the slit die on HPCR 
at 190°C.

The analysis clearly shows (Figure 12) the increase of the temperature due to shear dissipa-
tion from an apparent shear rate up to approximately 7 K at the highest shear rate of 103 s−1. 
Thus, the measured data needs to be corrected with respect to temperature. So the melt tem-
perature rise due to dissipative heating and compression heat was taken into account by 
applying a special temperature correction procedure [45]. For this purpose, a thermodynamic 
dimensionless number, the so-called Cameron number [48], is used, and the temperature cor-
rected viscosity is obtained. Utilizing a modified Agassant method [45, 49], the average melt 
temperature inside the flow channel is calculated and applied to adjust the viscosity. The 
shear viscosities obtained under varying temperatures can be transformed into a single mas-
ter curve by applying the time-temperature superposition principle [45, 49].

Estimation of temperature rise in a polymer highly filled with stiff powders and the related 
viscosity correction.

Figure 11. Schematic viscosity diagram of a filled polymer system; shift acc. Geisbüsch and mostly used model (left), 
shear enhancement in the binder (right).
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In injection molding of highly filled polymers, high shear rates occur. Since the fillers are stiff, 
all the shear has to be taken up by the polymer system. In case of high shear rates, one has to 
consider whether due to the short times the generated heat stays to a high extent in the poly-
mer or it is conducted into the powder. Therefore, we evaluated the contribution of viscous 
dissipation over the heat conduction normal to the direction of flow by calculating the Griffith 
number ( Gr ). The calculation of  Gr  showed that at high shear rates (higher than 100   s   −1  ), the heat 
generated in the binder due to viscous dissipation is larger than the heat transmitted by con-
duction to the metal particles (i.e.,  Gr  > 1), and thus, the binder will have higher temperature 
than the filler particles [44].

Using the estimated temperature rise, one can correct the viscosity at high shear rates and use 
the model proposed by Geisbüsch [42] to predict the measured data. This is shown in Figure 13  
for the particular example of 60 vol% MIM feedstock. The viscosity values were shifted by 
using the Arrhenius equation, and it can be seen that the prediction from the model has 
improved at the higher shear rates [44].

Figure 13. Viscosity corrections due to temperature increase at high shear rates and predictions by the Geisbüsch model 
for 60 vol% feedstock [44].

Figure 12. Temperature profiles at different shear rates (slit die) [35].
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2.6. Cox-Merz rule and highly filled polymers

The rheological behavior of highly filled polymers is a complex function of its physical prop-
erties and the processes that occur at the scale of the suspended particles. Therefore, there 
are special considerations that do not apply to highly filled polymers but are applicable to 
unfilled polymers. For example, the Cox-Merz rule [17], which states that the viscosity mea-
sured in oscillatory mode is equivalent to the viscosity measured in steady-state rotational 
mode or in a capillary rheometer (Figure 14, left). The Cox-Merz rule is quite useful to extend 
the range of shear rates or angular frequencies, where the viscosity can be measured without 
sample fracture, secondary flows, and material expulsion. However, for highly filled systems, 
it does not apply as shown in Figure 14, right. In oscillatory mode, the viscosity values (com-
plex viscosity) tend to be overestimated with respect to the measurements obtained in steady-
state rotational mode or by high-pressure capillary rheometry.

3. Viscosity models

The mathematical model describing quantitatively the relation between shear stress and 
the shear strain during flow of the polymeric fluids is called the constitutive equation. Even 
though the molecular structure and viscoelasticity of polymeric materials are quite compli-
cated, various forms of constitutive equations have been proposed.

In order to describe, for example, the injection molding process, a viscosity function is neces-
sary, which is valid over the whole process range. The viscosity as a function of temperature, 
shear rate, and pressure is needed for the calculation of the filling and holding pressure phase; 
it has an effect on the pressure calculation and the holding pressure efficiency.

For the injection molding simulation, it is very important to describe the viscosity, as the shear 
rate approaches zero, as accurately as possible. This behavior is significant in the post-pres-
sure phase because here the melt speeds are very small overall. In addition, even during the 
faster filling phase, due to a symmetrical velocity profile, the shear rate in the middle of the 
channel is zero. For highly filled polymers at low shear rates (<0.1 s−1), the viscosity increases 
and a yield point can occur (Figure 15). This means that viscous flow is only observed above a 

Figure 14. Cox-Merz rule as an example for unfilled polypropylene [49, 50] (left) and for highly filled Cu feedstock (right); 
CP—Cone-plate rheometer, HPCR—High-pressure capillary rheometer, and IMM—Injection molding rheometer.
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minimum wall shear stress. As mentioned before, the cause of this phenomenon is an interac-
tion of the filler particles with each other or with the polymer matrix. Due to the increase in 
viscosity at low shear rates, the behavior of highly filled polymers in the low shear rate range 
resembles that of a solid rather than a polymer melt.

For the description of the temperature-dependent flow behavior in a wide shear rate range of 
unfilled and little-filled polymers, a number of viscosity models have been published, such as 
the well-known Carreau model and Cross model [43, 48]. The flow behavior of highly filled 
polymer compounds like MIM feedstocks can be described with the models shown in Table 1.  
These viscosity models offer the opportunity to approximate the measured viscosity data 
at low shear rates with yield stress and the viscosity at high shear rates with shear thinning 
behavior. Examples of the fit of these models are given in Figure 15.

Figure 15. Approximation of the viscosity curve of two different feedstocks using Cross-WLF model with Herschel-
Bulkley (HB) extension (left) and CARPOW model (right).

Model Equation of the model

Cross-WLF with Herschel-Bulkley 
extension
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where   D  1  ,  D  2  ,  D  3  ,  D  4   —cross coefficients,   η  0   —zero shear viscosity, τγ,  α  and   τ  y0   ,   T  y   —coefficients of Herschel-Bulkley 
extension,   γ   ̇   —shear rate,   A  1  ,  A  2  ,   ̃  A   2   —Williams-Landel-Ferry (WLF) coefficients, p—pressure,  T —temperature,   T  S   —
reference temperature,   a  T   —temperature shift factor acc. Arrhenius or WLF,   d  c   —consistency parameter (toughness of the 
highly filled system), b1—turning point of the viscosity curve,   n  1   —flow exponent of low shear rate range, and A, B, C—
Carreau coefficients.

Table 1. Selected models to describe shear rate and temperature dependents of viscosity.
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4. Conclusion

Good rheological data are necessary for a proper optimization of the production using highly 
filled polymers and also for good simulations of the related production processes. Since simu-
lation of a production process needs a good virtual model of this process, the correct under-
standing of the occurring physical effects is vital.

Rheology of highly filled polymers is the tool in place to gain such a deeper understanding. 
On the other hand, it is essential to have this understanding when measuring reliable rheo-
logical data of such materials, which show special and characteristic behavior like yield stress 
or dependency on the powder loading and shear rate.

Acknowledgements

The researchers acknowledge the Polymer Competence Center Leoben (PCCL) for providing 
the rotational rheometer for measurements.

Author details

Christian Kukla1*, Ivica Duretek2,3, Joamin Gonzalez-Gutierrez2 and Clemens Holzer2

*Address all correspondence to: christian.kukla@unileoben.ac.at

1 Industrial Liaison Department, Montanuniversitaet Leoben, Leoben, Austria

2 Department of Polymer Engineering and Science, Montanuniversitaet Leoben,  
Leoben, Austria

3 Polymer Competence Center Leoben GmbH, Leoben, Austria

References

[1] Rueda MM, Auscher M-C, Fulchiron R, Périé T, Martin G, Sonntag P, Cassagnau 
P. Rheology and applications of highly filled polymers: A review of current understand-
ing. Progress in Polymer Science. 2017;66:22-53. DOI: 10.1016/j.progpolymsci.2016.12.007

[2] Mewis J, Wagner NJ. Colloidal Suspension Rheology. Cambridge, UK: Cambridge  
University Press; 2011. 393 pp

[3] Eilers H. Die Viskosität von Emulsionen hochviskoser Stoffe als Funktion der Kont-
zentration. Kolloid-Zeitschrift. 1941;97:313-321. DOI: 10.1007/BF01503023

Rheology of Highly Filled Polymers
http://dx.doi.org/10.5772/intechopen.75656

169



minimum wall shear stress. As mentioned before, the cause of this phenomenon is an interac-
tion of the filler particles with each other or with the polymer matrix. Due to the increase in 
viscosity at low shear rates, the behavior of highly filled polymers in the low shear rate range 
resembles that of a solid rather than a polymer melt.

For the description of the temperature-dependent flow behavior in a wide shear rate range of 
unfilled and little-filled polymers, a number of viscosity models have been published, such as 
the well-known Carreau model and Cross model [43, 48]. The flow behavior of highly filled 
polymer compounds like MIM feedstocks can be described with the models shown in Table 1.  
These viscosity models offer the opportunity to approximate the measured viscosity data 
at low shear rates with yield stress and the viscosity at high shear rates with shear thinning 
behavior. Examples of the fit of these models are given in Figure 15.

Figure 15. Approximation of the viscosity curve of two different feedstocks using Cross-WLF model with Herschel-
Bulkley (HB) extension (left) and CARPOW model (right).

Model Equation of the model

Cross-WLF with Herschel-Bulkley 
extension

 η =   
 η  0   ___________  

1 +   (  
 η  0   ∙  γ   ̇  

 _____  D  4  
  )    

 (1−n) 

 
   +  τ  γ   ∙  (  1 −  e    (−α∙ γ   ̇  )   _______  γ   ̇    )   [51] (10)

 η =   
 η  0   ___________  

1 +   (  
 η  0   ∙  γ   ̇  

 _____  D  4  
  )    

 (1−n) 

 
   +   

 τ  y0   ∙  e    (  
 T  y   __ T  )  
 _______  γ   ̇      [52]

  η  0   =  D  1   ∙  e    [  
− A  1  ∙ (T− T  S  )  _________  A  2  ∙ (T+ T  S  ) 

  ]   ,   T  S   =  D  2   +  D  3   ∙ p ,    A  2   =   A ~    2   +  D  3   ∙ p 

(11)

CARPOW  η =   
 d  c   ∙  a  T  
 _________   ( a  T   ∙  b  1   +  γ   ̇  )     n  1      +   

A ∙  a  T  
 ___________   (1 +  γ   ̇   ∙ B ∙  a  T  )    C     [53] (12)

where   D  1  ,  D  2  ,  D  3  ,  D  4   —cross coefficients,   η  0   —zero shear viscosity, τγ,  α  and   τ  y0   ,   T  y   —coefficients of Herschel-Bulkley 
extension,   γ   ̇   —shear rate,   A  1  ,  A  2  ,   ̃  A   2   —Williams-Landel-Ferry (WLF) coefficients, p—pressure,  T —temperature,   T  S   —
reference temperature,   a  T   —temperature shift factor acc. Arrhenius or WLF,   d  c   —consistency parameter (toughness of the 
highly filled system), b1—turning point of the viscosity curve,   n  1   —flow exponent of low shear rate range, and A, B, C—
Carreau coefficients.

Table 1. Selected models to describe shear rate and temperature dependents of viscosity.

Polymer Rheology168

4. Conclusion

Good rheological data are necessary for a proper optimization of the production using highly 
filled polymers and also for good simulations of the related production processes. Since simu-
lation of a production process needs a good virtual model of this process, the correct under-
standing of the occurring physical effects is vital.

Rheology of highly filled polymers is the tool in place to gain such a deeper understanding. 
On the other hand, it is essential to have this understanding when measuring reliable rheo-
logical data of such materials, which show special and characteristic behavior like yield stress 
or dependency on the powder loading and shear rate.

Acknowledgements

The researchers acknowledge the Polymer Competence Center Leoben (PCCL) for providing 
the rotational rheometer for measurements.

Author details

Christian Kukla1*, Ivica Duretek2,3, Joamin Gonzalez-Gutierrez2 and Clemens Holzer2

*Address all correspondence to: christian.kukla@unileoben.ac.at

1 Industrial Liaison Department, Montanuniversitaet Leoben, Leoben, Austria

2 Department of Polymer Engineering and Science, Montanuniversitaet Leoben,  
Leoben, Austria

3 Polymer Competence Center Leoben GmbH, Leoben, Austria

References

[1] Rueda MM, Auscher M-C, Fulchiron R, Périé T, Martin G, Sonntag P, Cassagnau 
P. Rheology and applications of highly filled polymers: A review of current understand-
ing. Progress in Polymer Science. 2017;66:22-53. DOI: 10.1016/j.progpolymsci.2016.12.007

[2] Mewis J, Wagner NJ. Colloidal Suspension Rheology. Cambridge, UK: Cambridge  
University Press; 2011. 393 pp

[3] Eilers H. Die Viskosität von Emulsionen hochviskoser Stoffe als Funktion der Kont-
zentration. Kolloid-Zeitschrift. 1941;97:313-321. DOI: 10.1007/BF01503023

Rheology of Highly Filled Polymers
http://dx.doi.org/10.5772/intechopen.75656

169



[4] Einstein A. Eine neue Bestimmung der Moleküldimensionen [Dissertation]. Zürich: 
Universität Zürich; 1906

[5] Einstein A. Berichtigung zu meiner Arbeit. Annals of Physics. 1911:591-592. DOI: 10.1002/ 
andp.19113390313

[6] Frankel NA, Acrivos A. On the viscosities of a concentrated suspension of solid spheres. 
Chemical Engineering Science. 1967;22:847-853. DOI: 10.1016/0009-2509(67)80149-0

[7] Janardhana Reddy J, Ravi N, Vijayakumar M. A simple model for viscosity of powder 
injection moulding mixes with binder content above powder critical binder volume con-
centration. Journal of the European Ceramic Society. 2000;20:2183-2190. DOI: 10.1016/
S0955-2219(00)00096-0

[8] Kate KH, Enneti RK, Park SJ, German RM, Atre SV. Predicting powder-polymer mix-
ture properties for PIM design. Critical Reviews in Solid State and Materials Sciences. 
2014;39:197-214. DOI: 10.1080/10408436.2013.808986

[9] Krieger IM, Dougherty TJ. A mechanism for non-Newtonian flow in suspensions of rigid 
spheres. Transactions of the Society of Rheology. 1959;3:137-152. DOI: 10.1122/1.548848

[10] Mooney M. The viscosity of a concentrated suspension of spherical particles. Journal of 
Colloid Science. 1951;6:162-170. DOI: 10.1016/0095-8522(51)90036-0

[11] Mueller S, Llewellin EW, Mader HM. The rheology of suspensions of solid particles. 
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences. 
2010;466:1201-1228. DOI: 10.1098/rspa.2009.0445

[12] Gonzalez-Gutierrez J, Duretek I, Kukla C, Poljšak A, Bek M, Emri I, Holzer C. Models to 
predict the viscosity of metal injection molding feedstock materials as function of their 
formulation. Metals. 2016;6:129. DOI: 10.3390/met6060129

[13] Pabst W. Fundamental considerations on suspension rheology. Ceramics − Silikáty. 2004; 
48(1):6-13

[14] Gonzalez-Gutierrez J, Godec D, Guran R, Spoerk M, Kukla C, Holzer C. 3D printing con-
ditions determination for feedstock used in fused filament fabrication (FFF) of 17-4PH 
stainless steel parts. Metallurgia. 2018;57:117-120

[15] Gonzalez-Gutierrez J, Stringari GB, Emri I. Powder injection molding of metal and 
ceramic parts. In: Wang J, editor. Some Critical Issues for Injection Molding. Rijeka, 
Croatia: InTech; 2012. pp. 65-86. DOI: 10.5772/38070

[16] Kukla C, Duretek I, Gonzalez-Gutierrez J, Holzer C. Rheology of PIM feedstocks. Metal 
Powder Report. 2017;72:39-44. DOI: 10.1016/j.mprp.2016.03.003

[17] Cox WP, Merz EH. Correlation of dynamic and steady flow viscosities. Journal of Poly-
mer Science. 1958;28:619-622. DOI: 10.1002/pol.1958.1202811812

[18] Stickel JJ, Powell RL. Fluid mechanics and rheology of dense suspensions. Annual Review 
of Fluid Mechanics. 2005;37:129-149. DOI: 10.1146/annurev.fluid.36.050802.122132

Polymer Rheology170

[19] Pahl M, Gleißle W, Laun H-M. Praktische Rheologie der Kunststoffe und Elastomere. 
Dusseldorf, Germany: VDI-Verlag; 1991. 454 pp

[20] Bagley EB. End corrections in the capillary flow of polyethylene. Journal of Applied 
Physics. 1957;28:624-627. DOI: 10.1063/1.1722814

[21] Eisenschitz R, Rabinowitsch B, Weissenberg K. Zur Analyse des Formveraenderung-
swiderstandes. Mitteilungen der deutschen Materialspruefungsanstalten. 1929;9:91-94. 
DOI: 10.1007/978-3-642-92045-5_11

[22] Wales JLS, den Otter JL, Janeschitz-Kriegl H. Comparison between slit viscometry 
and cylindrical capillary viscometry. Rheologica Acta. 1965;4:146-152. DOI: 10.1007/
BF01984712

[23] Tadmor Z, Klein I. Engineering Principles of Plasticating Extrusion. New York: Van 
Nostrand Reinhold; 1970. 500 pp

[24] Eswaran R, Janeschitz-Kriegl H, Schijf J. A slit viscometer for polymer melts. Rheologica 
Acta. 1963;3:83-91. DOI: 10.1007/BF01979457

[25] Laun HM. Polymer melt rheology with a slit die. Rheologica Acta. 1983;22:171-185. DOI: 
10.1007/BF01332370

[26] Nyborg L, Johansson E, Niederhauser S. Assessment of rheology and related proper-
ties of PIM feedstock material. In: Euro PM200 Proceedings. 2nd European Symposium 
on Powder Injection Moulding; 18-20 October, Munich. Shrewsbury, UK: EPMA; 2000. 
pp. 67-74

[27] Bilovol VV. Mould filling simulations during powder injection moulding [PhD thesis]. 
Delft, The Netherlands: Delft University of Technology; 2003

[28] Friesenbichler W, Duretek I. Rheologische Charakterisierung hochgefüllter PIM-Feedstocks  
und Holzcompounds. In: Tagungshandbuch zum 17. Leobener Kunststoffkolloquium. 
17. Leobener Kunststoffkolloquium; 20-21 November, Leoben, Austria. Leoben, Austria: 
Montanuniversitaet Leoben; 2003. pp. XIX-1-XIX-24

[29] Han CD. On intrinsic errors in pressure-hole measurements in flow of polymer melts. 
AIChE Journal. 1972;18:116-121. DOI: 10.1002/aic.690180121

[30] Walters K. Rheometry. New York: John Wiley & Sons Inc; 1975. 278 pp

[31] Chastagner MW. Slit die rheology of HDPE and ABS based wood plastic composites 
[master thesis]. Pullman, WA, USA: Washington State University; 2005

[32] Feldbacher G. Rheologische und thermodynamische Stoffdatenerfassung von zwei 
Thermoplasten für die FEM Werkzeugauslegung [bachelor thesis]. Leoben, Austria: 
Montanuniversitaet Leoben; 2003

[33] Atakan Y. Ermittlung der Fließfähigkeit und Plastifizierarbeit von handelsüblichen 
MIM-Feedstocks [master thesis]. Leoben, Austria: Montanuniversitaet Leoben; 2008

Rheology of Highly Filled Polymers
http://dx.doi.org/10.5772/intechopen.75656

171



[4] Einstein A. Eine neue Bestimmung der Moleküldimensionen [Dissertation]. Zürich: 
Universität Zürich; 1906

[5] Einstein A. Berichtigung zu meiner Arbeit. Annals of Physics. 1911:591-592. DOI: 10.1002/ 
andp.19113390313

[6] Frankel NA, Acrivos A. On the viscosities of a concentrated suspension of solid spheres. 
Chemical Engineering Science. 1967;22:847-853. DOI: 10.1016/0009-2509(67)80149-0

[7] Janardhana Reddy J, Ravi N, Vijayakumar M. A simple model for viscosity of powder 
injection moulding mixes with binder content above powder critical binder volume con-
centration. Journal of the European Ceramic Society. 2000;20:2183-2190. DOI: 10.1016/
S0955-2219(00)00096-0

[8] Kate KH, Enneti RK, Park SJ, German RM, Atre SV. Predicting powder-polymer mix-
ture properties for PIM design. Critical Reviews in Solid State and Materials Sciences. 
2014;39:197-214. DOI: 10.1080/10408436.2013.808986

[9] Krieger IM, Dougherty TJ. A mechanism for non-Newtonian flow in suspensions of rigid 
spheres. Transactions of the Society of Rheology. 1959;3:137-152. DOI: 10.1122/1.548848

[10] Mooney M. The viscosity of a concentrated suspension of spherical particles. Journal of 
Colloid Science. 1951;6:162-170. DOI: 10.1016/0095-8522(51)90036-0

[11] Mueller S, Llewellin EW, Mader HM. The rheology of suspensions of solid particles. 
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences. 
2010;466:1201-1228. DOI: 10.1098/rspa.2009.0445

[12] Gonzalez-Gutierrez J, Duretek I, Kukla C, Poljšak A, Bek M, Emri I, Holzer C. Models to 
predict the viscosity of metal injection molding feedstock materials as function of their 
formulation. Metals. 2016;6:129. DOI: 10.3390/met6060129

[13] Pabst W. Fundamental considerations on suspension rheology. Ceramics − Silikáty. 2004; 
48(1):6-13

[14] Gonzalez-Gutierrez J, Godec D, Guran R, Spoerk M, Kukla C, Holzer C. 3D printing con-
ditions determination for feedstock used in fused filament fabrication (FFF) of 17-4PH 
stainless steel parts. Metallurgia. 2018;57:117-120

[15] Gonzalez-Gutierrez J, Stringari GB, Emri I. Powder injection molding of metal and 
ceramic parts. In: Wang J, editor. Some Critical Issues for Injection Molding. Rijeka, 
Croatia: InTech; 2012. pp. 65-86. DOI: 10.5772/38070

[16] Kukla C, Duretek I, Gonzalez-Gutierrez J, Holzer C. Rheology of PIM feedstocks. Metal 
Powder Report. 2017;72:39-44. DOI: 10.1016/j.mprp.2016.03.003

[17] Cox WP, Merz EH. Correlation of dynamic and steady flow viscosities. Journal of Poly-
mer Science. 1958;28:619-622. DOI: 10.1002/pol.1958.1202811812

[18] Stickel JJ, Powell RL. Fluid mechanics and rheology of dense suspensions. Annual Review 
of Fluid Mechanics. 2005;37:129-149. DOI: 10.1146/annurev.fluid.36.050802.122132

Polymer Rheology170

[19] Pahl M, Gleißle W, Laun H-M. Praktische Rheologie der Kunststoffe und Elastomere. 
Dusseldorf, Germany: VDI-Verlag; 1991. 454 pp

[20] Bagley EB. End corrections in the capillary flow of polyethylene. Journal of Applied 
Physics. 1957;28:624-627. DOI: 10.1063/1.1722814

[21] Eisenschitz R, Rabinowitsch B, Weissenberg K. Zur Analyse des Formveraenderung-
swiderstandes. Mitteilungen der deutschen Materialspruefungsanstalten. 1929;9:91-94. 
DOI: 10.1007/978-3-642-92045-5_11

[22] Wales JLS, den Otter JL, Janeschitz-Kriegl H. Comparison between slit viscometry 
and cylindrical capillary viscometry. Rheologica Acta. 1965;4:146-152. DOI: 10.1007/
BF01984712

[23] Tadmor Z, Klein I. Engineering Principles of Plasticating Extrusion. New York: Van 
Nostrand Reinhold; 1970. 500 pp

[24] Eswaran R, Janeschitz-Kriegl H, Schijf J. A slit viscometer for polymer melts. Rheologica 
Acta. 1963;3:83-91. DOI: 10.1007/BF01979457

[25] Laun HM. Polymer melt rheology with a slit die. Rheologica Acta. 1983;22:171-185. DOI: 
10.1007/BF01332370

[26] Nyborg L, Johansson E, Niederhauser S. Assessment of rheology and related proper-
ties of PIM feedstock material. In: Euro PM200 Proceedings. 2nd European Symposium 
on Powder Injection Moulding; 18-20 October, Munich. Shrewsbury, UK: EPMA; 2000. 
pp. 67-74

[27] Bilovol VV. Mould filling simulations during powder injection moulding [PhD thesis]. 
Delft, The Netherlands: Delft University of Technology; 2003

[28] Friesenbichler W, Duretek I. Rheologische Charakterisierung hochgefüllter PIM-Feedstocks  
und Holzcompounds. In: Tagungshandbuch zum 17. Leobener Kunststoffkolloquium. 
17. Leobener Kunststoffkolloquium; 20-21 November, Leoben, Austria. Leoben, Austria: 
Montanuniversitaet Leoben; 2003. pp. XIX-1-XIX-24

[29] Han CD. On intrinsic errors in pressure-hole measurements in flow of polymer melts. 
AIChE Journal. 1972;18:116-121. DOI: 10.1002/aic.690180121

[30] Walters K. Rheometry. New York: John Wiley & Sons Inc; 1975. 278 pp

[31] Chastagner MW. Slit die rheology of HDPE and ABS based wood plastic composites 
[master thesis]. Pullman, WA, USA: Washington State University; 2005

[32] Feldbacher G. Rheologische und thermodynamische Stoffdatenerfassung von zwei 
Thermoplasten für die FEM Werkzeugauslegung [bachelor thesis]. Leoben, Austria: 
Montanuniversitaet Leoben; 2003

[33] Atakan Y. Ermittlung der Fließfähigkeit und Plastifizierarbeit von handelsüblichen 
MIM-Feedstocks [master thesis]. Leoben, Austria: Montanuniversitaet Leoben; 2008

Rheology of Highly Filled Polymers
http://dx.doi.org/10.5772/intechopen.75656

171



[34] MATLAW Consortium. Final Report MATLAW: New material laws for metal filled injec-
tion moulding feedstocks [Internet]. 15.01.2009. Available from: http://cordis.europa.eu/
publication/rcn/11893_en.html [Accessed 2018-01-23]

[35] Duretek I. Untersuchungen zum Fließverhalten von Metall-, Keramik- und Holz-
Kunststoffverbunden [PhD thesis]. Leoben, Austria: Montanuniversitaet Leoben; 2013

[36] Liddell PV, Boger DV. Yield stress measurements with the vane. Journal of Non-
Newtonian Fluid Mechanics. 1996;63:235-261. DOI: 10.1016/0377-0257(95)01421-7

[37] Sun A, Gunasekaran S. Yield stress in foods: Measurements and applications. International 
Journal of Food Properties. 2009;12:70-101. DOI: 10.1080/10942910802308502

[38] Dapčević T, Dokić P, Hadnađev M, Pojić M. Determining the yield stress of food prod-
ucts: Importance and shortcomings. Food Processing, Quality and Safety. 2008;35:143-149

[39] Duretek I, Kukla C, Langecker GR, Holzer C. Measurement of the yield stress of a stain-
less steel feedstock. In: Euro PM2013 Proceedings. Euro PM2013 Congress & Exhibition; 
15-18 September, Gothenburg, Sweden. Bellstone: EPMA; 2013

[40] Kukla C, Duretek I, Holzer C. Controlled shear stress method to measure yield stress of 
highly filled polymer melts. AIP Conference Proceedings. 2016;1779:070006-1 to 070006-
5. DOI: 10.1063/1.4965538

[41] Kukla C, Duretek I, Holzer C. Modelling of rheological behaviour of 316L feedstocks 
with different powder loadings and binder compositions. In: Euro PM2014 Proceedings. 
Euro PM2014 Congress and Exhibition; 21-24.09; Salzburg, Austria. Bellstone: EPMA; 
2014. pp. 1-6

[42] Geisbüsch P. Ansätze zur Schwindungsberechnung ungefüllter und mineralisch gefül-
lter Thermoplaste [PhD thesis]. Aachen: RWTH Aachen; 1980

[43] Osswald TA, Hernandez-Ortiz JP. Polymer Processing: Modeling and Simulation. 
Munich: Carlo Hanser Verlag; 2006. 597 pp

[44] Kukla C, Duretek I, Schuschnigg S, Gonzalez-Gutierrez J, Gooneie A, Holzer C. Study 
of rheological behaviour of stainless steel feedstock taking into account the thermal 
effects. In: Rasteiro MG, editor. Ibereo 15: Conference Proceedings; Coimbra, Portugal: 
University of Coimbra. 2015. pp. 46-49

[45] Friesenbichler W, Langecker GR, Duretek I, Schuschnigg S. Polymer melt rheology at 
high shear rates using a new micro-rheology technique. In: Proceedings of 21st Annual 
Meeting of the Polymer Processing Society. 6.1-1-6.1-15

[46] Duretek I, Friesenbichler W, Schuschnigg S, Rajganesh J, Langecker GR. Study on rhe-
ological behaviour of polymer melts at high shear rates using a new micro-rheology 
technique. In: Proceedings of Past and Future of Polymer Processing, Technology and 
Science; 27-28 April; Zagreb, Croatia. 2006

[47] Friesenbichler W, Duretek I, Rajganesh J, Selvasankar RK. Measuring the pressure depen-
dent viscosity at high shear rates using a new rheological injection mould. Polimery. 
2011;56(1):58-62

Polymer Rheology172

[48] Agassant JP, Sergent P, Avenas JF, Carreau PJ. Polymer Processing: Principles and 
Modelling. Cincinnati, OH, USA: Hanser Gardner; 1991. 846 pp

[49] Schuschnigg S. Rheologische Untersuchungen bei hohen Schergeschwindigkeiten mit 
Hilfe eines Mikrorheologie-Schlitzdüsen Messsystems [master thesis]. Leoben, Austria: 
Montanuniversitaet Leoben; 2004

[50] Cramer A, Michaeli W, Friesenbichler W, Duretek I. Simulation des Spritzgießprozesses 
von Mikrobauteilen. Zeitschrift Kunststofftechnik Journal of Plastics Technology. 
2007:1-26

[51] SIGMA Engineering. SIGMASOFT 5.0+: Manual. SIGMA Engineering GmbH: Aachen, 
Germany; 2013

[52] CoreTech System. Moldex3D R15.0: Manual. New Taipei City, Taiwan: CoreTech System 
Co., Ltd; 2017

[53] Erb T, Geiger K, Bonten C. Mixing processes—Influence of the viscosity model on flow 
calculations. AIP Conference Proceedings. 2014;1593:549-555. DOI: 10.1063/1.4873841

Rheology of Highly Filled Polymers
http://dx.doi.org/10.5772/intechopen.75656

173



[34] MATLAW Consortium. Final Report MATLAW: New material laws for metal filled injec-
tion moulding feedstocks [Internet]. 15.01.2009. Available from: http://cordis.europa.eu/
publication/rcn/11893_en.html [Accessed 2018-01-23]

[35] Duretek I. Untersuchungen zum Fließverhalten von Metall-, Keramik- und Holz-
Kunststoffverbunden [PhD thesis]. Leoben, Austria: Montanuniversitaet Leoben; 2013

[36] Liddell PV, Boger DV. Yield stress measurements with the vane. Journal of Non-
Newtonian Fluid Mechanics. 1996;63:235-261. DOI: 10.1016/0377-0257(95)01421-7

[37] Sun A, Gunasekaran S. Yield stress in foods: Measurements and applications. International 
Journal of Food Properties. 2009;12:70-101. DOI: 10.1080/10942910802308502

[38] Dapčević T, Dokić P, Hadnađev M, Pojić M. Determining the yield stress of food prod-
ucts: Importance and shortcomings. Food Processing, Quality and Safety. 2008;35:143-149

[39] Duretek I, Kukla C, Langecker GR, Holzer C. Measurement of the yield stress of a stain-
less steel feedstock. In: Euro PM2013 Proceedings. Euro PM2013 Congress & Exhibition; 
15-18 September, Gothenburg, Sweden. Bellstone: EPMA; 2013

[40] Kukla C, Duretek I, Holzer C. Controlled shear stress method to measure yield stress of 
highly filled polymer melts. AIP Conference Proceedings. 2016;1779:070006-1 to 070006-
5. DOI: 10.1063/1.4965538

[41] Kukla C, Duretek I, Holzer C. Modelling of rheological behaviour of 316L feedstocks 
with different powder loadings and binder compositions. In: Euro PM2014 Proceedings. 
Euro PM2014 Congress and Exhibition; 21-24.09; Salzburg, Austria. Bellstone: EPMA; 
2014. pp. 1-6

[42] Geisbüsch P. Ansätze zur Schwindungsberechnung ungefüllter und mineralisch gefül-
lter Thermoplaste [PhD thesis]. Aachen: RWTH Aachen; 1980

[43] Osswald TA, Hernandez-Ortiz JP. Polymer Processing: Modeling and Simulation. 
Munich: Carlo Hanser Verlag; 2006. 597 pp

[44] Kukla C, Duretek I, Schuschnigg S, Gonzalez-Gutierrez J, Gooneie A, Holzer C. Study 
of rheological behaviour of stainless steel feedstock taking into account the thermal 
effects. In: Rasteiro MG, editor. Ibereo 15: Conference Proceedings; Coimbra, Portugal: 
University of Coimbra. 2015. pp. 46-49

[45] Friesenbichler W, Langecker GR, Duretek I, Schuschnigg S. Polymer melt rheology at 
high shear rates using a new micro-rheology technique. In: Proceedings of 21st Annual 
Meeting of the Polymer Processing Society. 6.1-1-6.1-15

[46] Duretek I, Friesenbichler W, Schuschnigg S, Rajganesh J, Langecker GR. Study on rhe-
ological behaviour of polymer melts at high shear rates using a new micro-rheology 
technique. In: Proceedings of Past and Future of Polymer Processing, Technology and 
Science; 27-28 April; Zagreb, Croatia. 2006

[47] Friesenbichler W, Duretek I, Rajganesh J, Selvasankar RK. Measuring the pressure depen-
dent viscosity at high shear rates using a new rheological injection mould. Polimery. 
2011;56(1):58-62

Polymer Rheology172

[48] Agassant JP, Sergent P, Avenas JF, Carreau PJ. Polymer Processing: Principles and 
Modelling. Cincinnati, OH, USA: Hanser Gardner; 1991. 846 pp

[49] Schuschnigg S. Rheologische Untersuchungen bei hohen Schergeschwindigkeiten mit 
Hilfe eines Mikrorheologie-Schlitzdüsen Messsystems [master thesis]. Leoben, Austria: 
Montanuniversitaet Leoben; 2004

[50] Cramer A, Michaeli W, Friesenbichler W, Duretek I. Simulation des Spritzgießprozesses 
von Mikrobauteilen. Zeitschrift Kunststofftechnik Journal of Plastics Technology. 
2007:1-26

[51] SIGMA Engineering. SIGMASOFT 5.0+: Manual. SIGMA Engineering GmbH: Aachen, 
Germany; 2013

[52] CoreTech System. Moldex3D R15.0: Manual. New Taipei City, Taiwan: CoreTech System 
Co., Ltd; 2017

[53] Erb T, Geiger K, Bonten C. Mixing processes—Influence of the viscosity model on flow 
calculations. AIP Conference Proceedings. 2014;1593:549-555. DOI: 10.1063/1.4873841

Rheology of Highly Filled Polymers
http://dx.doi.org/10.5772/intechopen.75656

173



Polymer Rheology
Edited by Luis Rivera-Armenta  

and Beatriz Adriana Salazar Cruz

Edited by Luis Rivera-Armenta  
and Beatriz Adriana Salazar Cruz

Rheology is the science that studies the behavior of the flow of matter in a liquid state 
or soft solids under the application of stress or deformation to obtain a response to an 

applied force. In polymers, rheology is an important tool to understand behavior under 
processing conditions and to design equipment. Another application for rheology 

in the polymer field is to understand structure–property relationships by means of 
molecular weight, molecular weight distribution, stereochemistry, morphology, melt 

degradation, and performance under processing. This book covers the essential criteria 
for selecting the best test types for various applications and new developments, for 

accurately interpreting results, and for determining other areas where rheology and 
rheological phenomena may be useful in your work. 

Published in London, UK 

©  2018 IntechOpen 
©  Torsakarin / iStock

ISBN 978-1-78984-001-8

Polym
er Rheology

ISBN 978-1-83881-657-5


	Polymer Rheology
	Contents
	Preface
	Section 1
Advances in New Rheology Applications
	Chapter 1
Magnetorheology of Polymer Systems
	Chapter 2
Applications of Viscoelastic Fluids Involving Hydrodynamic Stability and Heat Transfer
	Chapter 3
Polymeric Additive Manufacturing: The Necessity and Utility of Rheology
	Chapter 4
Particle Settling in a Non-Newtonian Fluid Medium Processed by Using the CEF Model

	Section 2
Polymers and Biopolymers Rheology
	Chapter 5
Viscoelasticity of a Supramolecular Polymer Network and its Relevance for Enhanced Oil Recovery
	Chapter 6
Effect of Maltodextrin Reduction and Native Agave Fructans Addition on the Rheological Behavior of Spray-Dried Juices

	Section 3
Suspensions, Colloids and Granular Materials
	Chapter 7
Interparticle Interaction Effects in Polymer Suspensions
	Chapter 8
Rheology of Highly Filled Polymers


