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Abstract

Analyzing the behavior of flows of polymers solutions and melts in the area of non-linear
viscoelasticity allows to estimate more precisely the adequacy of the rheological model and to
describe the material structure in more detail. Today a lot of models describe non-linear properties
of polymeric materials rather accurately. However, the formulation of a uniform rheological model
remains open. Therefore this work considers the modified Vinogradov-Pokrovsky rheological
model which formed the basis for numerical calculations for periodic deformation of shear flows
of polymeric liquids with a large amplitude. The non-linear viscoelastic properties shown in the
course of the research of behavior of polymeric material at large deformations were studied by
means of the immediate analysis of time dependence of shear stresses which were calculated at
various amplitudes. It was stated that when increasing the amplitude of deformation the response
stops being the exact harmonica, and a “step” on the left-hand front appears. It manifests the
nonlinear response of a sample. The work compares obtained theoretical dependences and the
experimental data for 5% mass solutions of the polyethylene oxide in dimethylsulfoxide which
was studied at harmonic deformations with the large amplitude reaching 40 relative units. These
dependences were measured at 35°C and the frequency of 0.2 Hz. Despite its simplicity, the
modified Vinogradov-Pokrovsky rheological model shows good compliance with the experimental
data. The results show that the chosen model adequately describes behavior of polymeric
materials at large periodic deformations. Therefore this model may be applied for modeling more
complex flows of fluid polymeric environments.
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1. Introduction

A number of rheological models [1-4] are often applied to
describe rheological features of polymeric materials at quite
small periodic or stationary deformations. However, when
processing solutions and melts of polymers we have to face with
deformation of higher orders. Therefore, practical reasons and
more precise methods of measurements e.g. at larger periodic
deformations [5-7] cause the transition from analyzing the
behavior of flows in the linear viscoelastic area to studying
non-linear effects. It promises a more reliable assessment of
prognostic properties of some rheological models as their
applicability for different types of deformation is extended.
Therefore now modeling rheological features in the non-linear
viscoelastic area is getting more and more popular. In fact, the
measurements at large periodic deformations allow to describe
the material structure in more detail [6].

Nowadays there are a lot of rheological models some of
which are still developing whereas others have already lost their
relevance. The most prominent are: Gizekus model [1], Leonov-
Prokunin model [2], the extended pom-pom model [3], the
modified Vinogradov-Pokrovsky (mVP) model [4]. All of them
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describe well the linear effects at small periodic deformations
and non-linear effects at large stationary deformations. Recently
the new research has appeared and now it is developing rapidly. It
studies the rheological behavior of polymeric liquids developed
at periodic oscillations with a large amplitude [5]. This work
will study the structural change of the material response while
the amplitude of deformation increases. Primarily the work
aims at checking the adequacy of the mVP rheological model.

As [6] shows, non-linear viscoelastic features which are
observed when studying the behavior of polymeric material
at large deformations may be interpreted via Lissajous figures
or analyzing time dependencies of shear stresses obtained at
various deformations. Thus the increase in oscillation amplitude
means increase in nonlinearity of the sample response.

2. Mathematical model

The numeric calculations are based on the equations written
down on the basis of the mVP rheological model [4]. The
model is unique since it considers the tensor nature of the
friction coeflicient for beads which is defined by the induced
anisotropy of a shift flow. The model looks as following:
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Here 0,- a stress tensor; p — hydrostatic pressure; 7, and
7, initial values of shear viscosity and relaxation time for a
polymeric component; v, - velocity gradients tensor; a, — the
symmetric second rank tensor of anisotropy; I = a; - first
invariant of anisotropy tensor; y, = (v, + v, )/2 - symmetrized
tensor of velocity gradients; x, 5 - phenomenological
parameters of the model considering the sizes and the form of
a macromolecular ball in macromolecule dynamical equations
and which are connected by a ratio: k=1.2-p, that corresponds
with condition of independence of asymptotical behavior of
stationary shear viscosity of the polymer molecular weight [4].

Based on Eq. (1) modeling of oscillations was carried out,
both with large and small amplitudes. The polymeric sample
is supposed to have been exposed to deformations with
frequency w under the harmonic law with the given amplitude
Y,: Y(t) =y, sin(@t). In this case only one component of velocity
gradients tensor v, is different from zero: v ,(t)=y @cos(®t). The
material response represents the tension-to-time dependence.
According to the calculations, the periodic mode of oscillations
is set quite rapidly in a polymeric system at deformation from
immobility (0, (0)=0).

At the small amplitude shear stresses arising in the material
are directly proportional to deformation that is they represent
the exact harmonica. At periodic deformation of the material
with the larger amplitude the response stops being the exact
harmonica. The results of modeling (Fig. I) and experiments
[5] both confirm that.
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Fig. 1. Change of a response of material at increase in amplitude of deformation of
material a) - small amplitudes; b) - large amplitudes)
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Fig. 2. Comparison of theoretical dependence and the experimental data for the
normalized shear stresses o(t) in the set mode with various relative amplitudes
of deformation a) - 5; b) - 10; ) - 20; d) - 40)
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3. Comparing modeling results and the
experiment

A large number of works, referred to in [5-7], is devoted to a
research of transient and stationary rheological features at large
periodic deformations. In the experimental data [7] the 5%
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mass solution of polyethylene oxide in a dimethylsulfoxide was
exposed to deformation. The polymeric solution was exposed
to harmonic deformation at large amplitude y, sequentially
reaching values of 50%, 100%, 500%, 1000%, 2000% and
4000% at frequency w = 0.2 Hz.

The application of the mVP rheological model was checked
for efficiency by optimizing model parameters k=0.045;
$=0.038; 7,=0.21 sec; 1,= 87.3534 Pass. in the linear area (at
small periodic deformations). Further the behavior of the
model with the found parameters was compared to the results
of experiments at large periodic deformations.

Fig. 2 shows the comparison of the established dependences
of the normalized response calculated via the Runge-Kutta
method with the experimental data from [7].

It is noticeable that the left and right fronts of oscillations
are deformed differently at increased relative amplitude. The
graph of experimental dependences shows the emergence of a
step at the increased amplitude. At increased y, the right front
deviates from harmonica without a step. The model describes
this effect rather precisely (Fig. 2). The comparisons between
the obtained results and previous experimental data mean that
the model provides for a quite precise description of polymeric
materials at large periodic deformations.

4. Conclusions

The work provided for modeling a non-linear viscoelasticity
of the polymeric material at its large periodic deformations
via the mVP model. The results were compared with the
experimental data of 5% mass solution of polyethylene
oxide in dimethylsulfoxide which was studied at harmonic
deformations of large amplitude reaching 40 relative units
measured at 35°C and the frequency of 0.2 Hz [5].

Nonlinearity of the studied sample manifests itself in the
response distortion for the material as it stops being the
exact harmonica. The considered model allows to model the
non-linear effects arising at increased amplitude of material
deformation. It is also possible to use this model for modeling
more complex flows of fluid polymeric media.

It is curious that such a simple model as Eq. (1) which
considers only one relaxation process complies so greatly
to the experimental data. When describing the non-linear
dependence of shift viscosity and normal stresses of the first-
order difference, this model shows only qualitative compliance
of calculated dependences and the experimental data [4,8,9].

Further research plans to modify the considered model for a
multimode case in order to increase the accuracy of the results.
Also the model will be studied via the Lissajous figures.
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