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Large amplitude oscillatory measurements as mechanical

characterization methods for soft elastomers

Anne Ladegaard Skov
Department of Chemical and Biochemical Engineering, DTU

ABSTRACT

Mechanical characterization of soft elastomers is usually done either by traditional shear rheometry in the linear
viscoelastic (LVE) regime (i.e. low strains) or by extensional rheology in the nonlinear regime. However, in many
commercially available rheometers for nonlinear extensions the measurements rely on certain assumptions such as a
predefined shape alteration and are very hard to perform on soft elastomers in most cases. The LVE data provides
information on important parameters for DEAP purposes such as the Young’s modulus and the tendency to viscous
dissipation (at low strains only) but provides no information on the strain hardening or softening effects at larger strains,
and the mechanical breakdown strength. Therefore it is obvious that LVE can not be used as the single mechanical
characterization tool in large strain applications. We show how the data set of LVE, and large amplitude oscillating
elongation (LAOE)' and planar elongation” * make the ideal set of experiments to evaluate the mechanical performance
of DEAPs. We evaluate the mechanical performance of several soft elastomers applicable for DEAP purposes such as
poly(propyleneoxide) (PPO) networks™ * and traditional unfilled silicone (PDMS) networks’.

Keywords: Elastomers, elasticity, loss modulus, storage modulus, material functions, mechanical breakdown.

INTRODUCTION

Elastomers are polymeric networks and are well known in many applications ranging from hard and brittle rubbers to
soft and fragile gels. The softness of a network is a result of—amongst other— the applied polymer but also of the
applied stoichiometry of the reactants since relatively large amounts of network imperfections can be introduced by
unstoichiometric conditions. By network imperfections, we mean all the network chains which are not elastically active,
i.e. connected to the infinite network in both ends, and hence does not contribute to the elastic modulus at low
frequencies. The network imperfections will cause time-dependent properties of the networks as well as cause viscous
dissipation within the material. Therefore it is very important to carefully evaluate the rheological behavior of a material
to evaluate the applicability for use as DEAP material.

Rheological characterization is traditionally carried out using simple controlled methods such as steady shear, stress
relaxation, creep, oscillatory shear and steady extension. The data from these tests are subsequently quantified by use of
material functions such as the steady viscosity (n(t)), the creep compliance (J(t)), the relaxation modulus (G(t)), the
storage (G’(®)) and the loss modulus (G”(®)), respectively, where t is the time and ® is the angular frequency of the
imposed oscillation. For specific applications more advanced tests can be designed, e.g. to describe the effect of prestrain
in elastomers. Or alternatively for the determination of the elastic modulus (G= G’(®—0)) of thin films as the elastic
modulus will not always be identical to that of bulk material as surface effects come into play and traditional rheological
methods can not be directly applied. For this purpose a newly developed technique, the so-called buckling based
metrology has been developed by Wilder et al®. It will, however, not be treated here where we focus on methods to
determine bulk properties.

Soft polymer networks can possess both almost pure elastic as well as viscoelastic character, where the dominating
behaviour depends on the applied time scale. Networks, which consist of both permanent crosslinks and transient
entanglements originating from the substructures, will behave more like a polymer melt at short time scales, but on long
time scales, it behaves as a rubber. Typical material stress-strain behaviours are illustrated in Figure 1 where the straight
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line indicates a linear dependency between the stress and the applied strain which indicates no hysteresis and hence

characterizes a completely elastic material.

Viscoelastic

Stress

Elastic

Strain

Figure. 1 The stress-strain behavior during steady-state cycles of oscillation for different categories of materials, namely purely elastic
and purely viscous with the viscoelastic material combining the features of the two before-mentioned materials. Most soft elastomers
are highly viscoelastic

Mechanical characterization of soft elastomers is usually done either by traditional shear rheometry in the linear
viscoelastic (LVE) regime (i.e. low strains) or by extensional rheology in the nonlinear regime, where an example is the
Sentmanat add-on device to traditional shear rheometers, which is illustrated in figure 2.

Figure 2: The Sentmanat add-on device to traditional shear rheometers from Xpansion Instruments.
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However, in many commercially available rheometers for nonlinear extensions the measurements rely on certain
assumptions such as a predefined shape alteration and are very hard to perform on soft elastomers in most cases. The
Sentmanat rheometer can for example not be used for reversing flows for soft, sticky elastomers since the elastomers will
stick to the drums in reverse mode and buckle in an irreproducible way.

The LVE data provides information on important parameters for DEAP purposes such as the Young’s modulus (Y=3G in
the case of incompressible materials) and the tendency to viscous dissipation (at low strains only) but provides no
information on the strain hardening or softening effects at larger strains, and the mechanical breakdown strength.
Therefore it is obvious that LVE can not be used as the single mechanical characterization tool for large strain
applications. We show in the following that the data set of LVE, and large amplitude oscillating elongation (LAOE)' and
planar elongation® *make the ideal set of experiments to evaluate the mechanical performance of DEAPs. The oscillation
modes furthermore allow us directly to calculate the dissipated mechanical energy within the material.

The tear strength of the materials can also be measured for both large amplitude methods by increasing the strain at
constant strain rate. It is, however, important to emphasize that the tear strength should not necessarily be identical for
the two methods as the flow is much stronger for the planar elongation method than for the uniaxial method. Furthermore
the frequency dependency of the tear strength can be evaluated. The tests are, however, destructive so such experiments
will be very time-consuming and traditional methods may suffice for the tear strength determination. If the DEAP is
applied in a setting where one dimension is strictly fixed, it may be necessary to evaluate the tear strength in the planar
elongation mode since smaller breakdown less strength can be expected.

DESCRIPTION OF THE THREE METHODS

In the following subsections we will summarize the main features of three experimental methods which in combination
are capable of predicting the nonlinear mechanical behaviour of elastomers applied for e.g. DEAPs in different operation
conditions.

2.1. Linear Viscoelastic (LVE) measurements

Linear viscoelastic measurements are performed by applying sinusoidal strain with frequency ® and strain amplitude 7y,
to the sample:

¥y =y,sinwt (1)

The linear response of material in terms of stress can be written as:

o =o,sin(wt+5) )

where 0 is the phase lag. The response given by the above equation is usually observed at low amplitudes of strain,
which for silicone elastomers usually have an upper limit of approximately 5-10%. At larger strain amplitudes, nonlinear
effects will interfere. Based on the strain imposed and the resulting stress measured, material functions can be used to
quantify the material behavior. Two important material functions are the storage modulus, which is based on the
amplitude of in-phase stress (hence a direct measure for the elasticity) and the loss modulus, which is based on the out-
of-phase stress (hence a direct measure for the viscous (loss) behavior). Based on these material functions, eq 2 can be
written as:

o=G"(w)sinwt+G”(w)cos wr (3)

LVE diagrams are measurements of G’ and G” as function of frequency and they reveal little information for traditional
hard elastomers since the storage modulus is usually constant over investigated frequency regime for commercially
available shear rheometers (usually 0.001 to 100 Hz) and the loss modulus is several decades lower than the storage
modulus. However, measurements on soft elastomers reveal crucial information on the materials as the materials possess
time dependent properties (determined by the time constant within the materials). An example of an LVE diagram for a
soft poly(propyleneoxide) (PPO) network can be seen in figure 3.
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Figure 3. LVE of a poly(propyleneoxide) (PPO) network at 25°C. The parameters G, C and n are determined with a least square fit

of the expression for G'(®) to the measured data. Gy= 250060 Pa, C = 1800+60 Pa s" and n = 0.484+0.007. The stoichiometric ratio,
7 equals 0.57.*

Simple and more advanced models can be used to interpret these data such as the Ogden model’, the gel equation® ¥, the
phonon fluctuation model® '°, the double tube model'' and several others. In the modified gel equation proposed by the
work of Jensen et al* the storage modulus can be described as:
G’(a))=Cw”;r/(2F(n)sin(n;r/2))+G0 4)
where C is a measure for the stiffness of the network and # is a relaxation exponent which are parameters from the
original gel equation (Winter). G is the shear modulus.

The parameters C, n and G are fitted simultaneously from the LVE spectrum. After the determination of the parameters
the model can be used for predicting the low strain limit behavior as well as a characteristic time t can be determined
from the frequency at which there is an upturn in G’. For the very soft PPO elastomer investigated in the work of Jensen
et al.* the data can be summarized as seen in table 1.

Table 1: Details of the PPO network sample extracted from the LVE diagram shown in figure 3. r is the stoichiometric imbalance for
the soft elastomer. The other parameters are determined directly from the modified gel equation (eq 4).

Sample A
r 0.57
Gy [Pa] 2500 + 60
C [Pas"] 1800 + 60
n 0.484 +0.007
r= (C /G, )1/” [s] 0.5072 £ 0.0007

These data can then be used in combination with nonlinear models to interpret the nonlinear behavior if this is not
directly determined by nonlinear measurements as presented in the next two experimental methods. Finite element

method (FEM) modeling was also applied in the work of Jensen et al.*
For an extensive list of available LVE measurements on different silicone elastomers, see Larsen et al. 2
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2.2. Oscillating Planar Elongational Measurements

Planar elongation is in general given by the flow field A,=A, A,=1 and A,=1/A, where A is the imposed relative extension
and the index i refers to the direction in an orthogonal coordinate system. The value of the extension in the z-direction
comes from the assumption of incompressibility A, A, A, =1.

Planar elongation is often measured by methods where the sample is clamped in two dimensions, and then one of the
fixed directions is allowed to move'> '*. Clamping is more or less impossible for soft elastomers. Therefore Jensen et al*
developed a new technique not relying on clamps to measure planar elongation based on the original idea of Laun and
Schuch for polymer melts'”. The principle is to extend a circular annulus of material, which in the case of the elastomer
is formed by a strip of the material around the device (figure 4) where the circumference is kept constant by increasing
the pressure inside the annulus. This is, however, not necessary for elastomers where ambient pressure inside the device
is sufficient to keep the elastomer vertically straight. The ambient pressure is ensured by holes in the device at both the
top and bottom, see figure 4.

. j--"""'_-_-_—- Rubber bands

Py=Patm

Air channels

Figure 4. Side-view of the planar elongational fixture (PEF). The elastomer film strip has a slightly larger length than the
circumference of the device. The PPO elastomer is very sticky and self-adhering as well as it adheres to steel. For non-sticky materials
rubber bands are needed to fix the soft elastomer at the top and at the bottom plate.
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Figure 5. Measured stress differences obtained from the PPO elastomer” for a nonlinear oscillating strain with a frequency of Q= 0.4 -

n rad/s. The Hencky strain € is the logarithmic strain such that £=2 means a relative extension in the z-direction of A=exp(2)=7.4. The
lines are the numerical FEM results, obtained with different nonlinear models. For more details see Jensen et al*
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2.3. Large amplitude oscillatory elongational (LAOE) experiments

Uniaxial elongation is in general given by the flow field of A,= A, and A,= )\,y=1/kl/2. In traditional experiments to measure
the uniaxial deformation, such as the Texture Analyzer, the measurements are reliable only as measures for the so-called
engineering stress, i.e. the stress based on the initial cross-sectional area, where the filament stretching rheometer applied
in the work of Bejenariu et al' can be used to measure the true stress at a given deformation based on the true cross-
sectional area. This is done by laser measurements of the diameter at the sample length midpoint'®.

The add-on device to the filament rheometer is shown in figure 6. First the samples are moulded in a steel mould where a
holder is placed at each end. The holder contains holes in order to increase the contact area between the silicone and the
holder. The samples with holders in both ends can then be mounted in the filament stretch rheometer and the extensional
measurements can then be performed in a very controlled way due to the laser measuring the mid-point of the sample. In
figure 7 pictures of the elongational experiment to the maximum strain are shown. When the maximum strain is reached,
the flow is reversed with a strict control on the diameter.

Figure 6: The samples for the LAOE experiments. The mould contains four samples which are reacted in-situ between two sample
holders which have holes in both ends. The dimensions are given in the right picture.'

In figure 8 the experimental stress-strain curve for a soft silicone elastomer is shown. The elastomer shows strain-
hardening effects and little tendency to viscous dissipation but the important feature of the data is that the stress is the
true stress.

The true stress measurements are very important in order to evaluate the mechanical behavior of the DEAP materials,
especially when the flow is a combination of different flows such that the engineering stress measurements have to be
translated into different geometries, which is difficult and very prone to large uncertainties. Flows that combine uniaxial
and planar elongation extensions are experienced e.g. in the Danfoss Polypower film where the corrugations on the film
to a certain degree restricts movement in direction of the corrugation lines on the film but since the film is soft the
pattern does not completely suppress the movement in this direction'”.
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Figure 7. Photos of the dynamics of a soft silicone elastomer (3-functional crosslinker with a stoichiometry of r = 1.17) subjected to a
LAOE experiment. An amplitude of A = 0.7 and frequency of v =0.02 s™' are applied at 23°C. The time between consecutive pictures
is 5 seconds. From the left to the right photo, a half (steady) cycle is shown.'

0.1

.. — o [MPa)

0.0 |-

Fig. 8 Lissajous plot (stress strain plot) of the data from silicone elastomers." The strain at the axis is as in figure 5 the Hencky strain,
i.e. the logaritmic strain, such that £=0.9 means a relative extension in the z-direction of A=exp(0.9)=2.5.

CONCLUSION

LVE data reveals the time-scales within the material as well as the Young’s modulus. These informations combined with
the data obtained from large amplitude oscillatory uniaxial and planar elongational measurements allows for modeling
of the mechanical behavior of the soft elastomers in all operation modes of DEAPs as both methods directly give
material functions as well as a measure of the dissipated energy within one cycle of movement. It is also suggested that
the methods can be used to test mechanical breakdown in different flow modes of the elastomers.
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