Nonlinear Dynamic Behavior of Rubber Compounds:
Construction of Dynamic Moduli Generalized
Master Curves
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The nonlinear dynamic behavior of a vulcanized rubber compound employed in
the production of tires was investigated. The values of the dynamic storage modu-
lus, E’, and the loss factor, tand, were measured at different frequencies, tempera-
tures and strain amplitudes. Data were subsequently analyzed and treated by an
empirical method of frequency-temperature-deformation reduction that provided for
E' and tand, respectively, a single master curve and the frequency-temperature and
frequency-deformation shift factors. The E’ trend, extrapolated at higher strain am-
plitudes on the basis of the master curves, resulted in good agreement with E’ val-
ues obtained from direct experimental measurements.

INTRODUCTION

he dynamic behaviors of rubber components,

such as suspension dampers and tire treads, are
strictly related to the thermo-mechanical behaviors of
the materials of which they are constituted. Generally,
these materials consist of vulcanized elastomeric com-
pounds, filled with carbon black and other additives
according to formulations suitably optimized for the
final applications (1). The dynamic and thermal be-
havior of such materials is mostly determined by their
viscoelastic nature that causes energy dissipation,
and consequent heating, within the material under
dynamic loading. These hysteric effects, as well as the
material stiffness, depend on temperature and fre-
quency of the applied load. In linear conditions this
behavior is usually described in terms of the complex
dynamic modulus E* = E’ + iE’, being E’ and E” the
conservative and the loss component (E” = E’ tans,
with 8 the out-of-phase angle), respectively, dependent
only on temperature and frequency of the applied load
(2). The determination of E' (v,T) and E” (v,T) in wide
ranges of frequency is usually obtained by empirical
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frequency-temperature reduction of experimental data
obtained at different temperatures in a small range of
frequency (2). This procedure allows the determina-
tion of the empirical frequency-temperature horizontal
shift-factor, a1° (I), as well.

Because of the high content of carbon black usually
incorporated within the compounds, the dynamic be-
havior of these materials is markedly nonlinear (3-10),
so depending also on the deformation amplitude the
material undergoes. Nonlinear characteristics of the
material response to dynamic inputs are generally
found from very low levels of strain amplitude (8, 10).
In particular, E’ is found to decrease by increasing
strain amplitude till it attains a plateau level for suffi-
ciently high strain levels, such behavior being attrib-
uted to disruption of the filler agglomeration network
caused by strain. Further, tand is found to increase
by increasing strain amplitude and to reach a maxi-
mum that is attained approximately at strain levels
where the storage modulus begins to level off (8-10).
These nonlinearity effects can condition the behavior
of rubber components, such as tire treads or suspen-
sion dampers and hence the dynamics of the whole
vehicle. Thus, in problems concerning the dynamic
simulation of those rubber components co-responsi-
ble for vehicle dynamics, it is important to dispose of
a database for dynamic moduli with varying fre-
quency, temperature, and strain amplitude.

In the present work the characterization of the non-
linear dynamic behavior of a rubber compound used
in the production of tires is performed over a wide
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range of frequency and temperature. Generalized
master curves, E’ (v, Tj, gp) and tand (v, T,, &,) were
obtained by adopting an empirical approach of fre-
quency-temperature-deformation reduction. The de-
pendence of the frequency-temperature and fre-
quency-deformation shift factors on temperature and
strain amplitude, respectively, was also determined.
The data obtained appear suitable to be handled in
the dynamic simulation and modeling of rubber com-
ponents (11).

EXPERIMENTAL

The material studied, consisting of a vulcanized
rubber compound containing carbon black and other
additives, was kindly supplied by Pirelli S.p.A. (Milan,
Italy) in the form of cylinders, with 17.5 mm diameter
and 24.7 mm height, and of 1.9 mm thick sheets. The
elastomeric phase was based on a SBR/polybutadiene
rubber compound and the carbon black content was
about 50 phr. More detailed information about the
composition of the elastomeric compound was not di-
rectly available from the manufacturer.

Dynamic tests were carried out on 40 X 5 X 1.9
mm?® strip specimens, cut from the sheets, by a Dy-
namic Mechanical Thermal Analyzer from Polymer
Laboratories Ltd. (U.K.), which can perform dynamic
tests by scanning temperature and frequency simulta-
neously. The tests were carried out in tensile mode at
various levels of the strain amplitude, i.e. 0.2%, 0.5%,
0.7%, and 1.4%. Tests were performed at five different
frequencies, 0.3, 1, 3, 10, 30 Hz by scanning tempera-
ture in the range from —-100°C to +100°C, at a heating
rate of 0.4°C/min.

Room temperature cyclic tension-compression tests
at low frequency (0.1 Hz) were also carried out on the
cylindrical test-pieces by a 4502 Instron machine for
different strain amplitudes in the range between 0.3%
and 8%. The two bases of the rubber cylinders were
joined by a cianacrylic adhesive to two aluminum
blocks that were connected to the jaws of the ma-
chine.

RESULTS AND DISCUSSION

Experimental data of the conservative modulus, E’,
and the loss factor tand (tand = E"/E’), were obtained
by DMTA for the different frequencies and strain am-
plitude by scanning temperature. At the strain ampli-
tude of 0.2%, data for E’ and tand are reported in
Figs. 1a and 1b, respectively, at various frequencies
as a function of temperature.

For each level of the strain amplitude, the cross
plots of the curves such as those of Fig. 1 allowed the
construction of a series of isothermal curves for E’
and tand as a function of frequency in the range be-
tween 0.3 and 30 Hz. The results of E’ at 0.2% strain
amplitude are shown in Fig. 2. The data were then re-
duced according to the frequency-temperature super-
position approach to obtain master curves of dynamic
storage modulus E’' at a reference temperature of
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Fig. 1a. Dynamic storage modulus, E', as a _function of tem-

perature, for a strain amplitude of 0.2% at various frequen-
cies (0.3, 1, 3, 10, 30 Hz).
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Fig. 1b. Dynamic loss factor, tand, as a _function of tempera-
ture, for a strain amplitude of 0.2% at various frequencies
(0.3, 1, 3, 10, 30 Hz).

—20°C, the same procedure being applied separately to
each set of isometric (isostrain) data. Each experimen-
tal value of the modulus E’ in the rubber-like region
was previously reduced by the rubber elasticity factor
T/T,. Then, the isothermal curves were shifted hori-
zontally to best superposition. The procedure provided
an empirical determination of the shift factor afo (T).
At each level of the strain amplitude, the shift factor
obtained was used to shift the isothermal curves of
tand. Strictly, the frequency-temperature reduction
performed can be questionable because of possible
thermorheological complexity of the material exam-
ined. Indeed, thermorheological complexity has been
observed for filled rubbers (12, 13), mainly associated
to the transition zone (13). In fact, temperature might
change the strength of filler-filler and filler-matrix in-
teraction, so that decreasing temperature could not be
equivalent to increasing frequency.

The isometric master curves of E’ and tans at -20°C
are shown in Figs. 3a and b, respectively. The curves
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Fig. 2. Isothermal storage modulus values as a function of
frequency, for a strain amplitude of 0.2%.

extend over a frequency range between 1071° and 101°
Hz and show the viscoelastic transition between 102
and 102 Hz. The nonlinear effects are clearly shown
by the decrease of the rubbery plateau level of E’ (low
frequency region), and the increase of the level of tand
in the same frequency range, by increasing strain am-
plitude. Nonlinear effects are not appreciable in the
glass-like region. The isometric master curves ob-
tained for tand show that the viscoelastic transition
shifts to lower frequencies by increasing strain ampli-
tude, which seems to point out the viscoelastic feature
of the nonlinear effects. The result observed could be
attributed to strain-induced volume changes at rub-
ber filler/interface in agreement with the hypothesis
that in filled rubbers, polymer chains at carbon-black
interface have reduced segmental mobility (14, 15).
The shift factors afo (T) obtained for the master curves
at the different strain amplitudes were very similar
and showed different behavior above and below
—20°C. In particular, above —20°C they agree with the
Williams-Landel-Ferry (WLF) model (2), as shown in
Fig. 4. This plot provides the values C1 = 19.2 and C2
= 99.1 for the constants to introduce in the following,
well-known, WLF equation:

o Cl (T - Tp)

logar =—co 11, (1)

The results of E’' and tand, shown in Fig. 3a and 3b,
respectively, were further reduced to generalized mas-
ter curves by shifting the isometric curves so as to su-
perpose them to the isometric curve at 0.2% strain
amplitude. For tand the shifting was tentatively per-
formed so as to superpose the maxima of the curves
at various strains, whereas for E’ the superposition
was limited to the data relative to the rubber-like re-
gion (portion of the curves at frequencies up to the
flex point) where the nonlinearity effects are clearly
appreciable. A good superposition was obtained by
performing both a horizontal and a vertical shift of the
curves. The generalized master curves for E' and tand
are shown in Fig 5a and 5b, and the experimental
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Fig. 3a. Storage modulus master curves for strain amplitudes
of (O) 0.2%, (A) 0.5%, () 0.7%, (<) 1.4% referred to a temper-
ature T, = 20 °C.
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Fig. 3b. Loss factor master curves referred to a temperature
T, = —20°C. Symbols as in Figure 3a.

horizontal b?o (¢) and vertical cfo (¢) shift factors are re-
ported in Figs. 6 and 7, respectively. Both for E' and
tand the horizontal shift factors have the same sign
and then move the isometric curves in the same direc-
tion along the frequency axis, as expected. In particu-
lar, curves at higher strain amplitudes must be
shifted to higher frequencies (shorter times) to super-
pose the reference curve at 0.2% strain amplitude.
Results of strain-reduced complex modulus, previ-
ously attempted over a more limited range of fre-
quency, did not provide any horizontal shift both for
E’ and E” (16). The extent of the horizontal shift of the
curve at 1.2% strain amplitude with respect to the ref-
erence curve is about two decades of frequency. The
vertical shifts for E’ and tand are of opposite sign to
account for the lowering of E’ and increasing of tand
with increasing strain amplitude.

The analysis performed suggests that from a master
curve E' (v, Ty, gy at a given temperature and strain
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Fig. 4. Frequency-temperature horizontal shift factors re-
ferred to a temperature T, = —20 °C. Symbols as in Figure 3a.

amplitude, if the three shift factors afo (T), bz (¢) and
cfo (¢) are known, it is possible to obtain E’ data in
wide ranges of temperature and strain amplitude, at
least within the range of strain amplitude where this
approach can be applied. The same considerations
hold for tans.

On the basis of the results obtained, the nonlinear
behavior of dynamic modulus E’ can be described by
the following equation:

4 *®
E (0T &)= T/To E' (v*, T, o) 2

€0
Ce

where v* = v afo bgo

Figure 8 shows data of E’ as a function of strain
amplitude up to 8% obtained from tests performed at
0.1 Hz by the Instron machine. E’ is found to de-
crease by increasing strain amplitude and seems to
begin to level off at about 8% strain amplitude. In this
plot, data of E’, evaluated according to the generalized
master curve approach (Eq 2), are also reported. The
values of b? and c? at strain higher than those ex-
perimentally determined were evaluated by fitting the
experimental values of b? and c? with a proper func-
tion and considering the extrapolated values at the
strain levels of interest. Notwithstanding the differ-
ence between E’ values measured with the two differ-
ent testing approaches, tension-tension on strips and
tension-compression on cylindrical specimens, the E’
trend as a function of applied strain amplitude ap-
pears in good agreement with those obtained accord-
ing to Eq 2, thus supporting the reliability of the gen-
eralized master curve approach. Moreover, it has to be
considered that the dispersion band of the generalized
master curve data reported in Fig. 5a is of the same
order of the discrepancy between moduli compared on
Fig. 8.

It is worth noting that the strain-reduction approach
was recently applied by some authors to describe the
nonlinear viscoelastic response of amorphous glassy
polymers (17-19) and also of semicrystalline polymers
above Tg, such as high and medium density polyeth-
ylene (20, 21). Even in this last case, the authors found
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Fig. 5a. Generalized storage modulus master curve referred

to a strain amplitudes e, = 0.2% and a temperature T, =
—20°C. Symbols as in Figure 3a.

0.0

-0.5

log tan &

-10 -5 0 5 10
log frequency (Hz)

Fig. 5b. Generalized loss factor modulus master curve re-
ferred to a strain amplitudes ¢, = 0.2% and a temperature T,
= —-20°C. Symbols as in Figure 3a.

that short-term creep data at different stresses can
be reduced to a single master curve by shifting the
isometric curves both vertically and horizontally, the
horizontal shift being attributed to stress-induced
change of free volume. Though the theoretical implica-
tions concerning the construction of dynamic moduli
generalized master curves for filled rubbers need fur-
ther investigation, the approach can be extremely use-
ful for obtaining data for modeling the dynamic and
thermal behaviors of rubber components for engineer-
ing applications, where the characterization of dynamic
moduli in wide ranges of frequency, temperature and
strain amplitude is necessary. Further, in simulation
problems the data can be easily handled via computer
through the use of Eq 2.

CONCLUSIONS

In this work, the nonlinear effects on the dynamic
behavior of a filled vulcanized rubber compound were
studied. The values of the storage modulus and loss
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Fig. 6. Frequency-deformation horizontal shift factors for (@)
storage modulus and (M) loss factor.
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Fig. 7. Frequency-deformation vertical shift factors for (@)
storage modulus and (M) loss factor.
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Fig. 8. Storage modulus (A) from direct measurements, and
(A) from generalized master curve extrapolation.

factor were experimentally determined by dynamic
mechanical thermal analysis at various frequencies,
temperatures and strain amplitudes. Subsequently,
the data were analyzed by an empirical method of
frequency-temperature-deformation reduction. The
analysis provided a single master curve for E’ and
tand together with the frequency-temperature hori-
zontal shift factor, afo (T), and frequency-deformation
horizontal, b?o (¢) , and vertical, c?o (¢), shift factors.

Storage modulus extrapolated at higher strain am-
plitudes resulted in reasonable agreement with direct
experimental measurements.

The construction of dynamic moduli generalized
master curves can be seen as an extremely useful
method to provide data for modeling the dynamic and
thermal behaviors of rubber components for engineer-
ing applications.
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