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ABSTRACT: Suphadon et al. (] App Polym Sci 2009,
113, 693) showed using small oscillations of less than 1%
strain superimposed on a larger prestrain that the loss
modulus, referred to the test piece dimensions after the
application of the prestrain, did not vary with prestrain
for unfilled rubber materials for a wide range of prestrains
up to 100%. Also for unfilled rubbers it was observed that
up to 100% prestrain that the loss modulus behavior was
isotropic. This paper extends this previous work to larger
prestrains for styrene butadiene rubber (SBR) compounds
and natural rubber (NR) compounds some of which incor-
porate carbon black fillers. Both the storage modulus and
the loss modulus are again calculated relative to the
dimensions of the test piece after the application of the
prestrain. These results show that for materials with 25

phr of carbon black filler, the loss modulus was still inde-
pendent of the prestrain for normal engineering strains
but at filler contents of 50 phr the loss modulus increases
with prestrain at extension ratios less than 2. Even so over
the typical engineering strains of below 50%, the loss mod-
ulus was still independent of strain. This increase in loss
modulus at large prestrains can in part be explained by
considering the molecular orientation of the polymer in
combination with a consideration of the molecular slip-
page that takes place at the polymer filler interface. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 117: 1290-1297, 2010
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INTRODUCTION

In engineering applications containing rubber such
as tyres and vibration mounting systems the rubber
part of the component is often subjected to a combi-
nation of complex dynamic loads. Therefore, the
viscoelastic behavior of the materials under a combi-
nation of a static strain with an additional fluctuat-
ing strain is important. Busfield et al.' and Davies
et al.” studied the dynamic behavior of prestrained
strips of rubber subjected to tensile oscillations.
Suphadon et al.’ adopted this approach to study the
anisotropy in the viscoelastic behavior resulting
from the application of the prestrain. For unfilled
rubber, at preextension ratios less than two where
the storage and loss modulus are both calculated rel-
ative to the prestrained dimensions of the test piece,
the loss modulus is seen to be independent of the
prestrain and the energy dissipation depends upon
the loss modulus and the test piece geometry alone.
The physical background to this approach is to
presume the visco-elastic properties of a rubber sam-
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ple are determined by a single viscosity term and
the geometry of the sample. Therefore, when a pre-
strain is applied, the viscosity remains constant. Any
measured changes to the visco-elastic behavior must
then result from the geometric changes alone. The
amplitudes of the small additional oscillations
applied in this work were small to ensure linear
behavior, in the case of the torsional test the maxi-
mum engineering strain amplitude was 0.1% and for
the tensile oscillations the maximum engineering
strain amplitude was 0.75%. At these small oscilla-
tion amplitudes the frequency of the oscillation
remained constant confirming that the behavior was
linear.

In this work larger prestrains to an extension ratio
above two were observed using both unfilled rub-
bers as well as conventional rubber compounds
filled with carbon black. The anisotropy in the loss
modulus with strain was examined by measuring
the damped oscillations in a rubber sample pre-
strained in tension with either a superimposed tor-
sion oscillation or an additional tensile oscillation.

The effects of carbon black on the dynamic behav-
ior of rubber have been discussed by several
researchers.* > Rubber compounds that contain car-
bon black exhibit a higher modulus than unfilled
rubber, in part because the carbon black is much
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stiffer than the rubber. This simple geometric stiffen-
ing effect is known as the “hydrodynamic” effect. In
addition, the deformation of the rubber matrix in a
filled compound is larger than the bulk deformation,
this is known as “strain amplification.” Guth and
Gold'® derived a power series equation for the
increase in the small strain stiffness resulting from
hydrodynamic effect based upon the Einstein equa-
tion for the viscosity, 1, of a suspension of spherical
particles. Truncated to the first three terms, this
gives:

N =no(1+25¢ + 14.1¢?) (1)

where ny is viscosity of the fluid, and ¢ is the vol-
ume fraction of filler. Their equivalent equation for
the storage modulus, G’ is given as

G =G)(1+25¢ + 14.19%), (2)

where Gj is the storage modulus of the unfilled rub-
ber. Viscosity equations and small strain elasticity
equations are identical except that the time deriva-
tive of the strain rather than the strain itself is used.
Therefore, assuming that there is no slippage at the
interface between the fillers and the rubber in both
circumstances, it is apparent that the viscosity rela-
tionship, given in eq. (1), can also be used not only
to describe the storage modulus given as eq. (2) but
also to the time derivative equivalent equation for
loss modulus, G”:

G" = Gj(1 4250 + 14.1¢?), (3)

where Gj is the loss modulus of the unfilled rubber.

In this work, the viscoelastic behavior is measured
using a small free oscillation technique and it is
evaluated relative to the deformed dimensions of the
test piece after the application of the prestrain using
a range of different compounds. The observations
are then discussed in detail.

EXPERIMENTAL

Six different compounds of styrene-butadiene rubber
(SBR) and natural rubber (NR) were used in this
investigation. The compositions and processing con-
ditions are given in Table I. To allow the SBR com-
pounds to be highly extensible they were only
lightly cross linked. Carbon black was incorporated
where necessary in a master batch using an internal
mixer. The conversion was done on an open two roll
laboratory mill. A compression molded rectangular
rubber strip was used to examine a tension superim-
posed with small tensile oscillations. The typical
dimensions for the strip were 80 mm in length, 5

mm in width, and 2 mm in thickness. A compres-
sion molded rubber cylinder was used to examine a
tension superimposed with a small torsional oscilla-
tion. The cylindrical rod was bonded to metal end
pieces. It had a diameter of 12.2 mm and a length of
75 mm.

For small strain additional oscillations where the
behavior is in the linear range for small cycles, the
dynamic behavior of rubber for a small additional
strain can be represented by a complex shear
modulus,

G =G +iG, @)

where G’ is the storage shear modulus (elastic com-
ponent) and G” is the loss shear modulus (dissipated
energy component). The values of G’ and G” for any
given prestrain are calculated with reference to
the deformed dimensions. All the experiments in
this work were conducted by measuring the damp-
ing during a free vibration test, where the energy
dissipation is expressed in terms of the log decre-
ment,

1 X
A=-1
n n<xi+n)7 ©)

where x; is the amplitude of the ith cycle and = is
the number of free oscillations being measured. The
log decrement was measured in each case from a
first cycle when the oscillating engineering strain
amplitude was 0.1% in torsion or 0.75% in tension.

The elastic behavior for each material was also
measured using dumbbell shaped specimens of 2
mm thickness and 3 mm width in the gauge length
using a screw driven Instron 5550 with an optical
strain measuring device. To study the elastic behav-
ior, the test specimens were loaded at a strain rate
of 500 mm/minute until break.

The method whereby a sample prestrained in ten-
sion has an additional small torsion oscillation
superimposed has been adopted previously by sev-
eral researchers'” ' and again recently by Suphadon
et al’ A suitable schematic for the test is shown in
Figure 1. The base of the rubber cylinder was fixed
and the top was mounted to a torsion inertia bar.
The cylinder was prestrained to a specified engineer-
ing prestrain by pulling an inelastic string attached
above the inertia bar. After each prestrain has been
applied the sample was allowed to relax for three
minutes to minimize the effects of stress relaxation
on the measurements.” A torsion oscillation was
established by tapping the torsion bar. The period of
oscillation and the decay in the displacement ampli-
tude of the oscillation were measured using a
noncontacting displacement sensor and recorded on
an oscilloscope. The period remained constant

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Compound Formulations and Processing Conditions Used in this Work

Ingredients Parts per hundred rubber
NR SMR CV-60 0 0 0 100 100 100
SBR JSR#1500 100 100 100 0 0 0
Carbon black N330° 0 25 50 0 25 50
Stearic Acid 2 2 2 2 2 2
Zinc Oxide 3 3 3 5 5 5
Antioxidant HPPD? 1 1 1 1 1 1
Accelerator CBS® 0 0 0 1.5 1.5 15
Accelerator DPG* 1 1 1 0 0 0
Sulfur 1.5 1.5 1.5 0.5 0.5 0.5
Molding conditions

Curing time 70 min 70 min 70 min 15 min 15 min 15 min

Temperature 160 °C 160 °C 160 °C 160 °C 160 °C 160 °C

HPPD?, N-(1, 3-dimethyl butyl)-N-phenyl-p-phenylenediamine; CBS®, N-Cyclohexy-2-benzothiazole sulfenamide; DPG*,
diphenyl guanidine; N330!, High abrasion furnace (HAF) black, size 28-36 nm, surface area 73-91 m?/ g, density 1.8 kg/ m®

throughout the test, indicating that the small oscilla-
tions were of sufficiently small amplitude to ensure
that the behavior was linear. The measurement of
the log decrement was consistently measured from
the cycle when the maximum shear strain in the
sample was approximately 0.1%.

Expressed in terms of the deformed geometry G’
and G” can be derived as follows for the case of a
damped torsion on a prestrained test piece assuming
that the free oscillations are small in amplitude and
that the materials exhibit linear viscoelastic behavior
at these strains.

The free oscillation relationships for Kj, the in-
phase component of the torsional stiffness (torque/
rad) andKj, the out-of-phase component of torsional

stiffness, for a torsion pendulum are given by
23

Brown~ as,
K, = o2 (1 ; f;) ®)
which for small strain oscillations reduces to
K} = [0?, )
and
Ky = Io*A/n 8)

where [ is the inertia of the oscillating mass and o is
the angular frequency. For linear elastic behavior the
relationship between the static shear modulus (G)
and the static torsional stiffness (Kg) is derived from
the formula for the torsion of a cylinder as,

G

K:
0=

©)
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When the rubber rod is subjected the static preten-
sion, eq. (9) can be expressed in terms of the unde-
formed geometry as,

7131’046

Ky=—97
EPYNE

(10)

Similarly, the out-of-phase torsion stiffness is
given as,

Yyl
” Tro G
= 11
O 21 (an
Linking the log decrement, A, to the loss modulus,
G”, can be achieved by equating eq. (8)-(11). This
gives

20, 4
N G To ( 1 2)
= —2 3
2l 107\
Inertia bar
— =
32 mﬂ
. String glmil:m'n:actt
splacemen
sensor | e I\ 25 mm
Inertia bar IPre-streu:h
™ e
Rubber

Laptop

Figure 1 The apparatus used to measure a small torsion
oscillation superimposed on a tensile prestrain.
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Equation (12) can be rearranged to show that the
loss shear modulus is given as

G// — < Tcz ><ro—4)}\. . (13)

By equating eq. (7), (8), and (13), the storage mod-
ulus can similarly be given as

;o 210)2 lo
o= (5) o) 0

A schematic for the apparatus used for the static
tensile tests superimposed with an additional much
smaller tensile oscillation is given in Figure 2. The
inertia bar in this case was supported by a knife-
edge and was also clamped at the center of a rubber
specimen. The specimen was extended to a specified
prestrain and then also allowed to relax before test-
ing for a minimum of 3 min. The beam was trig-
gered by releasing an electromagnet. As the beam
oscillates, the reduction in the oscillation amplitude
was measured using the same method as during the
torsion-tension experiment. In this case G’ and G”
are expressed in terms of the deformed geometry as
defined by Busfield et al."** The derivation of the
relevant expressions to relate the storage and loss
modulus to the log decrement and the prestrained
dimensions of the test piece are shown below. Once
again this derivation assumes that the materials ex-
hibit linear viscoelastic behavior during the small
oscillations. This is possible if the oscillations are
small in amplitude and this is confirmed by the fre-
quency remaining constant throughout a test. In this
case the log decrement measurement was triggered
from when the maximum strain amplitude in the
sample had reached 0.75% strain.

The equation of motion of this oscillating system
is given by,

0%0

52

+T =0, (15)

where [ is again the inertia of the beam, 0 is the
angular displacement of the beam and T is the tor-
que because of the force at the center of the strained
specimen. T is given by,

T = foa = 2ka®0, (16)

where a the distance from the knife edge to the
clamped rubber, f, is the net vertical force on the
cross-sectional area of the strained rubber, which
can be represented by the sum of an upward force
and downward force and k is the incremental stiff-
ness of the specimen which can be defined as k = %.
Hence,

Non-Contact ]
displacement sensor

PC

Oscilloscope /

Rubber
Specimen

Oscillating beam 1

[ ]

Figure 2 The apparatus used to measure a small tensile
oscillation superimposed on a tensile prestrain.

%0 ’
The tensile modulus (E) referred to the actual
cross section area of the strain specimen can be
defined as,

s I¥e) ¥

£ o o (KAIJAy) 2kl
Tt AlJIT Al

Aljly — Ap

(18)

where t* is the true stress, ¢* is the true strain, o is
the engineering stress, I, is the original test piece
length and A is the undeformed cross-sectional area
of the test piece. Hence,

k= Ew%’ (19)

Combining eq. (17) and (19) gives,

826 72A0 2
Igp + 2B 2020 =0 (20)

The equation describes the motion of the system
and has the standard solution given by,

0 = Bpcos(wt + o), (21)
where o is the angular frequency of the beam. Com-

bining eq. (20) and (21) gives,

A
2Ex*21—°a2 — Io?|Ogcos(ot + o) =0.  (22)

0

Since Ogcos (ot + o) # 0, it is possible to deduce
that

Io*> =2EL"*a (23)

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Stress versus strain plots for the three different
SBR compounds.

Equation 23 can be arranged to give the elastic
modulus E as

 Iw?ly)?
N 2612A0 '

(24)

For a viscoelastic material this can be resolved
into storage and loss modulus terms and by assum-
ing that rubber is an incompressible material, where
E = 3G, eq. (24) can be written as,

’ 10)2 l() 2
o)

and the loss modulus can be given as,

I (1)2 A l 0 2
@ = (Gar) (&) 0

The inertia bars were altered to ensure that the
range of frequencies for all the tests was in the range
of 0.5 and 1.5 Hz for the unfilled compounds and in
the range of 1 and 2 Hz for the filled compounds.

RESULTS AND DISCUSSION

Suphadon et al.? found for unfilled rubbers the loss
modulus calculated with reference to the deformed
dimensions of the test piece after prestraining was
independent of prestrain for extension ratios less
than 2 and was the same whether measured using
the torsion oscillation (out of plane with the pre-
strain) or the tension oscillation (in plane with the
prestrain). This work extends this earlier work to
prestrains greater than two and also examines the
behavior in filled rubbers.

The incorporation of fillers made the materials
much stiffer and stronger as shown in Figures 3
and 4. The SBR compounds were specifically com-

Journal of Applied Polymer Science DOI 10.1002/app
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pounded to have a low cross link density so that
they could be prestrained to more than 500% with-
out breaking. Equations (14) and (13) were used to
determine G’ and G respectively, expressed relative
to the deformed dimensions, for the static prestrain
superimposed with a small torsion oscillation. Equa-
tions (25) and (26) were used to calculate G’ and G-
respectively, expressed relative to the deformed
dimensions, for the static prestrain superimposed
with a much smaller tensile oscillation.

Figures 5-7 show how the loss modulus G” varies
as a function of the prestrain measured using both
small tension and torsion oscillations. The loss mod-
ulus is independent of prestrain within the bounds
of the experimental accuracy at prestrain extension
ratios below 3.0 for the unfilled compounds (NRO
and SBRO). These results are entirely consistent with
the previous findings.

At larger prestrains an increase in the loss modu-
lus with strain is observed. Suphadon et al.® sug-
gested at larger extension ratios, the molecular orien-
tation and the finite extensibility effect of the rubber
molecules might have started to have an effect on
the viscoelastic behavior. The orientation of the
monomer units, as distinct from the chain segments
between crosslink, and the entanglement slippage at
large prestrain were suggested to be the factors,
which controlled the change in G” with strain. The
statistical theory suggests that the orientation of the
chain segments between crosslink is modest until
the polymer chains are extended by a substantial
fraction of their contour length. However, the orien-
tation of the monomer unit takes place at much
lower global strains.

For SBR25 and NR25 with 25 parts per hundred of
rubber filled with carbon black, the change in loss
modulus with pre-extension is still modest up to
extension ratios of two, but the upturn is clearly
more marked than was the case for the unfilled

91 NR50

Tensile stress / MPa

Extension ratio

Figure 4 Stress versus strain plots for the three different
NR compounds.
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Figure 5 The loss modulus of NRO and SBRO based upon
the deformed dimensions plotted against the tensile pre-
strain for both free oscillations.

rubber. For the more highly filled rubbers, NR50
and SBR50, the loss modulus is clearly dependent
on the prestrain at comparably lower prestrains.
However, the prestrain where the increase occurs is
still significantly higher than the engineering strain
range for most rubber components. This suggests
that for most materials working under normal condi-
tions there is hardly any prestrain dependence in
the loss modulus expressed relative to the deformed
dimensions.

It should be noted that at zero prestrain (A = 1)
tan 6 should not depend upon filler content if the
rubber is firmly bonded to the filler and no other
factors, such as unusual viscoelastic behavior of the
rubber layer adjacent to the filler arises. However,
when we consider both the storage and the loss
modulus, where the tests were conducted in torsion-
tension test at zero prestrain, it appears that both
the storage and the loss modulus of the filled mate-
rials measured experimentally are not only slightly
different to each other but they are significantly
higher than those calculated using the unfilled rub-
ber behavior modified by the Guth-Gold equation.
For NR50 the measured loss modulus is 5 times
greater than expected when compared to the Guth-
Gold calculation, whereas the storage modulus is 4.5
times greater. For SBR50 the measured loss modulus
is 3.75 times greater than expected and the storage
modulus is 2.6 times greater. The reason that the
measured data is much higher than predicted by
Guth-Gold relationship results from the shape of the
N330 fillers, which are not the perfect spheres
assumed during the derivation of the equations.
However, at small strains and with small additional
oscillations, the deformation should be in the linear
viscoelastic range, therefore both G’ and G” should
both depend upon the volume fraction of the filler
and the filler shape to the same amount. This is not

1
0.9 4 |+ NR25 tension-torsion °
< NR2S tension-tension
081 |4 SBR2S5 tension-torsion a
074 L2SBR2S tension-tension
0.6 o
£ a
Z 051
= A
© 0.4+ o
0.3 4 . : o & & & &
8 a Q A A *
024 .
*
'Y AEET T T
0 - - T - g
1 15 2 25 3 35 4

Pre-extension ratio

Figure 6 The loss modulus of NR25 and SBR25 based
upon the deformed dimensions plotted against the tensile
prestrain for both free oscillations.

entirely true and therefore some other energy dissi-
pation mechanism must take place.

It is know that fillers generate local strains in the
rubber phase of the composite that are higher than
the globally applied strains and this strain amplifica-
tion'®*” reduces the strain at which the increase in
loss modulus is felt with an increase in the filler vol-
ume fraction. However, it is not clear how this could
produce a greater effect on the loss modulus com-
pared with the storage modulus.

Figures 5, 6, and 7 allow a comparison of the loss
modulus measured both in the direction of the pre-
strain as well as in the direction of a superimposed
torsion. The similarity of the loss modulus measured
in both directions indicates that the behavior is
broadly isotropic for tensile prestrains that are in the
normal working range for typical engineering com-
ponents. The unfilled compounds are modestly ani-
sotropic at the higher prestrains, with the loss mod-
ulus in the tension—tension test being slightly higher
with prestrain. However, for the filled materials

1.6
1.4 + NR50 tension-torsion
’ © NR50 tension-tension a
2]+ SBRS50 tension-torsion a
2 SBR50 tension-tension
a A
é 1 A A <
= ] -]
= 0.8 . A
] a B °
0.6
*
0.4 ® < .
e e 3 . .
0.2
0 y T T " " T
1 1.2 14 L6 1.8 2 2.2 24

Pre-extension ratio

Figure 7 The loss modulus of NR50 and SBR50 based
upon the deformed dimensions plotted against the tensile
prestrain for both free oscillations.
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greater anisotropy is observed in the loss modulus
at larger prestrains, with the tension-torsion test
showing a lower dependence of G” with strain than
the tension-tension test.

All the NR compounds have higher loss modulus
dependence with prestrain than the SBR com-
pounds. This might simply result from the differen-
ces in the extent of the cross linking, as the SBR
compounds were all less tightly crosslinked than the
corresponding NR compounds to allow them to be
extended to large strains. As a result their molecules
are less highly oriented under strain, and hence they
have to be strained further before the effects of any
finite extensibility are felt. The increase in the damp-
ing seen in the filled NR may also be a consequence
of a difference in the interfacial slippage of labile
bonds at the filler-rubber interface, which might
have a greater role to play in NR. The bonds at the
interface are secondary van den Waals and their
magnitude might be slightly different between the
two rubbers. The prestrains in all the NR materials
were maintained below the threshold for the onset
of complications arising because of strain induced
crystallization.

In Figures 8 and 9 the previous data measured
using the tension with superimposed torsion are
replotted to examine more closely the loss factor (the
ratio of loss modulus to the storage modulus)
against the amount of prestrain. Examining the
behavior at small strains, where you might expect
the loss factor to be the same for both the filled and
the unfilled elastomers, as both the storage and loss
modulus should both be altered to the same extent
by the presence of a filler, it is shown clearly that
the loss factor is greater for the filled rubbers. This
might be a result of the unpeeling of rubber from
the carbon black or as a result of energy dissipation
during frictional sliding of the rubber over carbon
black surface under deformation.'"*®** This may

0.12
- u NR50
0.1 A ® ANR25
u *NRO
0.08 A =
1 A L]
é -
E 0,06 .
% . -
8 A
= . a
0.04 1 A
* A
* . . » L4
0.02
0 T T T T T
1 1.5 2 25 3 35 4

Pre-extension ratio

Figure 8 The ratio of loss modulus to storage modulus
for the three NR compounds measured using tension
superimposed with torsion oscillations.
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Figure 9 The ratio of loss modulus to storage modulus
for the three SBR compounds measured using tension
superimposed with torsion oscillations.

have the effect of relieving the stresses more in a
filled material than is possible in the unfilled com-
pound. In this case a small additional oscillation in
the direction of prestrain may more readily result in
slippage, and hence more energy dissipation than a
small oscillation in another plane. The effect is also
more significant at small volume fractions as the ra-
tio between NRO and NR25 as well as SBRO and
SBR25 is proportionally greater than that for NR50
and SBR50 compared to their unfilled counterparts.

CONCLUSIONS

The effect of a large prestrain on the dynamic behav-
ior calculated with reference to the dimensions of
the rubber sample after the application of the pre-
strain has been investigated using a free vibration
test with measurements taken both in the direction
of the tensile prestrain as well as in the plane of a
superimposed torsion for a range of different
unfilled and filled rubbers.

At lower prestrains and for the unfilled rubbers,
NRO and SBRO, the loss modulus when calculated in
terms of the deformed test piece geometry is inde-
pendent of the prestrain. This contrasts to the larger
prestrains (which are typically beyond the working
strain range for most rubbers) where there is a mod-
est dependence with prestrain. The prestrain does
not induce any anisotropy in G” at lower prestrains.
However, at larger prestrains it is possible that con-
straints on the monomer units in the rubber network
might introduce some additional dissipation.

The loss modulus of filled rubbers is seen to
depend to a larger extent on the prestrain especially
at large prestrains and with the most highly filled
rubbers. This is thought to arise from strain amplifi-
cation effects and the molecular slippage over the
carbon black surface. The anisotropy suggests that
the frictional sliding at the filler boundaries depends
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upon the direction of the stress field around the
filler. However, for the entire working strain range
the behavior is remarkably independent of the
prestrain.

The significant result of this work is that a single
value for the loss modulus defined in terms of the
dimensions of the test piece after the application of
a prestrain can be used for general engineering
design for example when rubber is used in vibration
damping applications where a complex loading is
applied to a component and the designer wishes to
predict the energy dissipation per cycle. The intro-
duction of a single value for the loss modulus for a
specific material for a wide range of geometries, pre-
strains and loading cycles means that it should be
much easier to design components using analytical
design approaches such as finite element analysis.

The author would like acknowledge Dr. Yoshi Fukahori for
his thought provoking discussions. One of the authors, N.
Suphadon, would also like to thank the Royal Thai Govern-
ment for his scholarship.
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