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Dynamic shear properties of polysulphide and
ethylene propylene rubbers over a wide range of
frequency and temperature
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Methods for measuring dynamic shear properties of viscoelastic solids are discussed and a
new method for direct measurement at high frequencies (1500 Hz) is outlined. The variation of
complex shear modulus, dynamic in-phase shear modulus and the loss, out-of-phase shear
modulus for polysulphide and ethylene propylene rubbers is shown as a function of tem-
perature (~40 to 100° C) and frequency (50 to 1500 Hz). The Mooney theory of deformation
of cross-linked polymer networks is used to define the molecular structure of the elastomers
more fully. Recommendations are made for producing high-damping elastomers in the audio-

frequency range.

1. Introduction

In recent years, there has been a growing interest
in evaluating the dynamic mechanical properties of
rubber-like materials for many engineering purposes.
For damping noise and vibrations in structural com-
ponents, the dynamic mechanical properties of
elastomers are of great importance. These properties
are highly dependent on frequency and temperature.
Experimental data on these properties are, so far,
limited to the low-frequency range (< 1000 Hz). It is
true that indirect data produced by superposition (the
method’ of reduced variables) are available over a
wide range of frequency and temperature. The work
reported in this paper involves a direct measurement
of the dynamic shear properties of polysulphide rub-
ber and ethylene propylene rubber over a wide range
of frequency (50 to 1500 Hz) and over a wide range of
temperature (—40 to 100°C) {1, 2). The effect of
curing time for polysulphide rubber is examined. The
effect of strain amplitude is also examined. Com-
parison between the measured results and results pro-
duced by the indirect superposition method is also
reported. Reasonable correlation between the results
and the theory of rubber elasticity is described.

2. Calculations of dynamic shear
properties

Details of the experimental arrangement used may be
found in [2]. Properties are determined using a non-
resonant forced vibration method. The mechanical
arrangement of the vibrating specimen shown in
Fig. 1 can be represented by a single degree of free-
dom system with viscous damping excited by a har-
monic force, F = F; sin wt, as shown in Fig. 2. The
differential equation of motion of the system is found
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from the free-body diagram to be

MX + Cx + Kx = F,sin wt ()

where w is the angular frequency, ¢ is the time, M is the
vibrating mass, C is the damping coefficient, K is the
stiffness (spring rate), and x is the displacement. The
solution to this equation consists of two parts: the
complementary function, which is the solution of the
homogeneous equation, and the particular integral.
The complementary function, in this case, is damped
free vibration, i.e. it is the solution of Equation 1 when
its right-hand side is zero.

The particular integral (solution) to the above
equation is a steady-state vibration of the same
frequency, w, as the excitation force. The particular
solution can be assumed to be of the form

X sin (wt — @) (2)

X =

where X 1s the amplitude of vibration, and ¢ is the
phase of displacement with respect to the exciting
force.

The amplitude and phase in the above equation are
found by substituting Equation 2 into the differential
Equation 1, remembering that in harmonic motions,
the phases of velocity and acceleration are ahead of
displacement by 90° and 180°, respectively. Consider-
ing the vibrator as the reference motion, the terms of
the differential equation can also be displayed by the
vector diagram shown in Fig. 3. This diagram indi-
cates that the force amplitude, F,, which is measured
by the force transducer, is in fact the resultant of
three components. The first is an elastic component
(in-phase with the displacement), the second is a
viscoelastic component (90° out-of-phase with the dis-
placement), and the third is due to the vibrating mass
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Figure | Mechanical arrangement of double simple shear vibrating
sample.

opposing the motion (the inertia component). This
can be represented by the following formula

F, = KX + CoX + Mo*X 3)

The shear force applied on the specimen is, in fact,
the resultant of the first and the second components
mentioned above

F, =

E

KX + CoX (4)

We now seek to determine the shear force, F,, and
the phase shift, é between this force and the displace-
ment, X.

Referring to Fig. 3 and considering the triangle of
the sides F,, Mw*X and F,, we have

F} = F} + (Mw’X) — 2F,(Mw’X) cos 0

s

therefore

F = [F} + (Mo’X) + 2F,(Mw'X) cos ¢]'”

s

or
F, = {F + [Qaf YMX} + 2F,Q2nf Y MX cos ¢}
(%)
The complex shear modulus is defined as
T*
G* = o (6)

where 7* is the total shear stress, and y* is the total
shear strain. The shear stress is defined as

o= = )

where F, is the shear force, and A4 is the area under
shear, where

A = 2ab (8)
and ¥
Pt o= = )]
t
/! 4
P C
KX CX
1X V
M
1 F=Fy sin ¢

Figure 2 Viscous damping system with harmonic excitation.
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Figure 3 Vector diagram for the forces involved in the vibrating
sample.

where a, b and ¢ are the length, width and thickness of
the shear specimen and X is the amplitude of vibration
(the maximum deflection of the shear specimen).

From Equations 6 to 9 the complex shear modulus
can be written as:

Eit

% s

2abX

Substituting Equation 5 into the above equation we
find:

t
2abX

+ 2F,(2nf )*MX cos §}'"* (10)

G* = s {F + [@nf Y MXT

F, is obtained from the measured voltage of the input
voltmeter together with the setting of the conditioning
amplifier. They are both calibrated to give a resolution
of NV~ so the input voltmeter readings are always
considered in Newtons. X is the amplitude of vibra-
tion which is obtained from the readings of the output
voltmeter and from the capacitive transducer cali-
bration constant. f'is the frequency of vibration and is
measured by the sine generator, ¢ is measured by the
phase meter. M is the effective mass of the force
transducer plus the mass of vibrating parts of the
specimen.

The phase angle, 5, can be determined from the
same triangle mentioned earlier in Fig. 3 as

T S
sin sin 0 sin ¢
Thus
sin o = %sinqb
or
F
5 = sin"(ﬁsin 4)) (11)

The loss tangent, f, of the viscoelastic material, then
is defined as

f = tané (12)
The dynamic shear modulus, G’, is given by
G = G*cosd (13)

The loss shear modulus is given by
G” = G*sind (14)

Measurements from the input voltmeter (V,), the
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Figure 4 Dependence of complex shear modulus (z-axis, 10 N'mm~?) of polysulphide rubber cured for 9 months on temperature (x-axis,

10°°C) and frequency ( y-axis, 10° Hz).

output voltmeter (V,, ) and the phase meter (¢) are
recorded and using the calibration constants, the com-
plex shear modulus (G *) and its dynamic (G ") and loss
(G") components are calculated from Equations 10,
13 and 14, respectively. The loss tangent is also cal-
culated from Equation 12.

3. Statistical analysis and display of
experimental results

Six samples are tested for each series of experiments.

Therefore the t-test is chosen for this statistical

analysis because the number of samples used for each

set is less than 30 [3].

The mean values of the dynamic shear properties
are graphically presented for every set of results in an
isometric three-dimensional form for both materials
tested. Where deemed appropriate, error bars are used
to indicate the standard deviation of the results.

4. Results

The dynamic shear properties are shown in Figs 4 to
7 for polysulphide rubber and in Figs 8 to 11 for
ethylene propylene rubber. A two-dimensional graph
designed to show the errors in experimental values of

the complex shear modulus variations with frequency
at a temperature of —40° C for polysulphide rubber is
shown in Fig. 12.

Dynamic shear modulus data, measured at tem-
peratures of —40, —20, 0, 20, 40 and 60°C and
frequency range 100 to 500 Hz have been utilized to
construct values of this modulus over a very wide
range of frequency using the principle of reduced
variables. The dynamic shear modulus (G?) reduced to
0°C is plotted against frequency. The experimental
values of dynamic shear modulus (G,,), measured at
0°C and in the frequency range of 50 to 1500 Hz, are
also plotted on the same graph. This is shown for
polysulphide rubber in Fig. 13 and for ethylene pro-
pylene rubber in Fig. 14.

5. Discussion

5.1. Validity of mechanical property results

A similarity in the change of complex shear modulus
(G*) and its dynamic component (G’) with frequency
and temperature is clear. This can be seen by compar-
ing Figs 4 and 8 with Figs 5 and 9, respectively. The
trend is as expected; an increase with frequency and a
decrease with temperature. The difference between G*
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Figure 5 Dependence of dynamic shear modulus (z-axis) of polysulphide rubber cured for 9 months on temperature (x-axis) and frequency

( y-axis). For units, see Fig. 4.

and G’ is small as the range of temperature is in the
rubbery zone and relatively little damping would be
expected. Some fluctuation in G* and G’ is observed
as the temperature decreases towards —40°C. This is
perhaps due to both elastomers approaching a tran-
sition from a rubber-like to a glass-like condition,
especially at temperatures of —40°C. (See, for
example, Fig. 7 where a sign of a peak in the loss
tangent is observed at —40°C and around 1150 Hz.)
A step increase in G’, which presumably reflects a
peak in tan J, is also observed at about 1200 Hz in
Fig. 11.

Fig. 12 is introduced in a two-dimensional form to
show the fluctuation in the values of G’ and to show
that the error bars are noticably high at —40° C. This
indicates the difficulty of measuring dynamic proper-
ties at temperatures approaching the glass transition
(T,) [4]. The fact that measurements are difficult in the
transition region is due to the short time available for
molecules to adjust themselves after distortion
because their thermal motions become sluggish in this
temperature region [5, 6]. The transition region for
both elastomers considered in this work is in the
—40° C range [7-10].
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A close look at Fig. 12 indicates a drop of modulus
value between 250 and 300 Hz for polysulphide rub-
ber. This may be caused by ice formation on the
specimens prior to testing. A break away of this ice
may perhaps occur causing the sharp drop in modu-
lus. This is noticeable also in the case of the ethylene
propylene rubber at about 800 Hz. The fluctuation in
the latter rubber is more pronounced as can be seen in
Fig. 9. In the case of polysulphide rubber the rubber
is self adhered to the driven member and specimen
holder as shown in Fig. 1. In the case of the ethylene
propylene rubber, the specimens are adhered with
Loctite Super Glue. The nature of this joint may have
caused the fluctuation in the modulus values.

The experimental results for both types of rubber
(G,), measured within a temperature range —40 to
100°C and frequency range 50 to 1500Hz, show
reasonable correlation with the reduced values of
dynamic shear modulus (G) (Figs 13 and 14).

5.2. Molecular physics of elastomers

The dynamic shear modulus, G’, varies between a
lower value given by G, in the rubbery region (low
frequency, high temperature) and a higher value,
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Figure 7 Dependence of loss tangent (z-axis) of polysulphide rubber cured for 9 months on temperature (x-axis, 102°C) and frequency

( y-axis, 10° Hz).
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Figure 8 Dependence of complex shear modulus (z-axis) of ethylene propylene rubber on temperature (x-axis) and frequency ( y-axis). For

units, see Fig. 4.

roughly 2G,, when the material is glass-like (high
frequency, low temperature). The dynamic mech-
anical properties of polymers are dependent on their
physical chemistry. Mooney [in 4, 11] has evaluated a
theory of cross-linked polymer networks which can be
used to quantify G*, G" and G”.

In Mooney’s theory

G, = gvRT

where v is the moles of network strands per cm’ or the
density of strands that are terminated at both ends by
chemical cross-links; g is the ratio of the mean square
end-to-end distance of a strand to the mean square
end-to-end distance which strands of the same length
would assume if not constrained by cross-links.

Our measurements made at 50 Hz with ethylene
propylene rubber are sufficiently close to the lower end
of the frequency range where rubbery behaviour is
expected to allow direct substituting of the measured
G’ values for G, in the above equation. Thus, it is
possible to estimate v from the mechanical properties.
This can also be done by making assumptions about
the polymer chemistry.
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5.2.1. Polymer chemistry approach

The weight average molecular weight in EPDM
elastomers may range betwen 1.6 x 10°and 3 x 10°
[7]. The density of the ethylene propylene rubber used
is 0.85gcm . The concentration of the third mono-
mer in EPDM compounds is between 1 and 2mol %
[7]. The chemical cross-links take place with the third
monomer. Let us define the piece of polymer in a
backbone molecular chain which contains no cross-
links as a strand. We assume that the third monomer
or the cross-linking monomer is spread evenly along
the polymer chain. Hence the number of cross-linking
monomer units per polymer molecule is equal to the
number of strands per molecule (see Fig. 15).

Assume the molecular structure of our rubber
is a regular alternating ethylene (C,H,)/propylene
(C3Hg), i.e. 50/50 equimolar percentage with 2 mol %
1,4 hexadiene (C,H), and the average molecular
weight is 3 x 10°[7].

The monomer molecular weight of ethylene pro-
pylene is 60. The monomer weight of 100 monomer
units of ethylene propylene will be 60 x 100 = 6000.
If we assume 2% cross-linking third polymer, the
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Figure 9 Dependence of dynamic shear modulus (z-axis) of ethylene propylene rubber on temperature (x-axis) and frequency ( y-axis). For

units, see Fig. 4.

weight of a strand which is terminated at both ends by
chemical cross-links will be 6000/2 = 3000.
The number of strands or the number of cross-links
in one molecule will be
3 x 10°
3000

The number of molecules per unit volume or the
molecular density of the rubber and the strand density
can be estimated as follows.

In 3 x 10°g rubber we have 6 x 10 molecules.

In 0.85gem™ we will have 6 x 10¥ x 0.85)/
3 x 10° = 1.7 x 10" molecules/cm®.

Thus the number of strands per unit volume or
the strand density, v, will be 1000 x 1.7 x 107 =
1.7 x 10" strands/cm’.

This is represented physically by the situation in
Fig. 15a.

= 1000 strands/molecule

5.2.2. Mechanical properties approach
The density of strands can be estimated by the follow-
ing equation
G. X N,
RT

where G, is the equilibrium dynamic shear modulus

y =

~3.041 Nmm ~* (G’ from EP rubber at low frequency
in this work), N, is Avogadro’s number = 6 x
10 atoms mol ', R is the gas constant = 8.314JK '
mol !, T is the temperature = 293 K. Substituting
these values in the above equation gives

3.041 x 10° x 6 x 10%
8.314 x 293 x 10°

= 7.5 x 10¥strands/cm’

This figure includes the chemical cross-links and
possible entanglement, Compare 7.5 x 10% with
1.7 x 10%. The difference between these figures may
be attributed to the possibility of coupling entangle-
ment (case b in Fig. 15) and to the approximations
initially assumed in this mechanical property-based
estimation.

It must be added that the Mooney theory does not
account for the presence of filler in the rubber com-
pound. In the EP rubber there is 20p.h.r. of FEF
black, which may also have contributed to the dif-
ference in this comparison.

5.2.3. Summary
The number of strands in a molecule can therefore be
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Figure 10 Dependence of loss shear modulus (z-axis) of ethylene propylene rubber on temperature (x-axis) and frequency ( y-axis). For units,

see Fig. 4.

estimated. This is

7.5 x 10%
1.7 x 10V

number of strands/cm’

number of molecules/cm’

~

4412 strands/molecule

which includes chemical cross-links and coupling
entanglement (case b in Fig. 15), compared with
the polymer chemistry approach value of 1000
strands/molecule which are terminated at both ends
by chemical cross-links only (case a in Fig. 15).

Another way of expressing this in the context of the
G. equation is to say that vis 1.7 x 10*strandscm™
and that

cycle. From this phase difference, a hysteresis loop can
be produced, when the oscillating stress and strain
signals are displayed on an oscilloscope. If the stress
and strain cycles are sinusoidal, this loop is an ellipse,
which is well known as the “Lissajou Figure”. The
energy dissipated as heat per cycle per unit volume is
represented by the enclosed area of the ellipse and it
may be defined by Q [5, 6].

Q (20)

where t* is the amplitude of the total stress cycle, y*
is the amplitude of the total strain cycle, and ¢ the
phase shift between stress and strain cycles.

wt*y* sin &

-

5.3. Heating effects

Heat builds up inside the specimen as a result of the
dissipation of energy due to the phase difference
between strain and stress in the vibrating rubber
specimen. This dissipated energy is a part of the
energy input into the rubber specimen, which is not
returned during the recovery part of the vibrating
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1/No. of strands/molecule without cross-linking® (4412)2 195
1/No. of strands/molecule with cross-linking a - '

1000

In a simple rubber-metal bonded specimen sub-
jected to a sinusoidal shear stress, the maximum tem-
perature rise (AT') is expressed as [5, 12]
gti gt

_+_

AT = 8k, ' 2C

21)

where ¢, is the thickness of the rubber specimen, &, the
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T = (Q) —40, (&) —20, (@) 20, () 40, (O0) 60°C. (o) G’ reduced, (O) G’ measured.

thermal conductivity of the rubber, ¢ the heat generat-
ed per unit volume per second, obtained from @ in
Equation 20, C is a function of the boundary con-
dition given by
1 ty, 1
C  kh (22)
where ¢, is the thickness of the metal strip bonded to
the rubber, &, the thermal conductivity of the metal,
and /4 the heat transfer coefficient for metal/air.
Approximate estimation is made for the rise in
temperature due to the dissipation of energy caused by
the vibration of the test specimens. The estimation is
made for both test materials at fixed conditions of
temperature (20°C) and frequency (1000Hz). The
estimated values of the rise in temperature (AT) are
found as below:
AT ~ 11.4°C for polysulphide rubber cured for [ wk
8.5° C for polysulphide rubber cured for
9 months
31.2°C for ethylene propylene rubber

The heat build-up, as a result of the lost energy in
the rubber specimens subjected to dynamic loading, is
affected by a fraction of the lost energy which can be
transferred from the rubber specimens, although the
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rubber is a poor conductive material. Heat-transfer
problems are complex and depend on the geometry of
the rubber specimens [13, 14]. That is why in the above
estimation, AT for ethylene propylene rubber is higher
than that for polysulphide rubber, because the thick-
ness of the first material specimens is higher than that
of the second material. The adoption of brass as the
metallic material attached to the rubber specimens is
because brass has a considerable thermal capacity and
it is a good heat conductor. This assists in extracting
part of the heat dissipated in the rubber specimens
through the considerable surface area of the attached
components.

Several practical attempts were made to detect the
rise in temperature due to vibration. This rise was
detected by inserting a very thin thermocouple probe
into the test specimen. The probe was carefully located
as close to the shear surface as possible. Under the
same conditions at which the above data were
obtained, the rise in temperature caused by vibrating
the specimen was recorded. It was found that by
increasing the operating frequency from 100 to
1000 Hz, the temperature of the rubber specimens rose
to 3 to 4°C approximately above the ambient tem-
perature. Similar observations were reported by
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Figure 14 Dynamic shear modulus plotted against frequency for ethylene propylene rubber constructed from data obtained within a limited
frequency range and at different temperatures, reference temperature 0°C. Values of this modulus, measured at 0°C, are also shown. For

key, see Fig. 13.

NASA [15], under similar conditions, except that the
rubbers used were urethane and neoprene and the
method of property measurement was the forced
vibration resonant method. It can be seen that the rise
in temperature detected by experiment (3 to 4°C) is
less than the calculated values mentioned above: com-
pare 3 to 4°C with 11.4, 8.5 and 31.2°C. This dif-
ference is due to the fact that the probe could not be
located exactly at the shear surface where the maxi-
mum deformation of the rubber specimens occurs, as
it is well known that the heat generation is not only
related to the frequency of vibration, but also to the
amplitude of deformation, see Equation 20.

5.4, Effects of curing time and strain
amplitude

The polysulphide rubber cured for 1 week and for
9 months was tested to show the effect of curing time
on the dynamic shear properties of this material. It is
worth noting that the effect of curing time is almost
negligible. It was found that the effect of strain
amplitude on these properties was insignificant over
most of the operating frequency and temperature
ranges. This is in agreement with earlier works [16, 17].

6. Conclusions

1. The method of measurement used in this work
proved to be effective in providing direct measurement
of dynamic shear properties over a wide range of
temperature (—40 to 100°C) and frequency 50 to
1500 Hz.

(b)

Figure 15 A single molecule of ethylene propylene rubber with (a)
strands terminated at chemical cross-linking only occurring at the
presence of the third monomer, (x), (b) strands terminated at
chemical cross-linking and coupling entanglement, (®).
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2. Both ethylene propylene (EP) and polysulphide
rubber (PS) materials possess reasonable damping in
the transition regions at —40°Cand 1 kHz orat 20°C
and 1150 Hz.

3. Reasonable correlation exists between the
directly measured modulus and that superpositioned
using the method of reduced variables.

4. The Mooney molecular theory of cross-linked
polymer networks can be used in conjunction with the
observed modulus, especially at low frequencies, to
define the degree of cross-linking and entanglement
within the EP elastomer.
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