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TORSIONAL PENDULUM STUDY OF SEVERAL RUBBER COMPOUNDS

This report describes work done on several rubber compounds
intended for acoustic purposes. The goal of this work was to
determine the mechanical properties — logari thmic decrement (damping)
and shear modulus — as a function of temperature by utilizing a low
frequency (.1’ 1 Hz) method - torsional pendulum. Then applying
WLF sh i f t  the damping and modulus were presented as a function of
frequency (1 to 100 kHz) . From this data, the shear sound speed
and absorption were calculated .

Thi s work was carr ied out dur ing  FY 1976 wi th  \fund s . provid ed
by the Naval Air Systems Command under Task Number k~2G—5203/
WFOO—543—201.

The materials used in th is  report were obtained from commercial
sources. Their evaluation by the Laboratory does not imply Navy
endorsement.

J. R. DIXON
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I INTRODUCTION

The Navy has frequent need of acoustic properties in the
kilohertz frequency region for viscoelastic materials. In this study
the acoustic properties of interest are the shear sound speed and
absorption .

The goal of this report is to determine the mechanical properties
logarithmic decrement (damping) and shear modulus - as a function

• of temperature (—175 to 800C) on various rubber compounds with
approximately the same glass transition (Tg) using a low frequency
(J’ 1 Hz) measurement — torsional pendulum (TP). By applying the

WLF ’ shift the damping and modulus were shifted and presented as
a function of frequency (1 to 100 kflz , 10° C). From this data , the
shear sound speed and absorption can be calculated .

In the past the torsional pendulum has been utilized in the
study of r i gid , linear and crosslinked polymers (polyme thyl
methylacrylate (PMMA ) epoxies, etc.), bu t the TP has not been ex ten-
sively used for compounded rubbers. Therefore, another purpose of
this investigation was to extend the testing capabilities of the
TP by comparing the resul ts of a l inear polymer - PMMA an d
crosslinked polymer - epoxy with the compounded rubbers.

In b r i e f ,  the conclusion of this study was that the TP was proven
useful in determining the acoustic properties of compounded rubber
in the kilohertz frequency region of interest , if the empirical
constants of the WLF shift equation are known.

II EXPERIMENTAL

a. Materials — The physical properties of the rubber compounds
investigated are listed in Table 1. The polybutadiene rubber , a
research sample, was supplied by the Firestone Tire and Rubber

• Company , Akron , Ohio. The rubber was made through the alkali metal
polymerization process , providing a rubber of principally 1, 2
configuration with a viny l content of approximately 62%. The
compounding and vulcanization are similar to that reported by
Barron.’ The ratio of the viscosity average molecular weight to
number average molecular weight was 2.00, indicating a broad molecular
weight distri bution.

1. J. D. Ferry, Viscoelastic Properties of Polymers, John Wiley Sons,
Incorporated (1970) p. 314.

2. H. Barron , Modern Synthetic Rubbers , D. Van Nostrand Company,
Incorporated , New York 2nd edition (1943) p. 174.

4
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The nitrile rubber is commercially available from the Firestone
Tire and Rubber Company, Akron , Ohio. This rubber is a copolymer
of acrylonitrile and butadiene with a nitrile content of 32%. The
compounding and - vulcanization are proprietary to the manufacturer.
This rubber has a broad molecular weight distribution.

Four polysulfides were also research samples and were supplied
by the Thiokol Corpora tion , Trenton , New Jersey. The four compounds
are designated as formulation A , B, C, and D. The components in
compound ing and vulcanization process are presented in Table 2.

A polysulfide rubber from the 3M Company is a sealing compound
made by blend ing car bon black and other addi tives to a polysulfide
rubber stock. The compounding and vulcanization are proprietary to
the manufacturer .

b. Torsional Pendulum Measurements — The torsional pendulum (TP) was
buil t from the desi gns of Nie 1sen~2

The purpose of the torsional pendulum is to excite the test
sample in free oscillation at ‘r 1 Hz. These oscillations are
recorded on a strip—chart recorder as damped sine waves. From the
damped sine waves two mechanical properties are obtained , shear
modulus and logarithmic decrement determined as a function of
temperature. The temperature range was from —175 to 800 C. The
shear modulus (G) was calculated using the expression :

G = 
2.35 LI (dynes/cm2) (1)
CD p P

where L is the length of sample between the clamps in cm, C is the
width of sample in cm, D is the thickness of sample in cm , I is the
moment of inertia of the oscillating system in g—cm2, p is the shape
factor , and P is the period of oscillations in seconds. The
logarithmic decrement (~ ) was calculated from the relationship

= .
~~~ in 

~~n) (2)

where A (r) is the reference peak amplitude and A(r+n) is the peak• amplitude n cycles later.

The test sample size was approximately 7.87 x 1.02 x 0.23
centimeter.

3. L. E. Nielsen, Me chanical  Propert ies of Polymers , Reinhold
New York (1962) .

5
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c. WLF Shift - The data from the TP was determined at ~r 1 Hz and
over a broad temperature range. By applying WLF shift to the TP
da ta , the temperature scale may be changed to a correspond i ng
frequency scale. -The frequency region of interest is between 1 and
100 kHz. The WLJF expression3 is

1

log aT = log 
~~~~~~ 

= 1 (3)
(C2 + T—T1)

where a~ is the shift factor , T is temperature in Kelvin , T]. is
the reference tempera ture in Kelvin (2830K) , and C~ and C~ are
the empirical  constan ts charac te r istic of the ma ter ia l .  The empi r ica l
constants were obtained from the literature.4 The sh i f t  fac tor -

a~ is the ra tio of f to f0, where f represen ts the f r equency in Her tz ,
that corresponds to the temperature T and fo is the reference
frequency . The reference frequency was determined to be 0.25 Hz.
This reference f r equency is the avera ge frequency of the ru bber
compounds in f ree  oscillation in the reg ion between Tg and the
reference temperature (2830K) .

d. Shear Sound Speed and Absorption — The shear sound speed was____
calculated from the shear modulus by using the expression vs =v’G/p ,
where v~ is shear sound speed (cm/see) and p is density (g/cm3). The
absorp tion was determin ed from the logar i thmic decremen t ~ byapply ing the expression a = 8.686 ~ir fly5, where a is absorp tion
(dB/cm) .

III RESULTS AND DISCUSSION

a. Torsional Pendulum — The shear modulus and logarithmic decrement
as a func tion of tempera ture for the polybutad iene , ni tr i le , and
the f ive  polysulfides , are presen ted in Figure 1 throu gh 7 ,
respectively . The glass transition temperatures (Tg) ran ge from
—45 to —330 C. The T9 for each material is listed in Table 1.
In all cases the magnitude of the damping at temperatures above Tg
was grea ter than at tempera tures below Tg . For most linear polymers
a symmetrical damping peak occurs. The increase in damping is
probably due to the effects of crosslinks. The mechanism for a
lightly crosslinked rubber to damp out an applied stress, is to
convert the energy associated with the applied stress to heat energy
by f r ic t ion . The f r i c t i on  is generated between the oscil lating ,
uncrosslinked chains trying to follow the applied stress, but the
crosslinked chains , l imi ted in mobili ty,  impede the more mobile ,
uncrossliriked chains. The logarithmic decrement is a measure of
this effect as shown here.

4. J. D . Fe r r y ,  Vi scoelastic Propert ies  of Polymers , John Wil ey and
Sons , Incorporated (1970) p. 303. • -

5. Ibid , p. 316.

6
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FrcYm the glassy to the rubbery state the shear modulus changes
on the average of two decades (l0~ to 107 dynes/cm2). Except
in the case of poly su l f i de formula t ion A, in which the chan ge in
the shear modu lus spans thre e decades, Figure 3 (109 to 106 dynes/cm2).

Since the TP has not been used extensively in testing rubber
compounds , a comparison of the results of PMMA and an epoxy with
polybu tad iene , as a typ ica l example , will be made. The magnitude of
the logarithmic decrement for PMMA and an epoxy is between 0.01 to
3.0 Nepers , wh ile the shear modu lus ran ged from 108 to L O lO dyn es/cm2.
In comparison to polybutad iene , the logarithmic decrement was in the
same range bu t the shear modu lus was abou t one or der of magni tude
lower than the PMMA and epoxy . From this result the magnitudes of
the mechanical properties of polybutadiene are within the testing
capabilities of the TP.

b. WLF Shift — By apply ing the WLF shift the temperature scale on the
TP plots was converted to a corresponding frequency scale . The
frequency of interest was between 1 and 100 kHz , which corresponds
to the region just above Tg in all cases. The logaritha~ic decrementand shear modulus are plotted as a function of frequency in Figure 8
and 9, respec tively .

In each case the damping increased linearly with frequency.
Overall, polysulfide formulation C has the highest damping over the
frequency range (1.8 to 6.0 Neper) while polysulfide formulation A has
the lowest damping over the same frequencies (0.81 to 0.95 Neper)
Polysu l f i de formula tion B and C , nitrile, and po1ybutadien~ appearedmore dependent on frequency (steep slope) than polysulfide formulation
A and D, and 3M (slight slope).

By changing the formulation of the rubbers in the polysulfide
series , the damping properties were varied almost 1 order of magni .—
tude , Figure 8. The logarithmic decrement , for instance , at a
frequency of 104 Hz , increased as follows: .88 - formulation A ,
1.44 — formulation D, 2.75 — formulation B, and 3.3 Nepers —

formula tion C.

The shear modulus also increased linearly with fre9uency. The
largest values of shear modulus (1.05 x 109 to 2.9 x 10~ dynes/cm2)
were by polysulfide formulation C over the frequency range. While
the lowest values (8.1 x 106 to 8.4 x 106 dynes/cm2) were by
polysulfide formulation A. By changing the formulation of rubber in
the polysulfide series the shear modulus changes approximately 2
orders of magnitude, Figure 9. The shear modulus , for instance , at a
frequency of i~ 4 Hz, increased as follows: 8.3 x 106 - formula— —

tion A, 7. 3 x 107 — formula tion B, 7.4 x 108 — formulation D, and
1.79 x 109 dyness/cm2 — formulation C.

The accuracy of the mechanical properties - frequency plots —
for some ru bber compounds are dependen t on the constan ts of the
WLF equa t ion , since the constants are characteristic of the rubber
compounds. For polysulfide formulation C at a given T — Ti

7
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(equation 3) a greater shift to the left of the reference temperature
(T j . = 100 C) or to lower tempera tures (Figure  5) occurs than for
polysulfide formulation A at the same T — T1. This difference in

-~ 5 the magnitude of shift, which is measured by the difference of the
shift factor a~ , between the two rubber compounds is dependent onthe shift constants. This dependence becomes important for compounds
l ike  polysulfide formulat ion C but not for polysulfide formulation A ,
because a shift to lower temperatures for polysulfide formulation C
means approaching closer to Tg than for polysulfide formulation A.
By approaching T9 the mechanica l proper ties change rapi dly, therefore
a greater variation in the slope of the curves in the mechanical
properties — frequency plots occurs in polysulfide formulation C
than for polysulfide formulation A for a change in shift constant.

c. Shear Sound Speed and Absorption — The shear sound speed is
plotted as a funct ion of frequency in Figure 10. Polys4fide

r formulation A has the lowest sound speed , vs = 2.26 x l0~ cm/sec
and polysi~lfide formu1atj~on C has the highest sound speed , V5 =

2.55 x 10~ cm/sec , at 10” Hz. Polysulfide formulation A was
relatively less dependent on frequency than polysulfide formulation B,
C and D, 3M, polybutadiene , and nitrile. In the polysulfide series ,
by chang ing formulat ion , the sound speed can be var ie d over one
decade.

The absorption versus frequency is presented in Figure 11. The
absorption dependence on frequency was similar for each rubber
compound. Polysulfide formulation D has the lowest absorption
1.74 dB/cm , and polysulfide formulation A has the highest absorption
9.9 dB/cm at ~~~ Hz.  By chan g in g the formula t ion , the shear sound
absorption was varied over 1 decade.

IV CONCLUSIONS AND RECOMMENDATIONS

¶ From the torsional pendulum measurements the following conclusions
are made:

• The glass transition temperatures were found to lie in a
relatively narrow range between —45 and _ 330 c~

• In each rubber the magnitude of the damping at temperatures
above Tg was greater than at temperatures below Tg . This
difference is attributed to crosslinking .

• From the glassy to rub~ery state the shear modulus  chan ges
two decades (l0~ to 10 dynes/cm2)

From the WLF shi f t of the torsional pendulum measuremen ts the
following conclusions are made:

• The damping increased linearly with frequency .

• The shear modulus also increased linearly with frequency .

8
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• The large dependence of shear modulus and damping factor on
f r e q u e n c y  obvious ly  means  l a r g e  dependence on t e m p e r at u r e ,
especia l ly, in the temperature region near Tg.

— • The polysulfides as a class of rubbers have hi gher damping
than either polybutadiene and nitrile.

• By changing the formulation one can control both the damping
• by a factor of 6 and shear modulus by as much as a factor of

a 330.

The following conclusions are made on the shear sound speed
and absorption :

• The shear sound speed changed by a factor of 16
with a change in formulation of the poiysulfides.

• The absorption varied by a factor of 10 with a change in
formulation of the polysulfides.

The TP is a good method for determining the properties of rubber
compounds provided the WLF shift constants are known. The shifted
data at best is an approximation since the constants were obtained
from the literature. Therefore it may be possible that these
constants are not characteristic of these rubbers. It would be useful
to determine the damping and shear modulus as a function of frequency
in the frequency range of interest , possibly by an acoustic method .
Then this data could be compared with the TP data shifted by WLF .

I I~-
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Table 1

P h y s i c a l  P r o p e r t i e s  For V ar i o u s  R u b b e r s

Densi~~y Shore A T (°C)1 P (°C)2

(g/cm ) Hardness g

Polybutadiene (Firestone) 1.115 63 —48 -33

Nitrile (Firestone) 1.123 63 —48 —24

Polysulfide Formulation A 1.585 8 —45
(Thiokol) B 1.666 52 —45

C 1.546 75 —38
D 1.726 73 —42

P o l y s ulf i d e  (3M Co .)  1.387 53 —38

1. D e t e r m i n e d  by D i f fe r e n t i a l  T h e r m a l  A n a l y s i s  ( DTA)
2. Determined by Torsional Pendulum (TP)

10 
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Table 2

Components in Compounding and Vulcanization for Polysulfides

FORMULATION A:

PART A Pbw

Santicizer 160 67
OMYA BLR-3 40
Titanox RA—50 45

-
• 

Sterling MT 6
Epon 828 1
3 A Linde Sieve 4
PbO (M) 10
Pb ~tearate 0.15

PART B

LP—2 20
LP—32 80
Santicizer 160 11
Titanox HA—SO 7
T—606 0.25
Thixcin GR 8
Methyl Ethyl Ketone 10
Toluene 10

FORMULATION B:

Base Pbw

LP—32 100
f;; Cameltex 50

Multifex MM 20
.
. I Titanox RA—50 10

Silane A—187 0.7

• Th i xcin GR 8
Monoethanolamine 0.1
Methyl Ethyl Ke tone 40
Xyl ene 40

Accelerator

Zinc Peroxide 10
Amax 2
HB—40 10
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Table 2 (Continued)

FORMULATION C:

Thiokol FA 100
Zinc Oxide 10
Sterling S 60
Stear ic  Aci d 0.5
MBTS 0.3
DPG 0.1

Cure :  40 min/ 2980F

FORMULATION D:

Thiokol ST 100
Lime 1.
Z inc peroxi de 5.
Stearic Acid 1.
Sterling S 50.
Lithopone 50.

Cure: 30 min/310°F

- I
I I

0’.

4
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