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ABSTRACT: End-linking reactions were used to convert chains of poly(dimethylsiloxane) 
(PDMS) into (i) unfilled networks having either unimodal or bimodal chain-length distributions, 
or (ii) filled networks in which either a separately-prepared zeolite had been blended into the 
polymer prior to end linking, or silica was precipitated into the networks afterwards. The resulting 
elastomers were studied in torsion, the aspect of particular interest in the case of the unfilled 
networks being the fraction Me/M of the total couple which is due to changes in conformational 
energy. The values of Me/ M were found to be independent of crosslink density, extent of torsional 
strain, and extent of any elongation imposed during the torsion. The values for the bimodal networks, 
however, were much smaller than those for the unimodal ones, presumably because of the 
non-Gaussian nature of the short chains. None of the unimodal or bimodal unfilled networks 
showed any upturn in modulus at high torsional deformations similar to the upturns shown by 
bimodal networks in elongation, biaxial extension, and shear. Neither did the filled networks, but 
they did show significant increases in modulus in general, thus demonstrating reinforcement at 
least in this regard. 
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Most experimental studies of the elastomeric 
properties of polymer networks employ uni
axial elongation or equilibrium swelling as the 
type of deformation primarily because such 
experiments are relatively easy to carry out. 1 •2 

As a specific example, very little research has 
been done on networks in torsion, in spite of 
the fact that this deformation is important from 
both practical and fundamental points of view. 
With regard to the former, it is sufficient to 
note that many elastomers are used in torsion, 
or in torsion combined with elongation. The 
importance with regard to fundamentals has 
to do with the simplicity of the relationships 
obtained with regard to the dependence of the 
force on temperature and on extent of de-

formation. Specifically, the correction term 
for the desired conversion of the force
temperature ("thermoelastic") coefficient from 
constant pressure to constant volume is not 
dependent on extent of deformation, as it is in 
elongation measurements. In addition, the 
stress-strain relationship in torsion is found to 
be much closer to the form predicted by the 
simplest molecular theories1 •2 than is the case 
for elastomers in extension. 3 - 5 

The present study of an elastomer under 
torsion focuses on poly( dimethylsiloxane) 
(PDMS), of repeat unit [ -Si(CH 3)z-O-]. It is 
an important commercial material, and it has 
been studied extensively (both unfilled and 
filled), in elongation and in compression. 2 • 7 - 12 
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Of particular interest is the fact that PDMS 
networks having a bimodal distribution of 
network chain lengths showed unusual thermo
elastic behavior in elongation. The present 
investigation was therefore undertaken to 
explore the thermoelastic and stress-strain 
behavior of unimodal, bimodal, and filled 
PDMS elastomers in torsion. 

EXPERIMENT AL 

Materials 
The polymers employed, three hydroxyl

terminated samples of PDMS with quoted 
number-average molecular weights Mn of 500, 
18000, and 26000gmol- 1 , respectively, were 
obtained from the Huls America! Company. 
Values of Mw, M., and Mw/Mn were inde
pendently determined using a Waters 746 gel 
permeation chromatography (GPC) instru
ment and are presented in Table I. The 
end-linking molecule was tetraethoxysilane 
(TEOS) [Si(OC2H 5 ) 4 ] and was supplied by the 
Petrach Systems company, and the catalyst for 
the reaction, stannous octoate, was obtained 
from the Pfaltz and Bauer Company. The 
zeolite filler employed in some cases was a 
sodium aluminosilicate (Zeolite 13X), and was 
obtained from Amresco, Inc. The material 
chosen for the in-situ hydrolyses to silica was 
also the TEOS. 

Preparation of Networks 
Hydroxyl-terminated PDMS chains were 

end linked with TEOS in the usual man-

Table I. Molecular weights of PDMS chains 

GPC results 
Quoted M. 

Petrach 
designation M. MW 

gmo1- 1 Mw/M. 
gmol- 1 gmol- 1 

PS 343 26000 22100 34600 1.57 
PS 342.5 18000 15600 27900 1.79 
PS 340 500 344 408 1.20 
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ner. 2 •12 •13 Five unfilled networks were pre
pared, and are described in the first five 
columns of Table II. As can be seen, two had 
a unimodal distribution of network chain 
lengths, and three a bimodal distribution. Each 
mixture of weighed amounts of PDMS, TEOS, 
and catalyst (and zeolite filler in some cases) 
was poured into a cylindrical mold made of 
Teflon®. The mold was then placed under 
vacuum for several minutes to remove air 
bubbles, after which the cross-linking reaction 
was allowed to proceed at room temperature 
for three days. The cylindrical samples thus 
prepared were then removed from the molds 
and weighed. Each network was extracted with 
toluene and methanol, dried, and reweighed. 
The weights before and after the extractions 
were used to calculate values of the sol fraction, 
consisting of polymer chains not incorporated 
in the network structure. 

For the networks to be filled with in-situ 
generated silica, the extracted samples were 
weighed and then immersed in a solution of 
ethanol containing TEOS until the desired 
amount of TEOS was absorbed. The swollen, 
samples were then placed into a 2 wt¾ aqueous 
solution of diethyl amine, and the hydrolysis 
and condensation to Si02 permitted to occur 
at room temperature for the desired period of 
time. After the reaction, each sample was dried 
and reweighed, and the difference in weights 
before and after the precipitation was used to 
calculate the amount of filler introduced. 

Table II. Sample compositions and sol fractions 

M. 
Mo!% Sol 

Sample 
gmo1- 1 fraction 

Long Short Long Short wt% 
chains chains chains chains 

U-1 18000 100 4.9 
U-2 26000 100 6.5 
B-1 26000 500 10 90 4.3 
B-2 26000 500 6 94 4.1 
B-3 18000 500 10 90 3.9 
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Figure 1. Schematic representation of the torsion appa
ratus. 

Apparatus 
The home-built torsion apparatus employed 

was similar to that designed by Gent and 
Kuan, 5 and is shown schematically in Figure 
1. The cylindrical sample, about 35 mm long 
and 3.5 mm in diameter, was secured between 
two specially-designed clamps, and was sur
rounded by a long thin glass tube which was 
immersed in a thermostatted water bath to 
achieve good temperature control. Both the 
upper and lower clamps could be moved so as 
to impose a desired elongation on the sample, 
as well as the desired torsion. The upper clamp 
was attached to the end of a fine torsion wire, 
the upper end of which was attached to a 
rotating table calibrated in degrees. A pointer 
was also attached to the upper clamp, and the 
extent of its rotation above an aluminum disc 
was used to establish the initial degree of twist 
imposed on the sample, in its reference state. 

Mechanical Property Measurements 
Any change of the couple M arising from 

a change of temperature or other variable 
could be measured by the twist of the torsion 
wire required to return the pointer to its re
ference position. Thus, the couple-temperature 
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(stress-temperature) relations could be deter
mined for a constant amount of twist (super
imposed upon a constant extension if neces
sary) in the temperature range of 20--95°C. 
The following specific steps were employed: 
a given amount of twist was imposed on the 
sample by rotating the upper clamp via the 
rotating table. Couple readings were taken 
at 10 to l 5°C intervals after sufficient time 
(around 20 min) had been allowed for the 
attainment of thermal equilibrium at each 
temperature. Measurements were taken in the 
order of decreasing temperature, with addi
tional points subsequently taken with increas
ing tempemperature to test for reversibility. 
Bet_ween the chosen temperatures, the sample 
was heated or cooled at the rate of l-2°C per 
minute. 

Couple-strain isotherms were obtained using 
a sequence of increasing values of twist. Couple 
readings were taken after sufficient time had 
been allowed for the attainment of stress 
equilibrium (20 min for unfilled networks and 
12 h for filled networks). Measurements were 
carrie·d out to the rupture points of the sam
ples. The absolute values of the couple were 
obtained from the torsion constant of the tor
sion wire, which was determined by a stan
dard ASTM method. 

THEORY 

Stress-Temperature Relationships 
Although the elastomeric force is primarily 

due to the entropy decreases accompanying 
the stretching out of network chains, there can 
also be an energetic component resulting from 
the fact that different spatial configurations 
generally correspond to different conforma
tional energies. 14 Even though the energetic 
contribution fe to the total retractive force f is 
generally small, it can be measured from the 
temperature dependence of retractive force in 
a sample held at a fixed deformation. 1 •2 In his 
theoretical analysis of Gaussian networks in 
elongation, Flory derived equations which 
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relate the energetic componentfe of the tensile 
force/to the stress-temperature coefficient. In 
the condition of constant volume which is 
required by the thermodynamics, the result 
is1,2,14-16 

; = 1-(T/f)(aJ/aTkv (l) 

Under conditions of constant pressure, which 
are experimentally more convenient, the 
expression is 

; = l-(T/f)(aJ/aT)L,P-f3T/(a3 - 1) (2) 

where f3 is the volume expansion coefficient, a 
is the extension ratio, and the last term re
presents the Gaussian correction for the con
version. 

The corresponding analysis for the case of 
torsion has been given by Treloar. 3 The relative 
energetic contribution Me to the torsion couple 
M can be obtained from the equation 

where M is the couple required to maintain a 
twist of a specified number of radians per unit 
stretched length. It should be noted that the 
Gaussian conversion term [3T in this equation 
does not depend on the extent of the de
formation. In any case, estimates of Me/M 
and fell for (unfilled) networks of the same 
polymer should be identical. 

The additional equation 

dln(r2) 0 /d T=(I/T)(Me/M) (4) 

is an important bridge equation in that it 
expresses the thermodynamic ratio Me/M in 
terms of a molecular quantity, the temperature 
coefficient of the unperturbed dimensions of 
the network chains.1·2·14 It also connects the 
former quantity, obtainable only from elas
ticity measurements, with the latter quantity, 
which can also be determined from viscosity-
temperature measurements on dilute polymer 
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solutions. 

Stress-Deformation Relationships 
The shear modulus G can calculated from 

the torsion strain t/Ja by use of the equation1 

G=2M/nt/Ja4 (5) 

where Mis the torsion couple, t/J is the torsion 
(expressed in radians per unit length of the 
strained axis), and a is the unstrained radius. 
According to Mooney's equation, the simple 
shear stress for the torsion of a cylinder may 
be written1 

(6) 

where C1 and C2 are elastic constants. Since 
the modulus G is equal to tq 2 /t/Ja, it should be 
independent of deformation. 

RESULTS AND DISCUSSION 

Sol Fractions 
The values of the sol fraction of polymer 

obtained from the extraction measurements are 
given in the final column of Table II. They are 
seen to be relatively small, and indicate extents 
of end linking sufficiently large for the purposes 
at hand. 

Thermoelastic Studies 
Typical couple-temperature plots for uni

modal and bimodal networks are shown 

10 ,----~---~--~--~ 

8 

E 
0 
C) 6 
-;:;f 

2 ~---'-----'------'-----l 
20 40 60 80 100 

T, °C 

Figure 2. Couple-temperature plots for the unimodal 
PDMS networks, U-1 ( O) and U-2 (L',.). The filled symbols 
locate data obtained to check for reversibility. 
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Figure 3. Couple-temperature plots for the bimodal 
networks, B-1 (D), B-2 (6), and B-3 (0). The filled 
symbols located data obtained to check for reversibility. 

Table III. Values of Me/Mat different torsional strains 

tf!a Me/M 

U-1 0.25 0.12 
0.30 0.13 

U-2 0.316 0.13 
0.493 0.13 
0.663 0.13 

B-1 0.248 0.07 
0.328 0.08 

B-2 0.203 0.o7 
0.312 0.06 

B-3 0.224 0.06 
0.315 0.o7 

in Figures 2 and 3, respectively. In all cases a 
reversible, linear relationship was found to exist 
between the torsion couple and temperature. 
The couple increases with increase in tempera
ture, since the primary effect is an increase in 
the chaotic chain motions which drive the 
system in the direction of maximum random
ness (which is the undeformed state). 1•2 

The values of Me/ M for unimodal and 
bimodal networks for different values of the 
torsional strain, t/Ja, are given in Table 3. The 
results are seen not to depend either on 
torsional strain or on the differences in 
cross-link density between U-1 and U-2, and 
among B-1, B-2, and B-3. The values obtained 
at different extension ratios are given in Table 
IV, and are also seen to be independent of the 
magnitude of this strain, and the cross-link 
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Table IV. Values of MeM at different extension ratios 

U-2 

B-1 

B-2 

C( 

1.01 
1.12 
1.22 
1.41 
1.01 
1.28 
1.01 
1.14 

Me/M 

0.13 
0.13 
0.11 
0.11 
0.o7 
0.05 
0.06 
0.o7 

density. These results thus support the basic 
postulate of rubber elasticity theory that al
though intermolecular interactions unques
tionably occur in rubberlike materials, these 
interactions are independent of the configura
tions of the network chains and, therefore, are 
also independent of the extent of deformation 
of the network structure. 2 

All the values of Mel M average to 0.12 for 
the unimodal networks, and to 0.06 for the 
bimodal ones. This is remarkably similar to the 
results obtained on PDMS elastomers in 
elongation, in which unimodal networks gave 
an average value of fell of 0.20, while bimodal 
ones gave 0.08. 1 7 The difference is presumably 
due to the fact that the short chains are very 
non-Gaussian. The fact that the bimodal 
networks give smaller values of these ratios 
suggests that the non-Gaussian effect simply 
involves the chains having very few spatial 
arrangements at this chain length. If bond
angle deformation or bond stretching were 
involved, these ratios might be expected to be 
larger since these two modes of deformation 
require large energy increases. This conclusion 
is consistent with a recent spectroscopic study 
that found little evidence for these modes of 
deformation in bimodal PDMS networks 
stretched to their rupture points. 18 

Equation 4 permits conversion of the 
thermodynamic quantity Me/ M to the tem
perature coefficient 103 d ln(r2 ) 0 /d T of the 
unperturbed dimensions of the network chains. 
The value thus obtained, 0.45, is in good 
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agreement with the value, 0.59, obtained from 
viscosity-temperature measurements on un
crosslinked PDMS chains. 14 It arises from the 
fact that increase in temperature increases the 
number of higher-energy gauche conforma
tions, and these correspond to relatively high 
spatial extension in the case of the PDMS 
chain. 

Stress-Deformation Relationships 
Figure 4 shows the dependence of the couple 

Mon the elongation or extension ratio imposed 
at a constant torsion. The observed decrease 
in the couple with increase in elongation is 
presumably analogous to the decrease in 
modulus with deformation in simple elonga-
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Figure 4. Couple-elongation relationships at 25°C for 
unimodal and bimodal networks, at fixed torsional strains 
of 0.250 for U-1 (lo.), 0.316 for U-2 (0), and 0.248 for 
B-1 (<>)-
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Figure 5. Dependence of the couple on torsional strain 
for the unimodal and bimodal networks at 25°C: U-1 ( O ), 
B-1 (lo.), and B-2 ( <> ). 
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tion, represented by the Mooney-Rivlin 2C2 

constant1 •2 and ascribed to the deformation 
becoming increasingly nonaffine as the elonga
tion increases. 2 • 19 - 21 

The couple-torsional strain isotherms ob
tained for unfilled unimodal and bimodal 
PDMS networks, represented in terms of the 
shear modulus G and torsion strain t/f a, are 
shown in Figure 5. The modulus is seen to show 
little or no dependence on torsional strain, in 
agreement with previous results. 3 -s Unlike the 
corresponding isotherms in elongation,2 in 
biaxial extension, 22 and in shear, 23 however, 
there are no upturns in modulus at high 
deformations. Thus, in this case, the higher 
values of the modulus of the bimodal networks 
can be simply accounted for in terms of a lower 
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1.0 1.4 

Figure 6. Couple-torsion strain plots at 25°C for unfilled 
network U-1 (D), and for one filled with zeolite (L',.). 
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Figure 7. Couple-torsion strain plots at 25°C for PDMS 
U-1 networks filled with in-situ precipitated silica. Values 
of the wt% filler were: 0.0 (D), 15.5 (lo.), 17.3 (ts;J), 19.8 
(0), and 26.4 ( <> ). 
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average value of the molecular weight between 
cross links. The absence of any upturns in 
modulus could be due either to the relative 
insensibility of shear modulus to torsional de
formations, or simply to difficulties in reach
ing sufficiently high deformations. 

The corresponding isotherms for the filled 
PDMS networks are shown in Figures 6 and 
7. Again, there is little evidence for the strong 
upturns in modulus at high deformations 
observed for filled PDMS elastomers in 
elongation,2 •24•25 in biaxial extension,26 and in 
shear. 26 Both the zeolite filler and the in-situ 
generated silica fillers give substantial increases 
in modulus, however, indicating good re
inforcement in this respect. Of the two types, 
the in-situ precipitated silica seems to give much 
better reinforcement. 

It is interesting to note that the moduli of 
the elastomers containing large amounts of 
silica do decrease significantly with increase in 
torsional strain, and the larger the amount of 
filler, the bigger the decrease. This may be due 
to stress-induced rearrangements of the chains 
in the vicinity of the filler particles, but this is 
one of the least-understood areas of rubberlike 
elasticity and will require a great deal more 
experimental and theoretical work before 
definitive conclusions can be drawn. 
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