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The Effect of a Low-Viscosity Swelling Liquid on
the Tensile Strength of Rubber

K. A. GROSCH, The Natural Rubber Producers’ Research Assoctation,
Welwyn Garden City, Hertfordshire, England

Synopsis

The paper examines the effect of swelling on a number of different gum rubbers and
rubbers filled with different types and concentrations of black. The observed decrease
in strength with decreasing rubber fraction V, (increasing swelling ratio) is, in the case of
gum rubbers, associated with a decrease in internal friction. The incorporation of a
black filler is shown to increase strength by hydrodynamig stiffening and by an increase
in internal friction of the rubber network, and a simple reduction scheme of the data
shows a close analogy between the strength as a function of V, and the dynamic modulus
of a rubber solution as a function of concentration. The results lead to a failure cri-
terion, which describes the energy density at break as a simple function of the hysteresis
near break.

INTRODUCTION

Swelling decreases the strength of rubber in two ways. First, the swell-
ing liquid subjects the network to a dilatational deformation. On this
basis Taylor and Darin! predict that the breaking extension, measured on
the swollen sample, should be proportional to V,%, where V, is the rubber
fraction in the swollen rubber. This, however, is obeyed only at low rubber
fractions (high swelling ratios).? For lightly swollen rubbers a second
effect, the diminution in molecular cohesion and its effect on strength, far
outweighs the dilatational effect. Greensmith et al.? find that the elonga-
tion at break for lightly swollen rubbers decreases more rapidly than pre-
dicted by Taylor and Darin. Wildschut® shows that the decrease in
strength depends on the type of rubber, and Dogadkin et al.,* by using
swelling liquids of different physical and chemical properties, show that the
change in strength with increasing swelling ratio depends also on the type
of swelling liquid and a strong interaction exists between the types of rub-
ber and liquid.

Information on the effect of internal friction on the strength of swollen
rubbers is sparse. The effect of hysteresis on the strength of dry rubbers
has been more thoroughly studied with rate and temperature as variables.
From such investigations it is known that the strength of noncrystallizing
gum rubbers is predominantly derived from the hysteresis in the rubber.%®
Natural rubber exhibits low internal friction at low strains but becomes
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highly hysteresial, when it crystallizes at high strains, and is then very
strong.™® Above a critical extension rate and temperature crystallization
cannot take place, and NR is then very weak.%1©

Similarly, it is known that the hysteresis in a carbon-black-filled rubber
increases with strain,!'—** and the reinforcing action of carbon black has
been associated with the increased hysteresis,'® which the black confers to
the rubber at high strains, although the exact mechanism remains obscure.
However, the recent work of Harwood et al.’® on stress softening has done
much to elucidate the nature of hysteresis in black-filled rubbers.

The present investigation, in which swelling is a variable, was under-
taken to examine quantitatively the effect of hysteresis on the strength of a
wide range of rubbers, including noncrystallizing gum rubbers, crystallizing
natural rubber, and a range of rubbers filled both with different types and
different concentrations of black filler.

EXPERIMENTAL

Ring specimens, cut from a sheet by means of a rotary cutter, were
weighed dry, immersed in the swelling liquid for various times, and then
placed in sealed bottles for at least 24 hr. Since the equilibrium swelling
ratio was reached after approximately 4 hr., this allowed sufficient time for
the liquid to distribute itself uniformly throughout the sample. Bromo-
benzene was used as the swelling liquid for all experiments. This produced
large swelling ratios rapidly without too great an evaporation rate during
the extension measurements.

Before the start of the extension the rings were reweighed and then
stretched to break on the Instron tester at a constant crosshead speed of 20
em./sec. and a constant ambient temperature of 21°C. The rings were
reweighed after the experiment. It was found that they had lost between
1 and 59, of the absorbed liquid, and the swelling ratios were calculated
from the average weight before and after the experiment.

The internal diameter of the ring was 1.62 cm., but this increased to 1.7
times this value for a fully swollen gum rubber; hence the extension rate
varied with the swelling ratio.

The complete stress—strain curve was recorded, and from this the energy
density to break, the tensile strength, and the elongation to break were
obtained.

The results are expressed in terms of the rubber fraction V, contained in
unit volume of swollen compound. This is related to the swelling ratio V;

by
V, = 1/ Vs (1)
The swelling ratio is calculated from

Vs =14+ dr/kde(Ms/MO - 1) (2)
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where k is the rubber fraction by weight in the dry compound, d, and d,
are the rubber and liquid densities, and M, and M, are the weights of the
swollen and dry sample, respectively.

RESULTS AND DISCUSSION
Gum Rubbers

Elongation at Break. TFigure 1 shows the elongation at break referred to
the swollen length of the test piece as a function of V,'/* for four gum
rubbers of natural rubber (NR), styrene-butadiene rubber (SBR), acrylo-
nitrile butadiene rubber (ABR), and cis-polybutadiene (BR). Their
formulations are given in Table I.  Similar curves were obtained by Mullins
for NR and SBR gum rubbers of different crosslink densities.? The linear
part of the curves passing through the origin when extrapolated is in agree-
ment with a theoretical conclusion of Taylor and Darin,' based on the
finite extensibility of a rubber, that
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TABLE I

Compounding Details®
NR, RSS1 100
SBR, Intol 1500 100
ABR, Krynac 801 100
BR, Cis 1,4 100
Steric acid 2.5 2.5 0.5 2.5
Zn0O 3.5 3.5 3.0 3.5
Nonox HFN 1 1 1 1
Santocure CBS 0.6 1.1 — 0.6
MBTS 1.5
Sulfur 2.5 2.0 1.5 2.0

= Recipes for the black-filled compounds were the same except for the addition of an
appropriate amount of processing oil (Dutrex R) with the black filler.

where g, (slope of the linear part) is in this case the hypothetical breaking
extension of the dry rubber and is proportional to the number of chain ele-
ments between crosslinks. The slopes of all the rubbers examined are very
nearly the same, reflecting the fact that all rubbers were cured to approxi-
mately the same state of cure.

At high values of V, (low swelling ratios) the curves rise more sharply
with increasing rubber fraction than is predicted by eq. (3), also in agree-
ment with Greensmith et al.,2 who attribute this to the action of cohesive
forces.

Energy Density at Break. Figure 2 shows the energy density at break
for the four gum rubbers as a function of the rubber fraction V,. The energy
density to break has been calculated on unit volume of dry rubber
eliminating the dilatational effect and is referred to as Uga. For BR this
appears to be proportional to V, over the whole experimental range of V..
A regression analysis of log Upg, versus log V, shows that the best relation
to fit the data on the basis of least squares is given by

Upa = 8.85 V,0-"%(kg./cm.?) @

As in the case of the elongation at break, the curves for the other two
noncrystallizing rubbers examined, styrene butadiene (SBR) and acrylo-
nitrile-butadiene (ABR), are similar in shape and show a rise at high rubber
fractions, which is larger, the smaller the interval between the experimental
temperature (21°C.) and the glass transition temperature T'; of the rubber.
Moreover, the value of ¥, at which the rise becomes obvious decreases with
increasing glass transition temperature. Replotting log Ugq as a function
of log £,V produces a single master curve for all three noncrystallizing gum
rubbers, as shown in Figure 3. The horizontal shift factors log £,, re-
quired to match the ABR and SBR curves to the BR one, are a simple func-
tion of the interval T to T, as seen from Figure4. This behavior is similar
to that of the complex shear modulus of polymer solutions, deseribed by
Ferry.” He produced master curves for G'(t)/C and G”(t)/C versus log
tyTo/n0TC, where C is the concentration of the solution, which, of course, is
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closely analogous to the rubber fraction V, in a solvent-swollen rubber.
The temperature ratio T/T, was constant in all our experiments, and the
time ¢ varied only within the narrow limits in which the elongation at break
varied, since the experiments were carried out at a constant rate. The
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Fig. 3. Energy density to break, Ug4, as a function of the reduced rubber fraction
£V, £, depends on the difference between working and glass transition temperature,
as shown in Fig. 4. Symbols as in Fig. 1.

primary contribution to the shift factor log £, stemmed, therefore, from the
relative internal viscosity 7/7 of the swollen rubber, and this is seen to be
proportional to the temperature difference T — 7T, at any rubber fraction
V,. Recently Chasset and Thirion showed that the stress relaxation of rub-
bers at different degrees of swelling could also be reduced to a single factor
of log reduced time at constant temperature.®® The fact that all three
rubbers can be superposed to a single master curve indicates that, provided
account is taken of differences in the glass transition temperature, the
energy density to break is similar for all three rubbers. Previously Mul-
lins® constructed a single master curve of the tearing energy as a function of
the reduced rate of tearing for a number of different ABR and SBR rub-
bers.

The behavior of natural rubber shows departures from this master curve.
The Upq(V,) has a shape similar to those of the noncrystallizing gum rub-
bers, but the drop in Usga occurs at a much lower value of V, and is more
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pronounced. It is well known that natural rubber crystallizes at high
strains and that it then becomes very hysteresial under these conditions.
The sharp drop in Uga with decreasing rubber fraction appears, therefore,
to be associated with the disappearance of strain crystallization and its
accompanying hysteresis.

Breaking Stress. The breaking stress, measured on the swollen sample,
has also been referred to unit volume of dry rubber and is calculated from
the breaking force f; on the swollen sample as

osc = fo/a;Vik = fo/aV,"%k (5)

where k is the volume fraction of rubber in the dry compound (k = 1.0
for gum rubbers), and ay and a; are the cross-sectional areas of the dry and
swollen samples, respectively. Figure 5 shows log opc for the three non-
crystallizing gum rubbers plotted as a function of log £,V,, with the use of
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Fig. 4. Horizontal shift factor £, as a function of difference between working and glass
transition temperatures.

the shift factors ¢, from Figure 4. It is seen that the three curves assemble
to a continuous master curve, which shows a drop in breaking stress with de-
creasing V, at high rubber fractions. At lower rubber fractions the changes
in breaking stress per unit volume of rubber become smaller than the ex-
perimental scatter, and opc appears to become independent of £,V,. Ex-
amination of the stress—strain curves in this region shows that the stress
does not change much with increasing strain, at the breaking strains which
are in the region of 75-1009,. In the present plot on a logarithmic scale
this region appears very much extended. Similar behavior was observed
by Smith for the rate dependence of the breaking stress of an SBR gum
rubber.® Changes in energy density to break in this region of high swelling
ratios therefore stem essentially from changes in extensibility. Because the
hysteresis in the bulk of the rubber is very small, and the rubber breaks at
such low strains, the stress—strain curve can be described right up to break
by the ) term in the Mooney-Rivlin'® equation:

f, = 2C,V,""(A — 1/)2) (6)
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Fig. 5. Breaking stress esc per unit concentration of rubber, as a function of re-
duced rubber fraction £,V,, for the three noncrystallizing gum rubbers. Symbols as
in Fig. 1.

If the breaking stress is derived by inserting the breaking extension ratio in
this equation, then the breaking stress is proportional to the stiffness of the
rubber, which is given by

201 = NkT/MC

The breaking stresses of different gum rubbers could thus only be as-
sembled as a master curve by horizontal shift, because the rubbers were
compounded and cured to the same crosslink density and had similar C,
values. If rubbers of different crosslink density had been used, account
would have had to be taken of differences in the equilibrium modulus C..

Natural rubber, again, shows departures from this behavior; the high
tensile strength resulting from crystallization persists to quite low values of
V., (see Fig. 9, bottom curve). At even lower values of V, crystallization
is absent, and the breaking stress is similar to that of nonerystallizing rub-
bers at the same state of swelling. A similar phenomenon has been ob-
served for the temperature dependence of tensile strength. %

Effect of Black Fillers

Breaking Stress. Figure 6 shows the breaking stress ¢sc as a function
of the rubber fraction V, for SBR, filled with different amounts of HAF
black. The curves are similar in shape to those of gum rubbers, discussed
previously. They show a decrease in breaking stress with decreasing V,,
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and the magnitude of the decrease of stress increases with increasing black
concentration. Below a certain value of V,, which decreases with black
concentration, the breaking stress opc shows less variation with V, than the
experimental scatter and appears, as in the case of gum rubbers, to tend
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Fig. 6. Breaking stress anc of SBR, filled with different concentrations of HAF black,
as a function of the rubber fraction V, (the curves have been displaced along the or-
dinate for clarity).

toward a limiting value. 'This limiting value, however, increases with black
concentrations; see Table II. Table II also gives the limiting breaking
stresses for NR and BR compounds filled with different concentrations of
HAT black, and for SBR and BR filled with different types of black at a
constant concentration of 50 pphr.
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TABLE II
Breaking Stresses opc/(kg./cm.?) for Highly Swollen Rubbers
NR SBR BR
Gum 24.0 16.2 16.2
-+ 10 HAF 39.8 26.6 25.1
+ 25 HAF 66.1 59.3 46.8
+ 40 HAF 91.2 78.5 135
+ 50 HAF 100 105 126
50 MT — 52.5 52.5
50 ISAF — 109 145

As in the case of the gum rubbers, the limiting values of the breaking
stress are influenced by the equilibrium modulus E. This increases with
the black concentration according to a relation of the type?

E = Ey1 4 0.67fC + 1.62 f2C?) )

where E, is the modulus of the unfilled compound, C is the volume concen-
tration of black filler, and f is a shape factor, allowing for the fact that the
filler particles agglomerate into rod-like assemblies. By using shape fac-
tors of 6 to 7 the breaking stresses at high swelling ratios of all the black-
filled compounds can be explained in terms of increased stiffness. Since eq.
(7) is based on the assumption that the carbon black adheres to the rubber,
the fact that the increase in tensile strength in the highly swollen state with
filler concentration can be explained by this equation must mean that
energy absorption by incipient failures between rubber and black is prob-
ably not a very significant source of hysteresis contributing to the rein-
forcement of carbon-black-filled rubbers, as has been suggested in the liter-
ature.!

The breaking-stress curves for a particular rubber and type of black but
for different concentrations can be reduced to a single master curve, in this
case by vertical as well as horizonal shifts on a doubly logarithmic plot, as
shown in Figure 7 for SBR filled with HAF, MT, and ISAF (lower, middle,

TABLE III
Vertical Shift Factor log p as 2 Funetion of
Coneentration and Type of Filler

From data on From data on energy
breaking stress density at break
SBR BR SBR BR

Gum 0 0 0 0
+ 10 HAF 0.21 0.21 0.05 0.20
+ 25 HAF 0.51 0.43 0.09 0.20
+ 40 HAF 0.70 0.90 0.13 0.55
+50 HAF 0.81 0.90 0.15 0.59
+ 50 MT 0.50 0.50 0.20 0.50
+ 50 ISAF 0.80 0.95 0.20 0.95
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Fig. 7. Reduced breaking stress gpcsp» of SBR, filled with different concentrations of
(lower graph) HAF black, (middle) ISAF, and (upper graph) MT, as a function of re-
duced rubber fraction £V,: (O) gum; (©) 10 HAF; (Q)25HAF; (®)40HAF; (®)
50 HAF; (@) 50 ISAF; (0) 50 MT.

and upper curves, respectively); similar curves are shown in Figure 8
for BR filled with the same types of black.

The vertical shift factors p, shown in Table ITI as log p, are the factors
by which the breaking stress of a black-filled rubber at low values of V,
must be divided to make it coincide with the value of the corresponding
gum rubber and are identical with the ratios of their respective moduli, as
discussed above. Recently, Harwood and Payne showed that this stiff-
ening is also accompanied by a corresponding increase in hysteresis,?? the
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and types of black, as a function of reduced rubber fraction £&V,. Symbols as in Fig. 7.

hysteresis in a black-filled rubber being larger than that in the gum rubber
by a factor equal to the ratio of the moduli according to eq. (7).

The horizontal shift factors &,, shown in Table IV increase with the black
concentration. For the gum rubbers the shift factors £, were a simple func-
tion of the temperature difference between the experimental and the glass
transition temperatures and were associated with the internal friction of
the rubber network. In this case, too, the horizontal shifts log £, are due to
hysteresis in the rubber network, which in this case is increased by the
carbon black. This view is supported by the increase in glass transition
temperature observed with increasing black filler concentration.?s24
However, this observed increase is less than would be expected from a
comparison of §& and &, values. Figure 4 shows that a shift factor log &, of
0.14 is equivalent to a difference in glass transition temperature of approxi-
mately 26°C. between two different gum rubbers. A similar shift of log
&, caused by an increase in the black concentration from 0 to 50 HAF in SBR,
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TABLE IV
Horizontal Shift Factor log &, as a Function of Concentration and Filler Type
From data on From data on energy
breaking stress density at break
SBR BR SBR BR
Gum 0 0 0 0
+ 10 HAF 0.08 0.065 0.08 0.10
+ 25 HAF 0.105 0.21 0.105 0.14
+ 40 HAF 0.13 0.25 0.125 0.25
+ 50 HAF 0.14 0.31 0.13 0.31
+ 50 MT 0.08 0.15 0.08 0.15
+ 50 ISAF 0.175 0.37 0.18 0.37

however, produces only a difference in glass transition temperature of about
7°C. 1t is therefore plausible that the increase in internal friction is not
uniform throughout the network but is more pronounced in the vicinity of
the carbon black particles, most likely in the form of a locally higher con-
centration of network chains. Such “shells” of rubber around the black
particles have been shown by Westlinning et al.? to exist in natural rubber
where the cohesive forces are large enough for the natural rubber to show
crystallization at room temperature in the unstrained condition.

Both vertical and horizontal shift factors depend on the types of black
and rubber. The finer the black particles, the larger the shift factors.
They are probably also influenced by the black dispersion. In the case of
vertical shift factors this can be explained by differences in the shape fac-
tor f in eq. (7); i.e., different types of black form rod-like assemblies of
different length-to-width ratio. The phenomenon could, however, equally
well be explained by the existence of thin shells of rubber around the black
particles, as discussed above. The latter also may contribute to differences
between the horizontal shift factors that are observed for different types of
black, finer blacks of greater surface activity absorbing a thicker layer of
rubber and, hence, restricting the network more than coarser blacks.

The horizontal shift factors also depend pronouncedly on the type of
rubber; they are much larger for BR than for SBR. It appears that the
more hysteresis at high strains, the smaller the horizontal shifts. Clearly,
the hysteresis in a compound in which the chains are already hindered in
their motion is less affected by a further constriction in the vicinity of car-
bon filler particles than is the case of a highly mobile network.

For NR vuleanizates containing different concentrations of HAF black
or different types of black the breaking stress shows a sharp drop always at
the same value of V,, as is apparent from Figure 9. Hysteresis and, hence,
strength is derived predominantly from ecrystallization, and the results
show that this disappears always at the same value of V,, regardless of the
black filler concentration and type. The effect of stiffening on the strength,
however, is apparent from the increase in breaking stress with black con-
centration at low V,.
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In all other regions crystallization dominates the strength behavior, and
no transformation of the results is possible.

Energy Density to Break. Figure 10 shows the energy density at break,
Ugd, referred to unit volume of rubber for SBR, filled with different con-
centrations of HAF black, as a function of V,. As in the case of the break-
ing stress curves, all curves are similar in shape. The curves can also be
reduced to a single master curve of log Uga/p versus log &V,. Itisfound
that for SBR (Fig. 11) and BR (Fig. 12) the best fit is obtained by using £
factors that agree closely with those found for the reduction of the stress
curves (see Table IV). The p factors for BR are also similar to those de-
rived from stress data. For SBR, however, they are much smaller, as can
be seen from Table III. Examination of the stress—strain curves to break
showed that the extension at break is also affected by the addition of black.
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of HAF black (the curves have been displaced for clarity). Symbols as in Fig. 7.
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Fig. 11. Reduced energy density at break, Usas, for SBR, filled with different types
of black, as a function of reduced rubber fraction &V,. Symbols as in Fig. 7.

For SBR it is somewhat reduced by increasing the black concentration,
whereas for BR the extensibility increases with black concentration. This
means that the gain in energy needed to break the rubber by filler incor-
poration is much larger in BR than in SBR for the same black filler content.
Presumably, the proportionality between bulk properties and the proper-
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Fig. 12. Reduced energy density at break, Usar, for BR, filled with different types of
black, as a function of reduced rubber fraction &V,. Symbols as in Fig. 7.

ties at the tip of the advancing tear, which is a basic assumption in all this
work, is no longer fulfilled. It is known that BR can crystallize at certain
temperatures and at large strains, and hence it is possible that strain crys-
tallization occurs at the tip of the tear of black-filled BR, where both strain
amplification due to black filler and the stress concentrations at the tip of
the tear combine to produce very large strains, whereas in the bulk of the
rubber the strains are not large enough to produce any significant crys-
tallization. That this can happen only to a limited extent is obvious from
the general behavior of BR, which was in our experiments much more like
that of a noncrystallizing rubber. However, small anomalies in the
strength behavior of BR, not unlike the very pronounced anomalies in the
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Fig. 13, Tearing energy 7' (O) and energy density at break Usa (®) for SBR 4 50 HAF,
as a function of rubber fractionV,.

behavior of NR, were observed by Harwood and Payne,? who therefore
came to a similar conclusion. i

The master curves of log Us/p versus log £,V are all of similar shape and
can be described by a single relation:

Usa/p = Upp exp {a'V,} (8)
Moreover, if the factor a’ is written as
a' = ab/E (82)

where £ and £, are the horizontal shift factors for the carbon black filler
concentrations and the difference in glass transition temperature between
two gum rubbers, respectively, all the curves can be referred to a single
reference curve, which in this case was chosen as that for gum BR, because
it had the lowest glass transition temperature. The two coefficients Ugo
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TABLE V
Coefficients®
Upg, a
Different gum rubbers 1.20 0.89
BR diff. HAF
conens. 1.29 0.91
SBR diff. HAF concns. 1.30 0.91
BR diff. ISAF concns. 1.48 0.74
SBR diff. ISAF concns. 1.27 0.91
BR diff. MT concns. 1.35 0.85
SBR different MT concns. 1.51 0.88

s Coefficients in Ug,/p = Ugsexp {a(£,/ E,,)V,}, where ¢, = reduction factor for rubber
fraction in black-filled rubbers, and £, = reduction factor for rubber fraction in gum rub-
bers of different T — T,

and « are then constants, independent of type of rubber and type and con-
centration of black filler, as shown in Table V.

Equation (8) resembles in form a relation due to Arrhenius,? describing
the concentration dependence of the viscosity of solutions:

n/m = A exp {aC} )

This close similarity between the strength behavior of a swollen rubber and
the viscosity of a solution demonstrates again the important role that vis-
cous processes play in the strength behavior of rubbers.

Tearing Energy

Figure 13 shows the tearing energy? T obtained from trouser test pieces
for SBR + 50 HAT black. Also shown is the energy density to break, and
it is seen that the tearing energy is proportional to the energy density at
break over the whole range of swelling ratios. Such a result is to be ex-
pected, if it is recognized that tensile failure is really a catastrophic tearing
phenomenon starting from inherent flaws in the material.?® For the type
of test piece used in this investigation the critical tearing energy T, at
which the test piece will fail catastrophically is related to the energy density
at break by .3

Te=2KCUg (10)

where C, is the initial flaw size from which rupture starts, and % is a factor.
The flaw size is expected to increase with the cube root of the swelling ratio
and is therefore not greatly influenced by swelling; % decreases somewhat
with increasing strain, assisting to compensate the increase in Cg, so that
the variation of 2K, does not exceed 259, over the whole range of swelling
ratios. From Figure 13 it appears that 2kCo =~ 4 X 10~2 and that, withk =
4, Cy = 5 X 1073 cm., a value for the flaw size which is in close agreement
with other estimates.3! )
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Hysteresis at High Strains

All the arguments above indicate that the energy density at break of dry
to highly swollen rubbers is dominated by the hysteresis that obtains in the
rubber at high strains. To verify this quantitatively, experiments were
carried out to determine the hysteresis of a number of rubbers, both dry
and swollen, near the breaking condition by extending a test ring and re-
versing the extension direction near the previously determined breaking
extension. New test rings were used in each case, and temperature and
extension rate were kept at the same value as in all experiments described
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Fig. 14. Energy density at break, Uss, as a function of hysteresis ratio ks, measured
near breaking condition: (®) SBR + 50 HAF, different swelling ratios; (©) gum BR;
(G) gum SBR; (@) gum ABR; (®) gum NR; (®) NR + 50 HAF; (©) ABR + 50 HAF;
(®) SBR + 50 HAF; (@) BR 4+ 50 HAF.
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previously. In Figure 14 the energy density input, which was statistically
not different from the energy density at break, is plotted as a function of
the hysteresis ratio h, near break, where h, is the energy lost divided by the
energy input in the first stress—strain cycle taken to near-breaking condi-
tion. The two lines drawn through the experimental points are both given
by the following equation:

UBd = qh” (1 1)

The index 7 is in both cases 2.10, and a more detailed investigation, with
temperature as variable and a wide range of rubbers, has shown that this is
always the case.3?

The factor ¢ is 880 kg./cm.2 for the dry rubbers, irrespective of type of
rubber and whether it contains a black filler or not. The more detailed
investigation, referred to above, has shown that different rubbers can give
small but significantly different factors,3? and this value must be considered
an average one. The lower factor for the SBR 4 50 HAF, swollen to
different rubber fractions, therefore probably is not due to an effect of
swelling but is associated with the rubber.

The hysteresis was in all cases measured on new rings and included,
therefore, hysteresis due to stress softening (Mullins effect).!* Although
confined to the first few stress—strain cycles, this energy has to be expended
before the rubber can be brought to the breaking condition, and may con-
stitute a major fraction of the total measurable hysteresis.

CONCLUSION

The swelling of a rubber in a low-viscosity liquid decreases in general the
breaking stress, the energy density at break, and the elongation at break, of
that rubber. The magnitude of the change may be quite small or very
large, depending on a number of factors. In the case of noncrystallizing
gum rubbers the changes are the larger, the smaller the interval between
working temperature and glass transition temperature. For black-filled
rubbers the change increases with black concentration and differs for differ-
ent types of filler at the same concentration. It is larger for fine-particle
fillers of high surface activity than for coarse fillers. For strain-crystalliz-
ing natural rubber the effect of swelling is always large, once a critical swell-
ing ratio, which itself is large, has been exceeded.

In all cases the general shapes of the strength (V,) curves are similar, and
for nonerystallizing gum rubbers the breaking stress and energy density to
break can be assembled into a single master curve by multiplying the rubber
fraction V, by a factor £, which depends only on the difference between
working and glass transition temperature. Similarly, curves of breaking
stress and energy density to break for a noncrystallizing rubber filled with
different concentrations of a particular type of black can be assembled into a
master curve by multiplying the strength parameter by a factor 1/p and the
rubber fraction V, by a factor £, where both p and &, are functions of the
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black concentration. The factor p is shown to be related to the stiffening
effect which the black filler has on the compound; the factor &, on the
other hand, is probably a function of the intrinsie viscosity of the polymer,
as is strongly suggested by the close analogy with the behavior of the non-
crystallizing gum rubbers with different glass transition temperatures.
Finally, the shape of the master curves of the energy density to break can
be described by an exponential function of the reduced rubber fraction
£V,, a relation which is similar in form to that of the concentration depen-
dence of the viscosity of polymer solutions.

All the evidence suggests that the strength behavior of a swollen rubber
is dominated by the hysteresis which obtains in the rubber near break, and
this is substantiated by the demonstration that energy density at break
and hysteresis at break are linked by a single empirical relation which,
apart from a factor, is independent of type of rubber and filler.

The investigation also throws some further light on the reinforcement
mechanism of carbon fillers. The increased hysteresis in black-filled rub-
bers, responsible for the increased strength, is seen to have at least two
origins. First, the well-known stiffening action of the black also contrib-
utes to the strength. For rubbers of the same degree of crosslink density
the breaking stress is the bulk stress necessary to propagate a crack through
the test piece, at equal breaking extension, and will be roughly in propor-
tion to the stiffnesses. Second, even after allowing for the stiffening effect,
the breaking stress and energy density at break are higher for a black-filled
rubber than for the corresponding gum rubber, at high rubber fractions.
In this region a larger swelling ratio, or smaller rubber fraction, is required
to reduce the strength of a black-filled rubber to that of the gum rubber.
This behavior indicates that the black filler increases the hysteresis in the
rubber phase, probably preferentially in the vicinity of the rubber-black
interface, as the relatively small shifts in the glass transition temperature
indicate.

This work forms part of a Research program undertaken by the Natural Rubber Pro-
ducers’ Research Association. The author wishes to thank Miss B. Arundell and Mr. P.
Levene for assistance with the experimental work.
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