The Tensile Strength of Rubber and
Rubber Molecule

By
Chullchai Park (4} 1E) and Usaburo Yoshida (3 HIN=HE)

(Received, Nov. 28, 1942.)

Abstract
The tensile strengths of crystallized crude rubber and vulcanized rubber are re-
markably different from each other at room temperature, but are found to be almost
the same at the temperature of liquid air. By assuming that the tensile strength of
the crystallized rubber at this low temperature is entirely due to that of its chain
molecules the force needed to break a chain molecule of rubber atits weakest point
is estimated. .

The writers prepared ribbons of smoked sheet rubber and vul-
canized rubber, each of which was o.5cm wide, 0.3 cm k'thick and 6
cm long. After marking two points 1 cm apart on the surface of a
ribbon, it was stretched quickly at room temperature by applying a
load of about 700 % stretching degree in the case of smoked sheet
rubber and of about 400 % stretching degree in the case of vulcanized
rubber. Under these sufficient degrees of stretching the samples are
presumed to be considerably crystallized and to be mostly relieved of
intermolecular slipping by stretching. . The stretched specimen was
then broken at various temperatures by increasing the load, and its
tensile strength was obtained from the value of the breaking load and
the cross-sectional area at the instant of the break. The latter was
calculated from the values of the cross-sectional area before stretching
and the changes of length and density which were caused in stret-
ching up to the final break. The actual experiment was carried on
by using the apparatus as shown in Fig. 1. In this figure V is a
vessel fixed firmly to the heavy table T, and S is the test piece of -
rubber which is to be stretched and broken by applying a load W
over the pulley P. The tensile test was made at various temperatures
ranging from 78°C to the liquid air temperature. After the specimen
was stretched sufficiently at room temperature, it was heated or cooled
by pouring a proper liquid or a liquid mixture kept at desired tem-
peratures. Water was used for the temperatures higher than about
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10°C, and the liquid air at -185°C; and for
intermediate temperatures acetone or alcohol
mixed with dry ice were employed. Two
different kinds of the vulcanized rubber were
tested : viz. that of accelerator mixture and
that of carbon mixture.

As a control the smoked sheet rubber
and the vulcanized rubber were broken sud-
denly in the same manner as above by heat-
ing and cooling at various temperatures with- '
out any previous stretching. As stated in the
previous papers,' when unstretched rubber is
cooled suddenly at low temperatures it un-
dergoes almost no crystallization and is hard-
ened as an amorphous solid in’jsuper-cooled
state. Consequently, by virtue’of the predomi-

Fig. 2

o vule rybber C

X o umte. vubbe? B

o 1 gmoked sheet
— ¢ crystapiged-
- 1 super-Cooled.

TI%5 “Ibo ~Iao ~I40 <106 —30 b0 46 20 O +10 F40 50 F80C

— Tempevature.

nant intermolecular slipping, a considerable low value of the tensile

strength is expected in this case when compared with the specimen
cooled in stretched state. The results obtained by the present ex-
periment are shown in Fig. 2, by taking the temperature as abscissa

1. Ch. Park: These Memoirs, 22, 259 (1939), 23, 137 (1940):
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and the tensile strength as ordinate. In this figure the curves drawn
in full line refer to the specimens broken by being cooled or heated
in sufficiently stretched state, those drawn in broken line refer to the
specimens broken by being cooled or heated suddenly in unstret-
ched state; and the dots, crosses and small circles represent respec-
tively the tensile strengths of smoked sheet rubber, vulcanized rubber
of accelerator mixture B and the vulcanized rubber of carbon mixture
C.” As is seen in the figure the tensile strengths of the smoked sheet
rubber and the vulcanized rubber which are cooled or heated in suf-
ficiently stretched state increase generally with decrease of the tem-
perature.  They are generally very different from each other, being
considerably higher with the vulcanized rubber C, but they converge
to almost the same value at the liquid air temperature. This point
is especially noteworthy as will be described later. As to the smoked
sheet rubber and the vulcanized rubber B, which are broken by be-
ing cooled suddenly in unstretched state, their tensile strengths be-
have entirely differently from the specimens kept stretched at low
temperatures, As is expected, the tensile strengths decrease in this
case, in contrast to the stretched-specimens, with decrease of the tem-
perature from about -20°C to about -70°C, and then increase slightly
at the temperature of liquid air.

As to the ultimate mechanism of the breaking of the rubber rib-
bon by stretching two phenomena are conceivable : the mutual slipping
between neighbouring chain molecules and the tearing of the chain
molecules themselves at the weakest localities in their chain structure.
‘When a ribbon of smoked sheet rubber is stretched very slowly at
room temperature, it hecomes gradually thinner at some portion with-
out being crystallized noticeably and then undergoes the final rupture.
As the elongation of the broken pieces is not much recovered on
heating, the rupture of the rubber ribbon in this case seems to be
mainly caused by the intermolecular slipping. However, in the present
experiment, the rubber ribbons were broken by suddenly increasing
the stretching load by being cooled in a strongly stretched or entirely
unstretched state, and the rupture took place with a right section as
if the ribbon, was cut with a sharp knife, without becoming gradually
thinner as is stated above. Thus by the rupture in this case, the
tearing of the long chain molecules is presumable to have happened
together with the inter-molecular slipping, though the proportion of
these two factors will be different according to the conditions to which
the test pieces are subjected.
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‘Whether or not the rupture of the rubber ribbon in a certain case
is mostly due to the tearing of the long chain molecules will be judged
by knowing under what condition the inter-molecular slipping is hard
to take place. Fig. .3, which
has been once shown in a pre- .
vious péxper,1 represents the per- 12 L
manent elongation of the smoked
sheet rubber ribbons caused by
the intermolecular slipping when
the ribbons are kept stretched
for different durations of time

Fig. 3
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at room temperature. As is seen
from the figure, the inter-mole-
cular slipping decreases generally

as the degree of crystallization % ;. it
increases by sufficient stretching; ‘ Buetehing degres in Told
and with extreme stretching to greater than about 5.5 times the, ori-
ginal length, no trace of the inter-molecular slipping can be. detected
even with the specimen kept for 37 days in the stretched state at
room temperature, except a small permanent elongation caused by the
process of the initial sudden stretching. On the contrary, when the
crystallization is not predominant under insufficient stretching a no-
‘ticeable inter-molecular slipping, which is roughly proportional to the
stretching stress and the amount of uncrystallized part, proceeds gra-
dually during the time the specimen is kept stretched. Further it is
reported in the previous paper that the inter-molecular slipping is
remarkable at high temperatures and decreases with decrease of the
temperature. Consequently it may be infered from these facts that
when an extremely stretched rubber ribbon is cooled to the tempera-~
ture of dry ice or of liquid air the inter-molecular slipping becomes
very difficult, and the tearing of the long chain molecules of rubber
at the localities of the weakest interatomic cohesion becomes the main
cause for the rupture by stretching of the specimen.

The measurements of the permanent clongations of the vulcanized
rubber ribbons of carbon mixture caused by the inter-molecular slip-
ping in a stretched state were made. The rubber ribbons were kept
stretched for various durations in three different temperature ranges
of 12°—~18°C, 30°—40°C and 50°—60°C. The permanent elongations of

immediately

Permanent elongation

1. Ch. Park: These Memoirs, 23, 137 (1940}
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the specimens were obtained as before by putting them in boiling water
for a short time after releasing of the stretching tension so that they
could completely contract, and then by measuring the amounts of
elongation per original unit length. The results of measurement are
shown in TFigs. 4a, 4b and 4c. If we compare these figures with Fig.
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3, we find that the permanent elongation due to the inter-molecular
slipping is very much smaller with vulcanized rubber than with un-
vulcanized smoked sheet. Though permanent elongation is conside-
rable at high temperatures of 30°—40°C or 50°-60°C, it is almost un-
noticeable at room temperature (12°-18°C) even with the stretching
duration of 31 days; and there is hardly any difference detectable be-
tween the stretching of 31 days and that of only a second. This is
one of the valuable properties of vulcanized rubber, and it seems to
be caused by the hindrance of inter-molecular slipping by virtue of
the strong side linkage between neighbouring chain molecules of the
rubber, due to the presence of the sulphur molecules.

When unstretched rubber is cooled suddenly to such a low tem-
perature as -30°C, the crystallization is suspended and it hardens as
amorphous solid by being super-cooled as stated above. It is also
stated previously, that the tensile strengths of the smoked sheet rubber
and the vulcanized rubber which are - cooled suddenly in unstretched
state are remarkably low when compared with that cooled in suffici-
ently stretched state. This is evidently related to the super-cooling.
The super-cooling becomes conspicuous and consequently the degree
of crystallization gets unnoticeable with decrease of the cooling tem-
perature. In the super-cooled state the intermolecular slipping is much
easier to take place by virtue of the lack of some kind of the hooking
effect between neighbouring molecules which is remarkable in the cry-
stallized ‘state. The fact that the tensile strength of the rubber ribbons
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which are cooled suddenly in unstretched state decreases from -20°C
to about ~70°C is thus clearly understood by the increase of the degree
of the super-cooling with decrease of the temperature. When the
cooling temperature is still lowered to that of liquid air the tensile
strenth increases slightly, By the sudden cooling to this low tem-
perature the supercooling will be almost perfect, and a slight increase
of the tensile strength at this temperature seems to be caused by the
increased difficulty of the inter-molecular slipping due to the increased
side cohesive force between neighbouring chain molecules.

The tensile strengths of the vulcanized rubber and smoked sheet
rubber which are kept cooled in fully stretched state increase with
decrease of the cooling teinperature, that of the vulcanized rubber C
being generally much higher than those of the other kinds. This su-
perior tensile strength of the vulcanized rubber C can be explained by
the interfering action of sulphur molecules upon inter-molecular slip-
ping by virtue of the enhanced side linkage between neighbouring chain
molecules ; and the increase of the tensile strengths of the vulcanized
rubber and the smoked sheet rubber with decrease of temperature
can be ascribed to the increased difficulty of the inter-molecular slip-
ping due to the increased degree of crystallization and of intermole-
cular side cohesion at low temperatures. The tensile strengths of the
- vulcanized rubber C and other kinds, which are considerably diffe-
rent at higher temperatures, converge almost to the same value at
the temperature of liquid air.  This point is especially noteworthy,
and it seems to indicate that the tensile strengths of all the vulcanized
and the smoked sheet rubbers at this low temperature are mainly re-
lated to the force which is necessary to tear the chain molecules of
rubber; for, if they were due still considerably to the inter-molecular
slipping, ‘the remarkable differences among their values present at
higher temperatures should also be present at the temperature of liquid
air. TIurther, as is seen in Fig. 2, the tensile strength of the vulcanized
rubber C attains at the temperature of dry ice almost to its maximum
value assumed at the temperature of liquid air. This seems to in-
dicate that the force necessary to tear a chain molecule of rubber is
not much affected by the temperature.

Under the considerations made in the above way, the force neces-~
sary to tear the chain molecule of rubber was calculated by regarding
the tensile strength of rubber at the temperature of liquid air as ex-
clusively due to this force. It is known that when rubber is crys-
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tallized by stretching the chain molecules of it are arranged parallel
to the stretching direction, and that 4 such chain molecules pass
through its unit crystal having the cross-sectional area of 8.54 X 12.63
=108 A%in the direction perpendicular to the stretching direction. Thus
if we assume that all rubber molecules in a rubber ribbon which is
fully stretched and cooled to the temperature of liquid air are appro-
ximately fitted in the crystal lattice, the total number of chain mole-
cules penetrating the cross-sectional area of 1 cm® will be (4/1.08)X
10¥=3.7x 10", Moreover if we take the tensile strength of the fully
stretched rubber ribbon at the temper ature of liquid air as 1850 Kg/ cm

the force necessary to tear a chain rubber molecule becomes (1.85 X
10%)/(3.7 X 10")=5X 107" g, which may be called “the tensile strength
of the chain rubber molecule.”

It is known that the decomposition of rubber into isoprenc (C;Hy),
dipentene (CyHys) and heveene (constitution unknown) begins at the
temperature of about 200°C; and this fact makes it possible to make
a rough estimate of the energy necessary to decompose one isoprene
group. The manner of thermal motion of each part of the long chain
molecule is not of course obvious, but if the mean kinetic energy of
an isoprene group is taken as the same with that of a gas molecule
at the same temperature, then the simple kinetic theory. of gases can
be applied to this case. If we represent by »z and [* the mass and
the mean square velocity of a gas molecule, then the average kinetic
energy of a molecule at an absolute temperature 7" is given by

1 ., 3 R

S = 2 —;\TT
where R is the gas constant (R=1.985 cal/degree) and N is the Losch-
midt number (N=06X10%). If we take 7 as 200°+273°K, at which
the decomposition of the rubber molecules into isoprene and others
takes place, we get the value of

";*m *=9.8x 107" erg
as the mean kinetic energy of a gas molecule. If this value is taken
to be the same with the mean kinetic energy of an isoprene group
as a whole at the same temperature, then this can be considered
roughly to be the energy required to decompose one isoprene group
from the rubber molecule, i. e. the energy needed to tear the chain
rubber molecule at the locality of the weakest interatomic cohesion.

The tension acting between the two linking carbon atoms in a
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chain rubber molecule at the locality of the weakest interatomic co-
hesion will differ according to their distance; and the value of the
tensile strength of a chain rubber molecule obtained by the present
experiment, can be looked upon as the maximum tension which the
two lnking carbon atoms can sustain. Thus if we consider that the
energy needed to disjoin such carbon linkage is roughly equal to the
work done in separating the two linking carbon atoms with the maxi-
mum tension for the distance of the order of atomic size, we get for
this energy

' 5X 107X 980X (1~2) X 107 %5 X 10”7
which is in good accord with the former estimation.

The above way of estimation of the energy required in breaking
the weakest carbon linkage in the chain rubber molecule is very rough
of course. However, the agreement between the values estimated in
two different ways is satislactory; and it may be looked upon as con-
firming the value obtained by the present experiment as of the right
order for the tensile strength of the chain rubber molecule. The ten-
sile strength of the chain rubber molecule is related to the locality of
the weakest interatomic cohesion in it; and it will be naturai to de-
signate the part linked by a single bond between carbon atoms as

14 —~14

~10X 10 erg

such a weakest interatomic cohesion.




