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S u m m a r y

The effect which changes in the degree of cross linking have on the crystal­
lisation of stretched rubber has been studied by observing the densities o f a 
series of peroxide-cured natural riibber compounds. I t  was found that at 
any one elongation, crystallisation first increased and then decreased with 
increase in the degree of cross linking. The significance of this maximum  
and the relation betwi-en crystallisation and tensile strength are disctissed.

I n t r o d u c t i o n

It is generally accepted that the tensile strength of rubber-like 
materials depends critically on crystallisation. Flory’ŝ  investigation of 
the influence of the molecular weight of raw rubber on the tensile strength 
of the vulcanisate and the work of Gee  ̂ and Flory, Rabjohn and Shaffer® 
on the relation between the degree of cross-linking and the tensile strength 
yielded results which could be satisfactorily interpreted on this basis. 
However, while several authors have given estimates of the degree of 
crystallisation in stretched r u b b e r i t  appears that the relation between 
crystallinity, cross-linking, and tensile strength has not hitherto been 
investigated systematically. The present paper has for its subject a 
study of this relation for a series of natural rubber compounds vulcanised 
with di-^eW.-butyl peroxide. Peroxide-cured rubbers are highly suitable 
for physical measurements; they are probably C-C cross-linked and m ay 
thus be presumed to contain a minimum of structural irregularities. 
They are sufficiently transparent for flaws to be detected by inspection 
and are free from solid ingredients which are known to give rise to 
vacuoles" and comparatively large volume changes on stretching. This 
last fact is of special importance in the present investigation where a 
measure of the degree of crystallisation was obtained from measurements 
of the change of volume. The degree of cross-linking was estimated from 
observations of the equihbrium swelling of the compounds in benzene.

E x p e r i m e n t a l

Materials.
Best (juality pale crepe or smooth smoked sheet was used in all 

experiments. The intrinsic viscosities [rj] of the rubbers in benzene solu­
tion fell in the range 5'3-5'5- This probably corresponds to a molecular 
weight range of i ,000,000-1,200,000.** The -butyl peroxide was a
commercial sample purified by washing with alkali, drying over sodium
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sulphate, and distilling under reduced pressure. A.R. benzene was used 
in all swelling measurements.

The compounds were vulcanised in vacuo by a method similar to that 
of Farmer and Moore.® For the crystallisation experiments small rings 
(vol. ca. o-i C.C ., i.d. i  cm.) were cut from pale crepe which had been cast 
into sheets, using a standard mould and heating for 15 minutes at 130°. 
About 12 of these rings were fitted over a uniform glass tube (o.d. i  cm.), 
leaving at least | in. gaps between rings, and placed in a Carius tube. 
The Carius tube was drawn out, connected to a vacuum line, and the 
system evacuated for 30 minutes. An amount of peroxide, varying from
2 to 8 per cent, on the volume of rubber, was next added from a pipette. 
The Carius tube was protected with a calcium chloride tube and frozen 
in liquid air before being reconnected to the vacuum line. After de­
gassing the tube in the usual w ay by alternate freezing, pumping, and 
melting, the system was evacuated to io-®mm. with the peroxide frozen, 
and the Carius tube sealed. The rubber and peroxide were allowed to 
equilibrate for at least 48 hours and then cured for 6 hours at 140° C. 
The tertiary butyl alcohol formed in the reaction was pumped off. For 
the tensile measurements, pieces of smooth sheet were similarly vulcanised 
at 140° C., varying the amount of peroxide and the time of cure. Stan­
dard dumb-bell test pieces were cut from the vulcanisate. A few' crystalli­
sation experiments were also made with lightly degraded samples: the 
rubber was milled to a Mooney viscosity of about 60, corresponding to 
[rj] ~ 2-8 and a molecular weight of ca. 500,000. The peroxide (1-5-2 per 
cent.) was added on the mill and the mix cured in the form of 6 x  6 X
I in. sheets at i6o° C. The time of cure varied between 8 minutes and an 
hour, no precautions being taken to exclude oxygen. Rings for the 
measurements were then cut from the cured sheet.

Measurements of the Volume Changes.
The volume changes were measured by the method of hydrostatic 

weighing. The frame used, which has been described elsewhere,’  carried 
8 rings which could be stretched in pairs to elongations* ranging from 
40-570 per cent. Measurements were made as follows; the frame and 
the unstretched rings were immersed in water and their combined weight 
observed on an automatic analytical balance over a period of about 15 
minutes, until frame and rings had reached equilibrium with the bath. 
The rings were then stretched and the weight observed for 6-8 minutes, 
after which the rings were released and the weight again observed for 
several minutes. The volume change on crystallisation was calculated 
from the difference in weight of the stretched and unstretched states. 
Four values of the volume change were obtained for each elongation.

If the volume changes are to be related quantitatively to the degree of 
crystallisation, it is necessary to show that there are no spurious volume

• The elongations quoted are corrected, by a method due to Mullins (private 
communication), to make them equivalent to the true elongations obtained, e.g. with 
dumb-bell specimens. If ar is the apparent elongation of the ring, calculated on the 
internal diameter, and r, r̂  are the internal and external radii of the unstretched 
ring, the corrected elongation ratio, a is given by:

*  =  J .ar -  (I  +  r, r,-i(ar»'» -  i) )»'>]



changes caused by vacuoles formed about solid impurities, or flaws when 
the rubber is stretched. 'I'he absence of such vacuoles was shown by 
observing the volume changes on stretching at elongations of 40, 115 and 
200 per cent., i.e. below the crystallisation point. Owing to the small 
volume of rubber used the expansion could not be measured at these low 
elongations but was less than the sensitivity of the method (ca. O-OI pel 
cent.) in all cases at 40 per cent, and at 115 per cent., and less than 0-025 
per cent, at 200 per cent. The expansion calculated from the stress-strain 
curve and the compressibility of rubber’  is of the order of ^ o -o i at 100 
per cent, elongation and ^0-02 per cent, at 200 per cent, elongation for 
the type of compound used in the experiments.

The quantitative aspects of the results are also affected by irreversible 
changes in the rubber, such as stress relaxation and permanent set. An 
estimate of these was obtained by measuring the internal diameter of the 
rings with a travelling microscope some weeks after the completion of the 
experiments. This proved diflficult as the edges of the rings were not very 
well defined and permanent set alters the shape as well as the size of the 
rings. However, in no case was there a change in the diameter greater 
than 2 per cent, and this factor was, therefore, neglected in calculating the 
elongations.

Variations in the temperature affect the degree of crystallisation and 
thus affect the results. Goppel® found that at 17° C. and for an elongation 
of 460 per cent, the degree of crystallisation changed by about i  per cent, 
per degree. The present experiments were made in an insulated room 
in which the temperature change in the course of an afternoon was less 
than 1° C. and the drift during the determination of a volume-elongation 
curve usually considerably less. All volume-elongation curves were 
determined in the temperature ranges 16-5 ±  2° C.

An additional source of error is the effect of the variations in temper­
ature on the volume of the rubber, but it follows from the consistency of 
the readings for the unstretched rubber that these factors do not interfere 
with the measurements.

The most troublesome feature of the crystallisation experiments was 
the time-dependence of the degree of crystallisation. Holt and McPher­
son® found that the volume of stretched rubber continued to change for 
months without apparently reaching equilibrium. Similar observations 
were made by I'lory.^® The rate of stretching is of secondary impor­
tance.®-® In the present experiments the final reading was taken after 
6-8 minutes; the short interval was chosen in order to make the condi­
tions compare more nearly with those obtaining in tensile tests. It is 
doubtful if true thermodynamic equilibrium is attainable when rubber is 
allowed to crystallise on stretching, and in any case, undue prolongation 
of the experiments was clearly undesirable for practical reasons. The 
procedure adopted was thus a compromise, made with the object of 
achieving equilibrium with respect only to the rapidly changing para­
meters. In practice, after 8 minutes there were no further volume changes 
within the sensitivity of the method at elongations above 350 per cent., 
and at elongations up to 200 per cent, the volume did not change after the 
first reading. A t intermediate elongations there were indications that 
whereas the major portion of the density change had doubtless occurred,
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tlie volume was still clianging a t a rate just detectable on the balance 
(viz. o-oi per cent, over 1-2 minutes).

M easurement o f the Degree o f Cross-linking,
I '̂or the swelling measurements a weighed sample of the  rubber (ca. 

0'5 gm.) was immersed in benzene in a tube provided with a ground glass 
stopper. 1'he tube was swept out with nitrogen and kept in a therm ostat 
a t 25° C. After 4-5 days the samples were taken out, surface dried, and 
weighed. In all cases the samples were re-weighed after swelling for a 
further day and the invariable result was th a t the volume of benzene 
absorbed was reproducible to  a greater extent than  i  per cent. From 
the ratio  of the volumes of benzene and rubber, Qm, the molecular weight 
between cross-links, Me, was calculated from the equation^^;—

(Qm +  ........... (I)M

The value taken for /i, the  interaction constant of the system rubber- 
benzene, was 0-395^ the densities of rubber, pj, and benzene (required for 
the calculation of the m olar volume of benzene, Vq) were determ ined 
as 0-917 and 0-873 a t 25° C. All Me values were 'corrected for soluble 
m atter in the rubber.

M easurem ent o f the Tensile Strength.
Tensile strength  measurements were carried out on a conventional 

Goodbrand testing machine using standard  dumb-bell test pieces, as it 
was found impossible to  measure satisfactorily the tensile strengths of 
the rings used in the experiments. Unless otherwise stated , the tensile 
strengths refer to  the cross-section a t break.

R e s u l t s  a n d  D i s c u s s i o n

Volume-extension curves for the compounds investigated are given in 
Fig. I .  In Fig. 2 the change of volume is plotted against the degree of 
cross-linking for several elongations. Fig. 3 shows a graph of the 
tensile strength and ultim ate elongation against the  degree of cross- 
linking, and Fig. 4 relates the extrapolated  volume change a t break to 
th e  degree of cross-linking.

Recently, Flory, Rabjohn and Shaffer^ have suggested th a t Mc-values 
calculated from equation i  are erroneous, more especially for lightly 
cross-linked rubbers. Any such errors should, however, only affect the 
absolute values of Me w ithout invalidating the discussion which follows.

I-rom Figs. i  and 2 it will be seen th a t the volume changes first increase 
and then decrease with increasing degree of cross-linking, bu t the effect 
is not very large, especially at higher elongations. Initially, a t any given 
elongation, a greater num ber of cross-links causes greater alignm ent of the 
chams, suppresses flow and leads to  higher degrees of crystallisation. 
Beyond a certain degree of cross-linking, progressively greater portions of 
the chain will be incapable of taking part in crystallisation; this will
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finally lead to  a decre?ise in the degree of crystallisation with cross-linking. 
We have also to  consider other factors which m ay be responsible for the 
lower crystallinity of the highly cross-linked samples. Firstly, it is a

4 65
F i g . I .

Volume-elongation curves for peroxide cured rubber samples. 
Tube cures:

(rt) O  io ‘/Me =  0-893 W
{h) Q  lo'/Mc = 1 1)31 W
(c) 0  loVMc =  1-103 if)

Press cures:
(g) V io‘/Mc =  1-020 (A)

O io</Mc =  i-29<) 
© loVMc =  1-&3V 
3  lo '/M c =  i-7«0

A  lo V M o  =  1-429

well-known fact tha t the rate of crystallisation of unstretched rubber 
decreases sluirply witii cross-linking. Ob.servations of the ra te  of change 
of volume indicate th a t this factor is probably unim portant in the present
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experim ent. Secondly, chemical interaction other than  cross-linking 
m ay take place between the rubber and peroxide leading to chain scission, 
a reduction in the proportion of active network chains, and thence of the 
degree of crystallisation. T hat this factor is very im portant for lightly 
cross-linked compounds cured in the presence of oxygen can be seen from 
the d a ta  for press-cured samples included in Fig. i .  The effect is very 

10^great for the sample of =  i-02 (g), and much less for the more highly

cross-linked sample of =  1-43 (h). The reduction in the degree of IWq
crystallisation is presum ably due partly  to  the lower prim ary molecular 
weight of these compounds, and partly  to further degradation due to  the

F ig. 2.
Dependence of volume change on cross-linking at 265 per cent., 

330 per cent., 420 per cent, and 490 per cent, extension.

presence of oxygen during the cure. In the case of the vacuum cures 
care was taken to  exclude oxygen. Whereas the possibility of slight 
degradation of the samples cannot of course be definitely excluded, no 
evidence for this was found, and its effect m ust have been very small. 
I t  was found impossible to  prepare suitable vacuum -cured samples of 
high degrees of cross-linking. Highly cross-linked peroxide compoimds 
were prone to  tear (when stretched on the frame) and they frequently 
broke a t elongations well below those found in the usual tensile test 
before the  volume change could be measured. After m any a ttem pts

10*d a ta  were obtained for a press-cured sample of —- =  2-5 a t two elonga-
Mc

tions, and these are included in Figs. 2 and 4. We believe th a t the effects 
of degradation and lower prim ary molecular weight will be small a t the



CRYSTALLISATION OF NATURAL RUBBER COMPOUNDS 

high degree of cross-linking of this sample, and th a t, although the values 

of - y -  are not strictly  comparable, the error involved in their use will be 
small.

Finally, a factor difficult to assess is the m agnitude of the expansion 
due to  the hydrostatic component of the applied forced The m agnitude 
of this expansion cannot be predicted,!^ but it m ust be greater for the 
more highly cross-linked (high modulus) compounds. Rough calcula­
tions on the lines of those described’ show th a t the effect would certainly

Ktfect of cross linking on tcDnilv streii^-th anil uJtiniate oldiigatioJi.

be im portant, possibly up to o-i per cent, of the original volume a t 400 
per cent, elongation: there are, however, grounds for believing^^ th a t in 
the region of high extensions when the rubber is no longer isotropic, the 
expansion will be less than  th a t calculated from theory. Nevertheless 
th is uncertain ty  is one of the  m ajor hindrances to the precise determ ina­
tion of the degree of crystallisation by m easurem ent of the volume change.
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However, it is considered th a t the difference in the m agnitude of the effect 
for the hghtly and highly cross-hnked samples is not sufficient to  affect 
m aterially the general shape of the crystallisation curves, which are 
believed to  be substantially correct.

The shape of the tensile strength  cross-linking curve and the position 
of the m axim um  in the tensile strength, are in reasonable agreem ent with 
the result of previous investigations, but the tensile strengths throughout 
are lower th an  those found by Gee.^

F i g .  4 .

Relation between cross linking and the (extrapolated) 
volume change at break.

An a ttem p t was made to correlate tensile strength with crystallisation 
a t break. I-'or this purpose it was necessary to extrapolate the volume- 
extension curves some considerable way and the uncertain ty  in the value

a t break is correspondingly large. Consequently the relationof

AVbetween a t break and 10"
I L coukl not be determined with any great

precision. 1 he results are shown in P'ig. 4 where it is seen tha t the curve
2 7 6



AV
of —  a t break is similar in sliape to the tensile strength curve, and the

m axim a occur rouglily in tlie same region showing the close interdepend­
ence of these quantities. The lower crystallisation at break and tensile

strength of the lightly cross-linked samples can a t least in part

AVbe attribu ted  to  the lower slope of the -^7---- a  curves and the necessary

higher elongation for incipient crystallisation of these compounds. In 
addition flow phenomena, which will tend to reduce both crystallisation 
and tensile strength m ust become increasingly im portant as the degree of 
cross-linking is reduced.

The main cause of the decrease in the crystallisation a t break and 
tensile strength  a t high degrees of cross-linking, on the other hand, m ust 
be sought in the high modulus of highly cross-linked samples which leads 
to  high loads and rupture a t low elongations before the m aterial has 
become sufficiently strengthened by crystallisation.^ The tensile strength 
and crystallisation a t break are further diminished by the decrease in 
crystallisation a t high degrees of cross-linking.

Experim ental d a ta  indicate th a t compounds breaking a t elongations 
below ca. 350 per cent, m ust do so w ithout crystallising to any appreciable 
extent. Fig. 3 shows th a t such compounds like m any non-crystalline 
polymers are very weak (t.s. of ca. i  kg./mm.^).

In  conclusion, it should be pointed out th a t although it is possible to 
explain the general tensile behaviour of the peroxide-cured samples 
satisfactorily in term s of crystallisation, other factors, chemical and phys­
ical, m ust affect the tensile strength of rubber. This is clear from the 
work of Gee^ who found tensile strengths nearly 100 per cent, higher for 
boosted sulphur cures (containing 5 per cent. ZnO) over a comparable 
range of cross-linking.
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