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ABSTRACT

The crystallization and melting of unvulecanized natural rubber in the un-
stretched state have been investigated at different temperatures. Change of
volume has been used as a quantitative measure of the extent of crystallization,
and mercury-filled dilatometers containing the rubber have been used for the
volume measurements.

Crystallization was observed to occur at temperatures between —50° and
+15° C and to be most rapid at about —25° C. The final decrease of volume
on crystallization was usually found to lie between 2.0 and 2.7 percent.

The melting of the crystalline rubber was found to occur over a range of tem-
perature and to be strongly dependent on the temperature at which the crystals
were formed. The temperature at which the beginning of melting occurs is
from 4 to 7 degrees above the temperature of crystallization. The range of
melting is about 35 degrees at the lowest temperatures and decreases to about 10
degrees at the highest. The same range of temperature of melting is obtained
regardless of the extent of the crystallization.
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I. INTRODUCTION

Crystals may be formed in natural rubber under quite varied ex-
perimental conditions. Different combinations of stretching and
1 Presented at the meeting of the Division of High Polymer Physics of the American Physical Society

held at Columbia University, New York, N. Y. on January 26, 1946. This paper also appears in J. Applied
Phys. 17, 362 (1946). 48
9
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cooling have been used to induce crystallization in unvulcanized and
in vulcanized rubber. The appearance and disappearance of crystals
have been studied by observations of the volume [5, 8, 32],% heat
capacity [6], light absorption [53], birefringence [40, 58, 63, 67, 74],
X-ray diffraction [22], and hardness [53] and other mechanical prop-
erties [42]. There has, however, been no comprehensive study of
the effect of temperature on the crystallization. The present investi-
gation was undertaken in order to explore this field.

In the work reported here it has been the aim to study the crystalli-
zation at different temperatures under the simplest possible conditions.
The main features of the crystallization of vulcanized rubber have
been shown [8] to be similar to those of the crystallization of unvul-
canized rubber, the vulcanization causing a decrease in the rate of
crystallization. Consequently, unvulcanized rubber was selected for
study. Stretching obviously adds complication to the experimental
conditions, and so was not employed. Of the different methods of
measuring crystallization it seems that change of volume is the
simplest and best adapted to yielding quantitative data about the
course of the crystallization or fusion. The present work, therefore,
is concerned with a general study of the volume changes in unvul-
~ canized rubber at different temperatures.

II. EXPERIMENTAL PROCEDURE

The volume changes of the specimens were measured by the use
of dilatometers with confining liquids. The method incorporates
some improvements over that previously used [5, 8]. The dilatometers
were made of Pyrex glass, and each consisted merely of a bulb with a
capillary tube sealed to it. Changes in volume could be calculated
from measurements of changes in the height of the confining liquid
in the capillary tube. Mercury was selected as the confining liquid
because it seems to have no effect on rubber, even when the two are
in contact for periods of several years. Some absorption, swelling,
and softening usually occur with other liquids. The specimens were
strips cut from plantation smoked sheet rubber.

The construction of the dilatometers and the procedure of filling
them were somewhat improved during the course of the work reported
here. In the later dilatometers, the capillary tubes were about 2 mm
in inside diameter and about 500 mm in length. They were specially
selected capillaries, but were not of the precision-bore type recently
developed. They were graduated in millimeters along their length.
The tubes were calibrated by sealing a stopcock to one end, and ob-
serving the lengths of weighed amounts of mercury at five or more
different points along each tube. The maximum varia‘ion in cross-
sectional area along a single capillary was found to be about 3 per-
cent in most cases. Kach capillary was then sealed to a glass tube
about 15 mm in inside diameter, the other end of the tube being left
open. Into the glass tube were inserted a weighed rubber specimen
and a hollow glass bulb about 40 or 50 mm long. Finally, the open
end of the glass tube was sealed off to form the bulb of the dilatom-
eter.

2 Figures in brackets indicate the literature references at the end of this paper.
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This construction made it possible to avoid heating of the speci-
men during the sealing operation without unduly increasing the net
volume of the dilatometer bulb. In most cases the volume of the
specimen was between two and three times the volume of the mer-
cury in the bulb of the dilatometer. The effect of the insertion of
the hollow bulb is equivalent to a mere reduction of the net volume
of the dilatometer bulb. As the inner hollow bulb was made of the
same type of glass as the rest of the dilatometer, neither its volume
nor its expansivity entered directly into any of the calculations.

The dilatometer was next evacuated for several days to remove
gas from the specimen. Mercury was then admitted to the evacuated
system through a two-way stopcock, until it filled the dilatometer
bulb and stood at a suitable height in the capillary. Occasionally it
was necessary to carry out further removal of gas until the height of
the mercury in the capillary did not change by more than a few mil-
limeters as the pressure was again raised to that of the atmosphere.
Calculation showed that the gas remaining under these conditions
would have negligible effect on the observed specific volume and ex-
pansivity. The dilatometer was weighed before and after the addi-
tion of the mercury.

The volumes of specimen and mercury at 25° C were determined
from their weights and densities. The densities of the rubber speci-
mens at this temperature were measured by the method of hydro-
static weighings. The volume of the dilatometer up to the level of
the mercury in the capillary at this temperature was obtained as the
sum of the volumes of the mercury and the specimen. At any other
temperature the volume up to the same point on the capillary was
found from the known expansivity of Pyrex glass. The volume of the
dilatometer up to any other point on the capillary could then be cal-
culated from the calibration of the capillary. The volume of the
specimen corresponding to each observation was obtained by sub-
tracting from this volume the volume of the mercury at the temper-
ature of the observation.

After the specimens and dilatometers had been prepared, they were
usually placed in a stirred bath of about 6 liters of alcohol cooled by
solid carbon dioxide to a temperature of about —39° C, an approxi-
mate lower limit set by the freezing of the mercury. Observations of
the height of the mercury in the capillary were made as the tempera-
ture was raised to +55° C at a rate of the order of 0.5 degree per
minute. At the lower temperatures the bath was warmed at about
this rate by the heat from its surroundings. Beginning at about
—10° C, additional heat was furnished by means of a knife-type
immersion heater controlled by a variable ratio autotransformer. The
alcohol was usually replaced with water for measurements above room
temperature. In this manner the volume-temperature relation of the
amorphous rubber was obtained. This relation, which is linear over
a considerable range of temperature, will be described and discussed
inbgg'eater detail later in connection with the melting of crystalline
rubber.

It was found in preliminary experiments that at a heating rate of
0.5 degree per minute or less no observable differences from the equi-
librium values of the volume could be noted. At a heating rate of
about 1 degree per minute the apparent volume lagged behind the
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equilibrium value by an amount equivalent to about 1 degree. At a
geating rate of about 2 degrees per minute, the lag was about 2
egrees.

The dilatometers were next placed in a small unstirred alcohol
bath in a refrigerator at the temperature at which it was desired to
crystallize the rubber. Observations of the height of the liquid in
the capillary tube were made periodically and usually continued
until no further volume change could be noted.

When it was observed in this manner that the rate of crystalliza-
tion had become inappreciable, the specimens were placed in the
stirred bath of alcohol cooled by solid carbon dioxide to a temperature
of about —39° C. Observations of the volume were made as before,
as the temperature was raised, and the volume-temperature relation
of the crystalline rubber was obtained.

In a number of cases, to be described in detail later, there were
deviations from this standard procedure for the purpose of studying
the effect of varying some of the experimental conditions, or because
the importance of some of the exact conditions was not realized at
the time the experiment was performed.

III. EXPERIMENTAL: RESULTS
1. RATE OF CRYSTALLIZATION

When crystallization was carried out according to the procedure
just described it was found that the rate was very low at first, in-
creased to a maximum, and decreased to a negligible value. The
volume-time relation at constant temperature thus has the sigmoid
shape which has previously been given [5, 8, 69] for crystallization
near 0° C. Figure 1 shows two families of such curves, one for crystal-
lizing temperatures of —22° C and above, and the other for —22° C
and below.

As the volume is changing very slowly in the final stages, a deter-
mination of the time required for completion is somewhat uncertain.
The time required for one-half the total volume change is much
more precisely determinable since the curves are usually steepest
near this point. The time required for half the volume change has
been measured at a number of different temperatures. The recip-
rocal of this time, it can be readily seen, is a measure of the average
rate of crystallization during the first half of the process. It is
plotted as a function of temperature in figure 2.

2. MELTING OF CRYSTALLIZED RUBBER

When the volume-temperature relation of crystalline rubber is in-
vestigated, as already described, curves of the type shown in figure 3
are obtained for increasing temperatures.

It can readily be seen that melting of the crystals occurs over a
range of temperature and that the range is markedly dependent on
the temperature at which crystallization has occurred [7]. The tem-
perature corresponding to the beginning of melting is that at which
the volume begins to deviate from the curve representing the normal
thermal expansion of crystalline rubber. Over the range of tem-
peratures under consideration here the normal expansion curve is
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Ficure 1.—Crystallization of rubber at different temperatures as indicated by
decrease in volume.
The arrows indicate the estimated values for half the total decrease of volume at each temperature.

linear, and the temperature at which deviation begins to occur can
be located within about one-half degree. Similarly, melting is com-
plete when the volume again reaches the nearly linear curve that
represents the volume-temperature relation of amorphous rubber,
and which was evaluated earlier.

There was found to be no evidence of any time lag, or delay, in
melting of the crystals after the establishment of thermal equilibrium.
For example, at any constant temperature in the melting range the
volume was never observed to increase with time. In this range if
the temperature is lowered, the volume-temperature relation is ob-
served to be linear and intermediate between the amorphous and
crystalline volumes. Rubber in the partially melted state, however,
can undergo additional crystallization, with a resulting decrease of
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Ficure 2.—Rate of crystallization of rubber.
The rate plotted is the reciprocal of the time required for one-half the total volume change.

volume. If the temperature at which the additional crystallization
occurs is the same as that at which the first crystallization has oc-
curred, the melting curve is identical with that obtained from the
complete melting of the first crystals. If the additional crystalliza-
tion occurs at a different temperature from the first crystallization,
two different ranges of melting will be observed, corresponding inde-
pendently to the two temperatures of crystallization. Further dis-
cussion of this effect will be given in the section on stark rubber and
is illustrated in figure 7 in that section.
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F1cUre 3.—Crystallization of rubber at different temperatures and subsequent melting.
The change of specific volume on crystallization is indicated by the vertical lines joining the dark circles.
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The additional crystallization possible in partially melted rubber
mentioned in the preceding paragraph is considered in more detail in
the section dealing with recrystallization. At this stage, however, it
should be pointed out that the phenomenon may give rise to difficulty
in determining the upper end of the melting range itself.

The rate of crystallization at certain temperatures was sufficiently
great to permit significant recrystallization during the time that the
temperature was being raised through the melting range of the
original crystals. As the recrystallization took place at a higher
temperature than the original crystallization, the new crystals melted
at a higher temperature than the original crystals, and the apparent
upper end of the melting range was displaced upward by an amount
that depended on the rate of temperature rise during melting.

When the initial crystallization occurred below 0° C, therefore, the
upper end of the melting range was determined from a series of experi-
ments at each temperature of crystallization. A stirred bath was
adjusted to the approximate temperature of the upper end of the
melting range. The dilatometer was then removed from the bath in
which the original crystallization had been taking place and plunged
into the stirred bath. The volume of the specimen increased because
of both thermal expansion and the melting of the crystals. In less
than 5 minutes, a reasonable time for the establishment of temperature
equilibrium, the volume became constant. After an interval of time,
the volume began to decrease because of recrystallization at the
temperature of the stirred bath.

If the value of the volume when temperature equilibrium had
become established and before observable recrystallization had
occurred was the same as that originally observed for amorphous
rubber at the corresponding temperature, it was concluded that the
temperature of the stirred bath was at or above the upper end of the
melting range. If the volume at equilibrium was less than that of the
amorphous rubber at that temperature, the conclusion was drawn
that the melting was incomplete and that the temperature of the bath
was below the upper end of the melting range. As might be expected,
the volume at equilibrium was never found to be greater than the
volume of the amorphous rubber. A series of experiments of this
sort served to locate the upper end of the melting range corresponding
to a single temperature of original crystallization, and an additional
series was required for each other temperature.

If the initial crystallization occurred at 0° C or above, the rate of
recrystallization during melting was found to be so small as not to be
significant during the time the specimen was in the melting range
when the usual heating rates were employed. At these temperatures
the range was of the order of 10 degrees or less, and the time required
to cover the range was usually between 20 and 30 minutes. The
upper end of the melting range was determined from curves of the
type shown in figure 3 for all cases where the initial crystallization
was at 0° C or above.

The results of a number of individual experiments of this sort
are plotted in figure 4, which shows the melting range as a function of
the temperature of crystallization.

In one series of experiments a specimen was successively crystallized
and melted 16 times. After each melting the temperature was raised
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t’l‘hel};gwest line shows the crystallization temperature also as ordinate for easier comparison with the range
of melting.

by different amounts varying from 1 to 40 degrees above the end of
the melting range. In all cases, the same melting range was obtained
on subsequent crystallization at a fixed temperature.

3. PARTIAL CRYSTALLIZATION

The melting range of partially crystallized rubber has been found
to be the same as that obtained when the crystallization is more
nearly complete. Data regarding this point were obtained from a
series of experiments in which the specimen was kept at 2° C for
different lengths of time, and the melting range of the resulting
crystals then measured. In the first experiment, after 20 days of
crystallization the volume decrease amounted to 2.7 percent. In the
second experiment, crystallization was interrupted at the end of 9
days when the volume change amounted to only 1.0 percent (or 37
percent of the volume change in the first experiment). In the third
experiment, by interruption of the crystallization after 1 day the
volume change was limited to 0.085 percent (or 3.1 percent of that
in the first experiment).

The melting range in all three cases was 6° to 16°, within the
accuracy of determination. On the basis of these experiments, the
crystallization in some cases was not carried completely to the point
where the volume had ceased to change at a significant rate. Cases
of this sort will be observed in figure 3.
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4. RECRYSTALLIZATION OF RUBBER

It will be noted that in the cases previously described the specimens
were heated to at least 55° C immediatef;r before crystallization.
The purpose of this heating was to destroy centers of crystallization
that might have been persisting from previous crystallizations, and
that would have altered the rate of crystallization. A study of the
rate of recrystallization when the specimen had not received such
heating will now be described.

The preliminary crystallization was first carried out overnight at
—33° C according to the standard procedure already described.
The specimen was then plunged into a bath held at 0° C, and observa-
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F1cUuRre 5.—Recrystallization of rubber at 0° C.

The curves show the change of volume as a function of time, after preliminary crystallizations at the fixed
temperatures indicated on the curves. The zero on the ordinate axis represents the volume of amorphous
rubber at 0° C. The zero on the time scale represents the time at which the dilatometer was plunged into
the bath at 0° C. Observations taken in the first 5 minutes, before the attainment cf temperature equilib-
rium, are omitted. Theupper ends of the melting ranges, asread from figure 4, corresponding to the differ-
ent temperatures of preliminary crystallization are —2°, —1°, +1°, 4-2°, 44°, 4+-6°, and +9° C, respectively.

tions were made of the change of volume with time. It will be noted
from figure 4 that the melting of crystals formed at —33° C is com-
plete below 0° C. At first, there was a volume increase due to ther-
mal expansion and to the melting of the crystals. This change was
found to be complete within about 5 minutes, a reasonable time for
the establishment of thermal equilibrium. After an interval of time
there was a volume decrease due to recrystallization at 0°. The
whole procedure was repeated with the preliminary crystallization
occurring at —28°, —25° —21° —17° —13° and —8°C, re-
spectively. The results are reproduced in figure 5.

Very similar results were obtained when the conditions were altered
so that the preliminary crystallization was carried out in each case at
—18° C, and the recrystallization at temperatures of —8°, —4°, 0°,
+1°, +2° and +4°C, respectively. The results are shown in
figure 6. The significance of these results is discussed in a later
section.
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F1cUuRrE 6.—Recrystallization of rubber after preliminary crystallization at —18° C.

The curves show the change of volume as a function of time at the temperatures indicated. The zero on
the ordinate axis represents, in each case, the volume of amorphous rubber at these temperatures. The
zero on the time scale represents the time at which the dilatometer was plunged into the bath at the tempera-
tures indicated. The dark circles represent the volume observed immediately after the attainment of
thermal equilibrium. The upper end of the melting range, as read from figure 4, corresponding to prelimi-
nary crystallization at —18° C is +4° C.

5. STARK RUBBER

When received in temperate climates, crude rubber is sometimes
found to be crystallized [28, 29] and to have a melting range above
room temperature. For convenience in the present discussion,
crystalline rubber having a melting range extending above 25° C
will be called stark rubber in accordance with the suggestion of
Pickles [51] and Whitby [72] as it is stiff and rather rigid at room
temperature. The use of such a term is not intended to imply any
essential fundamental difference between stark rubber and that
melting at lower temperatures. It is to be presumed, on the basis
of figure 4, that during the formation of the crystals in stark-rubber
conditions were such that the stark rubber was crystallized at temper-
atures higher than about 10° C. No cases, other than those in the
present paper, seem to have been reported in which the temperature
of crystallization was measured (or even estimated, within 10 degrees
centigrade) during the formation of stark rubber.

One sample of stark rubber, for which the authors are indebted to
H. I. Cramer, formerly professor at the University of Akron, was found
to have a melting range from about 32° to 39° C. When specimens
of this stark rubber were placed in a dilatometer and held at a tem-
perature of about 1° C for 48 days considerable additional crystalliza-
tion occurred, most of it within the first few days. When the specimens
were melted in the usual manner the curves shown in figure 7 were
obtained. The line between 16° and 32° C passes through the points
obtained before the stark rubber was held at 1° C for the additional
crystallization.

In another experiment, one end of a strip of stark rubber was
immersed in water at 50° C for a few minutes. The lower end was
thereby melted, whereas the upper end remained in the stark condi-
tion. When the whole strip was placed in a refrigerator at 1° C
for several weeks the lower end crystallized and could not be distin-



Crystallization of Rubber 499

L2

ng
o

110 G 9
g /
3 o ,{/ 1
9
d /08 U ¥t s
o oR pHO [ g2
S AM
$ MG’T/ 8 PaSigal: o
ST e ‘{
3 : RK flff"</
AN sT/ 0] 5°
K ED
< FaLLlZ
S 1041 i CRY>
Q 0 uRTH
v /o’gﬁ )

S5TA
1.02
-40 -30 -20 -10 0 10 20 30 40 50

TEMPERATURE, °C
F1gure 7.—Further crystallization and melting of a sample of stark rubber.

The specific volume of the sample as received is shown at A. It was cooled to B, where further crystalli=
zation occurred, reducing the specific volume to C. After cooling the sample to D, the temperature was
raised to E. The temperature was lowered to ¥, and then raised to room temperature at G.

guished by visual or tactual observation from the upper end. How-
ever, when the strip was allowed to come to room temperature the
crystals in the lower end melted, as would be expected from figure 4,
whereas the upper end remained stark.

IV. DISCUSSION OF RESULTS

1. RATE OF CRYSTALLIZATION

It should be recognized that the measurements reported here
regarding the rate of crystallization were all made on not more than
two or three specimens of smoked sheet that had been heated to 55°
C immediately before the crystallization. The conditions of prepara-
tion of the rubber from the latex undoubtedly have a considerable
influence on the rate of crystallization [42]. Uncoagulated latex
showed no volume change when kept in a dilatometer at 2° C over a
period of several months. This behavior confirmed previous observa-
tions in this laboratory [5]. Likewise, qualitative observation showed
that crystallization was extremely slow in a sheet of evaporated latex.
In this case crystallization appeared to take place most readily in
certain regions. This effect is similar to the “patchy crystallization”
described by Treloar [69], who reported that visual observations on a
sample of smoked sheet showed that neighboring portions crystallized
at widely different rates. No attempt was made in the present work
to investigate the exact reasons for such differences. Various factors
that have been reported to increase the rate of crystallization are
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residual stresses remaining after previous mechanical treatment,
moderate pressure [40, 65, 66, 77] and exposure to a beam of X-rays
[47]. Very high pressures may inhibit crystallization [18]. The
effect of previous thermal treatment on the rate of crystallization is
discussed in the sections dealing with recrystallization.

It would appear reasonable from theoretical considerations to sup-
pose that an increase of mobility of the atomic chains, brought about,
for example, by mastication of the rubber, would increase the rate
of crystallization. Although van Rossem and Lotichius [53] could
find only insignificant differences in the rate of crystallization with
increasing times of milling, Katz [35], Gehman [22], and Cotton [17]
all state that masticated rubber crystallizes more readily than un-
masticated. The reverse effect, a decrease in the rate of crystalliza-
tion caused by a decrease in the mobility of the chains on vulcanization
has already been described [8].

The rates of crystallization observed in the present work are in
reasonable agreement with observations of density by Bekkedahl
[5] and Treloar [69] at 0° C, by Smith and Hanna [56] at —20° C,
and by van Rossem and Lotichius [53] at 4° C and —10° C. Like-
wise, a similar rate can be calculated from observations of Young’s
modulus at 0° C made by Conant and Liska [16].

2. LOWER LIMIT OF TEMPERATURE OF CRYSTALLIZATION

It has been recognized for some years that rubber does not crystal-
lize at extremely low temperatures. No crystallization was evident
in a specimen [5] cooled at —259° C, or in another [52] held at —199°
C for 8 days. Other specimens [5, 49] were kept between —50° C and
—78° C for 3 weeks without the occurrence of crystallization but did
crystallize at —35° C and above. The present work serves to locate
more definitely the lower limit of temperature at which crystallization
is possible as about —50° C. Figure 2 shows that the rate of crystal-
lization has become negligible below this temperature. Here the
mobility is presumably insufficient to permit the orientation necessary
for the formation of crystals. The supercooling of rubber is similar
i_n t'lais respect to that of selenium [45], sulfur, and many organic
iquids.

3. UPPER LIMIT OF TEMPERATURE OF CRYSTALLIZATION

Crystallization has not been reported at the room temperatures
(usually above 20° C) normally maintained in American laboratories.
No evidence of it was noted in the present investigation when dila-
tometers were kept at room temperature over a period of a year or
more. In European laboratories, however, where the temperatures
are frequently near 15° C, the crystallization of rubber on storage
has been noted on a number of occasions [38, 44, 46, 52]. Cotton
[17], for example, states: ‘“When smoked sheet and crepe rubber have
been in storage for some time, they gradually harden and assume a
frozen condition. This is due to ecrystallization.”” In the present
work the highest temperature at which crystallization was observed
was 14° C. At this temperature, under the experimental conditions
described here, the time required for crystallization is of the order
of years. Crystallization at this temperature was continuing at an
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approximately constant rate when the experiment was discontinued
after 289 days.

The crystallization observed in European laboratories appears to
occur at & more rapid rate than this. Quite probably temperatures
lower than 15° C during the night initiated the crystallization, and
the crystals then formed were not melted near 15° C during the day.

It is possible to increase the rate of crystallization by varying the
previous thermal or mechanical treatment of the specimen, and thereby
forming more centers of crystallization. Consequently, it is likely
that the upper limit of temperature of crystallization shown in figure
2 Iglgmy be raised somewhat by the proper previous treatment of the
rubber.

4. TEMPERATURE AT WHICH CRYSTALLIZATION IS MOST RAPID

The rate of crystallization was found to be a maximum at a tempera-
ture near —25° C, as can be seen in figure 2. In the production of
the form of raw rubber known as ‘“cut sheet” or ‘“patent rubber”
[27] developed in Europe many years ago, rubber is crystallized so
that it can be cut into sheets. The rubber is often held at a tempera-
ture of about —5° for a few days in order to bring about the crystal-
lization. More recent books [9, 64] state that the rubber should be
held between —5° and —10° C for at least 6 days. No quantitative
study of the rates at different temperatures, as in the present work,
seems to have been reported previously.

5. MAGNITUDE OF THE VOLUME CHANGE ON CRYSTALLIZATION

The magnitude of the percentage decrease of volume on crystalli-
zation can be noted from curves of the type shown in figure 1. The
actual specific volume of the amorphous rubber varies with tempera-
ture, and can be read from curves like those in figure 3. The decrease
of specific volume on crystallization is of course found to be the same
as the increase of specific volume on subsequent melting. However,
it might be pointed out that the percentage decrease of volume is not
quite the same as the subsequent percentage increase of volume, as
they are fractions of different quantities. Furthermore, any com-
parisons must be made at the same temperature.

In most cases in the present work, the decreases of volume on
crystallization were found to lie between 2.0 and 2.7 percent. Re-
peated crystallizations of the same specimen under conditions that
were thought to be identical did not always lead to the same volume
changes. It seems possible that such variations are statistical fluc-
tuations occasioned by the growth of crystals from different centers
in different cases. There was an even greater variation in the de-
creases of volume when different specimens were studied, but in almost
all cases the values lay within the limits given. The exact value,
Withinlthese limits, seems to depend upon factors that were not under
control.

Values for this quantity, calculated from measurements of density
or specific gravity reported by previous workers [4, 5, 8, 14, 19, 31,
39, 53, 55, 56, 72] generally lie within the same limits, although a few
are somewhat lower. Holt and MecPherson [32] found a volume
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change of about 1.85 percent on stretching a specimen of vulcanized
rubber to an elongation of 700 percent at 25° C. Treloar [69], by
stretching unvulcanized rubber at 0° C, observed a volume decrease
of over 3 percent, the highest value reported. With unstretched pale
cx;e}ée he found a volume decrease of 2.3 percent on crystallization at
0° C.

Observations made in the course of the present work furnish no
data from which conclusions may be drawn as to the {relative amounts
of crystalline and amorphous material in a specimen.

Field [21, 24] has recently conducted X-ray studies of the propor-
tion of crystalline and amorphous components in stretched rubber,
and concludes that under favorable conditions about 80 percent of the
material is in the crystalline state, in agreement with an earlier study
by Meyer and Mark [43]. This value is considerably higher than
those estimated by Parks [50] and Wildschut [73] by other methods.
If reliance is to be placed on X-ray values, it would be very desirable
to conduct several parallel studies of crystallization by means of
X-rays and by means of observations of volume change. In this
manner the relation between the percentage decrease of volume and
percentage of crystalline material could be established.

6. MELTING OF CRYSTALLIZED RUBBER

The melting of the crystalline rubber is very much dependent on
the temperature at which the crystals have been formed, as can be
seen from figures 3 and 4. This conclusion seemed so surprising that
it was made the subject of a preliminary communication [7] based upon
only a part of the data reported in the present paper.

It can be seen that the higher the temperature of crystallization the
higher are the temperatures at which both the beginning and the
ending of the melting occur. The beginning of melting occurs at a
temperature of from 4 to 7 degrees above that at which the crystals
have been formed. For all temperatures of crystallization below
abo(l)ltc —35° C, the temperature at which melting is complete is about
—2° C.

The range of melting becomes narrower the higher the temperature
of crystallization, up to about 0° C; for crystals formed at temperatures
between 0° and 14° C, the range of melting is about 10 degrees; for
crystallization at higher temperatures no direct observations are
available, but the range is probably narrower, as it appears that stark
rubber has a somewhat narrower range of melting the higher the mean
temperature of the range.

The results presented here undoubtedly explain many previously
reported discrepancies in the temperatures of melting of crystalline
rubber. Unfortunately, in only a few cases have previous workers
specified the temperature at which crystallization occurred. The
variations in the melting have sometimes been thought to be connected
with the variety of rubber or the experimental method. In most cases
no explanation at all was attempted. Table 1 presents the results of
measurements of the melting temperatures of crystalline rubber, as
reported by previous observers. In those instances in which the
temperature of crystallization was reported, the only pronounced de-
viations from the results of figure 4 are in the few instances where the
crystals were formed from solution rather than from the bulk material.
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TABLE 1.—Melting temperatures of crystalline rubber previously reported
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A study of table 1 confirms the conclusion of the present investiga-
tion that there are not merely two forms of crystalline rubber, as has
sometimes been suggested [5, 17], but rather that crystals melting at
any temperature between about —40° and +45° C may be formed
in rubber by the proper choice of temperature for crystallization.
It is rather surprising that such a conclusion has not been already
drawn on the basis of the experimental data shown in table 1. The
assignment of a definite melting point or melting range to rubber in
general is thus seen to be without meaning in spite of the many invest-
igators who have hoped to do so [5, 13, 17, 30, 44, 48, 66]. A recent
writer [12] on the subject expresses considerable wonder at the vari-
ability of the melting point.

The temperature at which retraction of stretched rubber occurs
is sometimes associated with the melting of crystals formed on
stretching. Although the scope of the present investigation did not
include any measurements on stretched rubber, some of the results
may probably be safely applied to crystals formed by stretching.
For example, the influence of the temperature of crystallization on
the melting seems to furnish an explanation of certain effects observed
by Treloar [68] in the retraction of stretched rubber. He found that
the recovery temperature was dependent on the temperature at
which stretching was performed. Lacking the results reported here,
he said “One would not expect the melting point of the crystals to
depend on the temperature at which they were formed.”

Some years ago Van Rossem and Lotichius [53] made a rather
careful study of the crystallization of raw rubber. In the main, there
seems toj/be no disagreement between their experimental results and
those contained in the present paper. In one instance, it now seems
desirable to give to their results an interpretation different from that
one originally given.

This instance, which is one of the best-known of the conclusions of
van Rossem and Lotichius, is a statement that the melting tempera-
ture of one sample of stark rubber was 31° to 33° C in 1919 and had
become 35° to 37° C in 1927. An examination of the graph giving
the specific gravity values that are the basis for discussion shows that
the terms “melting temperature’” or ‘“‘melting point’’ were limited to
the steepest portions of the curves. The full melting range of the speci-
men observed in 1919 appears to extend from 28° to 35° C. The ob-
servations made in 1927 show that the melting range began at 34° and
extended above 40° C, the highest temperature atiwhich observations
were made. As the specimen measured in 1927 was not completely
melted at 40°, its specific gravity did not come down to the value
characteristic of the amorphous rubber, as did that of the specimen
measured in 1919, where melting was apparently completefat 35° C.
No indications were given regarding the temperature at which the
specimen was stored from 1919 to 1927. The observed change of
melting range could be explained on the reasonable assumption that
the temperature, at least part of the time, was between 28° and 34° C.
Crystals melting below 34° would then be melted, and recrystalliza-
tion at those temperatures would yield new crystals having a higher
melting range, as already described in the section on recrystallization.

Thus there seems to be no assurance that van Rossem and Lotichius
would have found a rise in the meeting range during storage at a con-



Crystallization of Rubber 505

stant temperature below 28° C. No such rise was observed in the
course of the present work. The actual phenomena observed by van
Rossem and Lotichius can then be explained in terms of the results
of the present paper, without recourse to speculative assumptions of
changes in crystal size or polymerization.

The considerations developed in the present work on the melting
of crystalline rubber have already been applied [75] to explain re-
sults obtained by Ruhemann and Simon [54] in measurements of
specific heat. It has been pointed out that the beta-anomaly they
observed can be explained as a phenomenon of crystallization under
the particular conditions of their experiments, without the assumption
of an anomaly characteristic of rubber in general. The volume-
temperature graphs they give for rising temperatures are of the same
form as those obtained in the-present work when the‘rate of tempera-
ture rise was slow enough to permit recrystallization and subsequent
melting at higher temperatures.

7. RECRYSTALLIZATION

A number of interesting conclusions may be drawn from the experi-
ments on recrystallization illustrated in figures 5 and 6. 1In the first
place, the rate of crystallization at a given temperature is much greater
than in the instances previously discussed, where the standard pro-
cedure called for heating to at least 55° C before each crystallization
to destroy possible centers of crystallization. An examination of
figure 1 shows that at 2° C after such treatment the change of volume
in the first 10 hours is about 0.05 percent. On the scales used in
figures 5 and 6 such a change would hardly be perceptible, and the
experimental points would lie on an almost horizontal line through
the origin. In the second place, the effects of the preliminary crys-
tallization in increasing the rate of subsequent crystallization extend
at least several degrees above the upper end of the melting range.
For example, it is clear from figure 6 ‘that the melting range does not
extend above 4° C, as the initial ordinate is zero for the recrystalliza-
tion at 4° C. The rate of recrystallization at 4° C is seen to be of
appreciable magnitude in comparison with the much lower rate that
is observed when the centers of crystallization are destroyed by
previous heating to 55° C.

The selection of a temperature of 55° C as being sufficient to de-
stroy centers of crystallization was based on the fact that it was 5 or
10 degrees above the highest temperature at which any crystals have
been reported in unstretched rubber, as noted in table 1. In numer-
ous experiments no evidence of any effect of previous thermal history
was found persisting in any sample after heating it to 55° C.

Attention should be called to the two different types of crystalliza-
tion curves shown in figures 5 and 6. At temperatures below the
upper end of the melting range, the rate of crystallization has its
largest value at the beginning and decreases with increasing time. At
temperatures above the upper end of the melting range, the rate of
crystallization is small at the beginning, increases with time to a
maximum, and, when observations are carried out over a sufficiently
long period, decreases again to a negligible value. The latter curves
are thus of the sigmoid type shown in figure 1. One can therefore
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conclude from figure 5 alone that the end of the melting range would
be at 0° C following crystallization at a temperature between —25°
and —28° C. From figure 4 this temperature is read as —28° C.

In terms of the usual conceptions of crystal growth, it is possible
to give a simple explanation of the difference between the two types
of curves. In accordance with the ideas of Tammann and others
[3, 23, 25, 33, 61, 62, 71], a crystal can be initiated only at certain
centers, or nuclei. The crystal, once initiated, grows from the
center at a characteristic rate, called the linear crystallization velocity,
until the available crystallizable material between it and the next
crystal is exhausted.

In the first instance, where crystallization represents merely
further growth of crystals already present, no additional centers of
crystallization are necessary. The rate of crystallization as measured
by volume change is therefore a maximum at the beginning and
decreases because of the exhaustion of crystallizable material. In
the second instance, crystallization at the beginning is slow because
of the lack of a sufficient number of centers from which crystals may
grow. Crystals start from the available centers, and more centers
are formed as time goes on [3, 26, 76]. Thus the rate of crystalliza-
tion increases at first, reaching a maximum, and then decreases again
with the exhaustion of crystallizable material.

At temperatures immediately above the upper end of the melting
range there remains of course no crystalline material. However,
centers of crystallization must persist at least several degrees above
the end of the melting range, because the rate of recrystallization at
these temperatures, as shown in figure 7, is much greater than is the
case when the centers of crystallization are destroyed by heating
them to 55° C.

8. NATURE OF THE CRYSTALS

The nature of the crystalline regions in long-chain high polymers
has been the subject of considerable discussion in recent years.
Alfrey and Mark [1, 2, 41], Bunn [10, 11, 12], Treloar 170], and Wood
[76] have summarized some of the ideas. It seems generally agreed,
for instance, that the structural units of the crystallites are not whole
molecules but rather kinetic units that are segments of chains. Conse-
quently, a single chain may contain segments that are units in two or
more different crystallites, joined by segments that are to be regarded
as part of the amorphous material.

The scope of the present paper does not include any attempt to
extend the detailed conception of the nature of the crystals on the
basis of the results obtained here. It has already been pointed out
elsewhere [76] that these results cast grave doubts on the acceptibility
of several theories proposed to account for the existence of a range of
melting. The field is still open for a theory that will logically and
satisfactorily explain two experimental observations reported here:
(1) that the range of melting is not dependent on the extent of crystal-
lization, and (2) that it is definitely determined by the temperature at
which crystallization occurs. ;

Crystals of a lower-melting type can be formed and melted in a
specimen already containing crystals of a higher-melting type, as
shown in the experiments illustrated by figure 7. It is rather remark-
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able that the presence of crystals of the higher-melting type appears
to have so little effect on the formation and melting of the lower-
melting crystals. It does appear that the two types must compete
for crystallizable material, as the total volume change does not exceed
3 percent in any case.

It cannot be emphasized too strongly that the sole important factor
in determining the melting range is the temperature at which crystalli-
zation occurs. Other conditions may alter the rate of crystallization by
a large factor ov the volume change during crystallization, as already
discussed, but the melting range remains the same. Even different
degrees of vulcanization [8] do not alter the relation between melting
range and temperature of crystallization. Thus the quantitative
results depicted in figure 4 are regarded to be of much more general
application than the other portions of the present investigation.

The experimental work described in this paper was performed
between 1940 and 1942, but war activities prevented earlier publica-
tion, except for a preliminary note [7] on the change of melting range
with temperature of crystallization.
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