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Abstract. This report presents an insightful investigation of the cold crystallization behavior of sulfur-crosslinked polybu-
tadiene elastomers. The influence of crosslink density on the cold crystallization activities of sulfur-crosslinked polybutadiene
rubber (BR) is investigated using differential scanning calorimetry, dynamic mechanical analysis, and X-ray techniques. A
significant increase in storage modulus (£) is observed at a temperature just above the glass transition temperature (7).
This behavior was found to be highly dependent on the crosslink density of the rubber. The dynamic mechanical behavior
of the sulfur crosslinked BR is supported by further studies using differential scanning calorimetry and low-temperature
X-ray diffraction. This study could contribute to a better understanding of the behavior of BR-containing tire tread rubbers

at lower temperatures.

Keywords: butadiene rubber; cold crystallization, low-temperature modulus, low-temperature X-ray diffraction, dynamic me-
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1. Introduction

Crystallization is a process by which molecular build-
ing blocks spontaneously organize into an orderly
three-dimensional structure to form a solid substance.
The crystallization behavior and crystallinity of poly-
mers are different from low-molecular-weight ma-
terials [1]. Long-chain polymeric molecules can con-
sist of both a ‘crystallizable part’ and a ‘non-crystal-
lizable part’ (amorphous part). The non-crystallizable,
amorphous part consists of chain ends, branching
points, twisting points, entanglements, and tie mol-
ecules [2]. If it is possible to maintain equilibrium
throughout the crystallization process and if the ini-
tial distribution of the crystallizable-amorphous frac-
tion is known, the equilibrium distribution of crys-
tallites as a function of temperature can be described
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by Flory’s theory [2]. Despite its popularity in poly-
mer physics, the clear and complete concept of the
polymer crystallization process has not yet been well
established [3—5]. The main reason for this fact is
that the process of crystallization depends on both
equilibrium (thermodynamically controlled) and non-
equilibrium (kinetically controlled) factors which are
very complex for polymeric materials [6].

Extensive works have been done to understand the
crystallization behavior of semicrystalline polymers.
A semicrystalline polymer is capable of crystallizing
not only from the molten state (known as melt crys-
tallization) but also from the glassy phase (known as
cold crystallization). Limited studies have been re-
ported on the cold crystallization behavior of poly-
mers compared to the melt crystallization behavior.
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Cold crystallization can influence the mechanical
properties of the products during their usage in real
environments. Above the glass transition tempera-
ture, cold crystallization can occur by the formation
of folded lamellar morphology and results in semi-
crystalline morphology at the nanometer level [7].
According to Wunderlich et al. [2], this is a random
type of crystallization that occurs without any redis-
tribution of molecules but allows only the neighbor-
ing amorphous state to crystallize. Due to the high
molecular weight and randomness, rubber molecules
are generally amorphous [8]. However, a few rub-
bery materials with high cis content show some ex-
ceptional behaviors regarding specific orientation
and crystallization induced by strain and/or low tem-
perature. Rubbery materials, namely polyisoprene
(natural and synthetic), polybutadiene (BR), hydro-
genated acrylonitrile butadiene rubber (HNBR), and
polychloroprene fall in that category [9—12]. In a re-
cent paper by Schawe et al. [13], the structural re-
laxation of HNBR in the glass temperature range is
discussed, where the tetramethylene unit (produced
by the hydrogenation of the butadiene unit of the
HNBR copolymer) offers the crystalline tendency at
glassy region. It is emphasized that a rigid amor-
phous fraction around the small crystallites limits the
further growth of the crystals [13].

It has been reported already that the rate of crystal-
lization of polybutadiene depends on the microstruc-
tural purity [14]. Polybutadienes with ~97% cis con-
tent show an almost ten times faster rate of crystal-
lization than the same material with ~90% cis content
[15]. The rate of the crystallization can be denoted as
crystallization half-time, the time required for the
crystallization of half of the crystallizable segments.
The value of crystallization half-time is calculated to
be infinite at glass transition temperature and equi-
librium melting temperature. In addition, the heat-
ing/cooling rate has been identified as a key param-
eter in controlling the crystallization/cold crystalliza-
tion behaviors of elastomeric systems [12].

Several techniques have been developed to study the
crystallization of semicrystalline polymers. Out of
them, differential scanning calorimetry (DSC) [16—
18], wide-angle X-ray scattering [7, 19], transmis-
sion electron microscopy (TEM) [20], atomic force
microscopy (AFM) [21], fluorescence spectroscopy
[22], infrared (IR) spectroscopy [16, 23] and vibra-
tional circular dichroism [24] are well-practiced.
There are very limited reports regarding the cold
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crystallization of rubbery materials. Besides, the
possibility of using mechanical characterization
methods (e.g., dynamic mechanical analysis, DMA)
to understand the cold crystallization behaviors has
been neglected throughout. The lack of a detailed re-
port on cold crystallization behaviors of rubbery ma-
terials and its dependency on the crosslink density
of the system have inspired the authors to investigate
the current domain.

The main aim of the current topic was to understand
the cold crystallization behavior of polybutadiene
rubber networks having different crosslink densities.
To follow the mentioned aim, butadiene rubber was
compounded with different amounts of crosslinking
chemicals and vulcanized. The compounds were de-
signed to show different crosslink densities. In order
to understand the effect of crosslink density on the
cold crystallization behavior of the system, the vul-
canized rubber compounds were characterized by
DSC, low-temperature X-ray diffraction, and DMA.

2. Experimental

2.1. Materials

Neodymium-catalyzed polybutadiene rubber (Buna
CB 24) with 96% cis content and Mooney viscosity
of 44 (ML (1+4) at 100°C) was procured from
LANXESS Deutschland GmbH (K6ln, Germany).
ZnO was procured from ACS reagent, while stearic
acid was purchased from Fisher Scientific GmbH
(Schwerte, Germany). N-cyclohexyl-2-benzothiazole
sulfenamide (CBS; Vulkacit CZ/ EG-C) was pur-
chased from Lanxess. Sulfur (S), and toluene (95%)
both were purchased from Thermo Fisher Scientific
(Geel, Belgium). All the rubber chemicals used for
the present study were of technical grade.

2.2. Mixing

All the mixing experiments were carried out in a lab-
oratory-scale two-roll mill (Polymix 110 L, size:
203%x102 mm, Servitech GmbH, Wustermark, Ger-
many) at 40°C. First, the rubber was masticated
(~1 min) and a uniform band was produced on the
front roll. The nip gap was adjusted (~1 mm) to ob-
tain a suitable bank on top of the mill. ZnO and
stearic acid (St. A.) were added and mixed with the
rubber for another two minutes. The curatives (CBS
and S) were then added to the bank and mixed for
further two more minutes until a uniform rubber
compound is formed. After complete mixing, the
compounded rubber was sheeted out and cooled. The
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Table 1. Formulation of a series of polybutadiene com-
pounds formulated with different amounts of cura-
tives; the formulations are given in parts per hun-
dred parts of rubber [phr] unit.

Sample name | Polybutadiene| ZnO | StA | CBS S
Sample 1 100 0.75 1
Sample 2 100 1.50 2
Sample 3 100 2.25 3

samples were then matured for 3—4 hours and sub-
jected to a rheological analysis using a rotorless vul-
cameter, Elastograph (Germany), at 150 °C. The op-
timum cure time was calculated from the respective
cure curves obtained from the vulcameter. The opti-
mum cure time was defined by the time required to
achieve 90% of the maximum-observed cure torque
as obtained from the vulcameter. The rubber com-
pounds were then cured with respect to their cure
times using a hot press (Fontijne Holland, Model
TP400, Delft, The Netherlands), operating at a tem-
perature of 150°C temperature and a pressure of
15 MPa. A square shape picture frame mold was used
to shape the materials. Depending on the specific
gravity of the material and the geometry of the mold
an appropriate amount of material was placed inside
the mold, resulting in a 1.9-2.1 mm thick rubber
sheet. The recipes for all the rubber samples are
shown in Table 1. It is worth noting that the ratio be-
tween the curing agents (CBS and S) remained the
same throughout the formulation of the different rub-
ber compounds.

2.3. Crosslink density

A small piece (0.10+£0.02 g) of a square-shaped
cured rubber sample was kept in toluene (~20 ml) in
a stopped bottle. The solvent was changed after every
24 hours, and the swollen weight of the sample was
noted. After the equilibrium swelling was reached
(which was confirmed by the same weight of the
rubber samples for two consecutive days), the sam-
ples were taken out, the excess solvent was wept by
blotting paper, and the swollen weight was noted.
The sample was then dried (at 60°C in an oven for
6—8 hours) and weighed again. The crosslink density
was estimated by the Flory-Rehner equation [25—
27], as described in Equation (1):

_ -~ =V)+V+yV? P,

K 7o

where v, is the effective number of chains in a real
network/unit volume, V; is the polymer volume
fraction in a swollen network in equilibrium with
pure solvent and can be calculated using Equa-
tion (2). x is designated as polymer-solvent interac-
tion parameter and V; is the solvent’s molar volume.
The molecular weight of the polymer segment be-
tween two successive crosslinks (M) can be ex-
pressed as a ratio of the density of the polymer (p, =
0.91 g/cm?) and the crosslink density of the com-
posite [28]:
Weight of dry rubber
Density of rubber

Vr = Weight of dry rubber + Weight of absorbed solvent (2)
Density of rubber Density of solvent

2.4. Differential scanning calorimetry

The cured rubber samples were subjected to a calori-
metric study using a differential scanning calorime-
ter (DSC), Q2000 V24.11 (TA Instruments, USA).
The studies were performed with ~10+2 mg of cured
samples using standard aluminum pans in an inert
atmosphere of nitrogen. The experiments were con-
ducted in a temperature range of —90 to 100 °C with
a heating/cooling rate of 3 °C per minute. The sam-
ples were first cooled from room temperature to —
90°C, then successive heating, cooling, and heating
cycle were performed for all the samples.

2.5. Low-temperature X-ray scattering
Low-temperature X-ray scattering experiments were
carried out using a XEUSS X-ray scattering system
from Xenocs (operated at 50 kV and 0.60 mA) in
transmission geometry using Cu K, radiation (wave-
length, A = 1.54 A). The distance between the sam-
ple and detector was calibrated using a silver behen-
ate. The scanning was carried out at different temper-
atures using a hot stage fitted with liquid nitrogen-
flowing equipment. The degrees of crystallinity, ¥,
of different samples were calculated using Equa-
tion (3) [29]. The size of the crystallites were esti-
mated using the Scherrer equation [30], with a value
of the Scherrer constant of 0.9 [31]:

AC
Xe ™A +A, 3)

A. and A, are the areas of the crystalline peak and
the amorphous signal, respectively, from the decon-
voluted X-ray plots.
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2.6. Dynamic mechanical analysis

The samples for dynamic mechanical analysis were
punched out from the cured rubber sheet with a di-
mension of 10x5+0.1%2+0.1 cm (LxBxT) using an
internally customized die. The samples were then
conditioned for 16-20 hours at 2343 °C before the
experiment. Temperature sweep experiments were
performed in tensile mode using a dynamic mechan-
ical analyzer GABO EPLEXOR®™ (Netzsch, Ger-
many) with a 2000 N load cell. The measurements
were carried out within the temperature range of
—120 to +80 °C with a heating rate of 2°C/min at a
frequency of 10 Hz under 1% static and 0.2% dy-
namic strain (strain-controlled mode). The samples
were first cooled from room temperature to —120 °C,
then the experiments were carried out. A soaking
time of 60 s was provided to allow the sample to
equilibrate with the starting temperature before the
start of each cycle.

2.7. Plotting and data interpretation

OriginPro 2019b was used to plot all the results. The
inbuild ‘Gaussian’ function in that software was used
to perform the deconvolution of low-temperature
X-ray scattering plots. The deconvoluted plots were
then used for the calculation of the degree of crys-
tallinity and size of crystallites.

3. Results and discussion
3.1. Crosslink densities of different rubber
samples

All the cured rubber samples were subjected to
crosslink density measurement via the equilibrium
swelling method taking toluene as the solvent (molar
volume ¥} = 106.3 cm?/mol). The value of the poly-
mer-solvent interaction parameter (y = 0.34) was
used in the calculation as referred in previous reports
[32, 33]. The values of the estimated crosslink den-
sities and the values of the molecular weights be-
tween the successive crosslinks of all the samples
are collected and tabulated in Table 2. From Table 2,
a change in the order of magnitude of crosslink den-
sities can be observed. As expected, the values of

crosslink densities of the samples are proportional
to the content of curatives in the formulation.

3.2. Differential scanning calorimetric
analysis of different cured rubber
samples

The cooling and the second heating curves as obtained

from DSC measurements are shown in Figure 1,

where the cooling cycles are denoted by dotted lines,

and the heating cycles are denoted by solid ones.

During the cooling cycle, exothermic peaks (around

—60 to —45°C) associated with melt crystallization

were observed for Samples 1 and 2. Sample 1 showed

a sharp crystallization peak (FWHM = 11.3), while

the crystallization peak for Sample 2 was found to

be broad (FWHM = 17.9). The sharpness of the
exothermic peak may indicate the homogeneity of
the crystal structure. During the second heating
cycle, exothermic peaks associated with cold crys-
tallization were observed (around —66 to —55 °C) for

Samples 2 and 3. The width of the cold crystalliza-

tion peak for Sample 2 and Sample 3 were found to

be comparable (FWHM for Sample 2 = 11.3 vs.

Sample 3 = 11.6). The exothermic peak of cold crys-

tallization was found to be followed by an endother-

mic peak (around —30 to —15 °C) for all the samples,

P Sample 1
044 Cry/stall|zat|on Sample 2
| \ // Sample 3
= | ‘/7
= ’/‘
o 0.24 /o
= Zl
2 2N
L ///>~\-—-—_::::::—-=—|
3 12/  —---==7 w
= /.
5 0.0z
8 |
[
Cold AN
024 crystallization Melting
T T T
-50 0 50 100

Temperature [°C]

Figure 1. Cooling and second heating cycles of polybutadi-
ene rubber samples with different crosslink densi-
ties as obtained from DSC studies. The cooling
curves are shown by the dotted lines where the
heating curves are designated by solid lines.

Table 2. Crosslink densities of cured polybutadiene samples containing different amounts of curatives.

Crosslink density Average molecular weight between two successive crosslinks
Sample name 3
[mol/cm?] [g/mol]
Sample 1 8.8-107°+2-10°° 10300+350
Sample 2 19.0-1073+1-10°¢ 4800+48
Sample 3 22.6:10°+1-10° 4000430
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which might denote the melting of the crystals. As-
sociating the exothermic peak intensities with the
percentage of crystallinity, a decreasing tendency of
the percentage of crystallinity was observed from the
figure as a function of crosslink density. It can be ar-
gued that due to the increased crosslink density, it
was difficult for the rubber chains to organize them-
selves to attain regular structures. The argument can
be supported by the almost negligible peak intensity
of crystallization for Sample 3 during the cooling
cycle. On the other hand, with the lowest crosslink
density, it was most favorable for the molecules of
Sample 1 to form the crystalline domains, which was
reflected by the highest exothermic peak intensity
during the cooling cycle.

Due to the constraints imposed by the crosslinked
structure, the molecules of the highly crosslinked
samples (Sample 2 and Sample 3) were unable to
align during the cooling cycle. Because of this in-
ability, the molecules tend to orient themselves dur-
ing the heating cycle. It is possible that due to the
low degree of crosslinking, the molecules of Sample 1
crystallized during cooling and no cold crystalliza-
tion was observed during the heating cycle. The mo-
lecular mobility caused by the thermal energy has
contributed to the more crosslinked molecules ar-
ranging themselves in regular order and achieving a
kind of crystallinity. This phenomenon can be related
to cold crystallization. As the process is kinetically
limited for Sample 3, the cold crystallization peak
appears at a higher temperature for this sample. It
should also be noted that a higher chance of crystal-
lization during the cooling cycle is associated with
a lower chance of cold crystallization during the
heating cycle.

This statement can be supported by the values of en-
thalpies tabulated in Table 3, where it is shown that
the sum of the enthalpy of melt crystallization (AH.)
and the enthalpy of cold crystallization (AH1q) is
equal to the melting enthalpy (AHci). The melting
enthalpy can be regarded as a measure of the overall

percentage of crystallinity. With the lowest crosslink
density, Sample 1 shows the highest percentage of
crystallinity as shown in Table 3.

3.3. Low-temperature X-ray diffraction
studies of different cured rubber samples

Low-temperature X-ray diffraction studies were con-
ducted to understand the effect of crosslink density
on the cold crystallization behavior of polybutadiene
elastomer. The study was conducted within the tem-
perature range of —100 and 20°C. The diffraction
patterns were recorded at a regular interval of 20 °C
while heating the melt-cooled samples and are re-
ported in Figure 2. Two distinct peaks corresponding
to the crystalline domains of the crosslinked polybu-
tadiene elastomer at 20 of 19° and 22.7° can be seen
in the diffraction patterns of the individual samples,
which is consistent with the previous report [33].
The peak at 20 of 19° corresponds to the crystal plane
of (020), while the other one (22.7°) corresponds to
the (110) plane. Among the studied samples, Sam-
ple 1 was found to be the most crystalline, while the
percentage of crystallinity was observed to decrease
as a function of the crosslink density of the elas-
tomeric samples. As observed in DSC thermograms,
the melt-cooled samples crystallized upon cooling,
and no cold crystallization was observed during
heating in the case of Sample 1. It was found that the
peaks corresponding to the crystalline domains of
Sample 1 decrease with increasing temperature and
disappear beyond the temperature of 0°C. The dis-
appearance of the characteristic peaks may corre-
spond to the melting of the crystalline domains of
Sample 1. Sample 3, on the other hand, was found
to show no crystalline peaks at the beginning; how-
ever, the characteristic peaks of crystalline polybu-
tadiene domains appeared upon heating. The two
distinct peaks at 26 of 19.0 and 22.7° were clearly
observed when the temperature was raised to —60 °C
(from —80°C). The appearance of the mentioned
peaks may correspond to the cold crystallization of

Table 3. Enthalpy values for crystallization, cold crystallization, and melting for the crystalline domains, along with the re-
spective transition temperatures for a series of cured rubber samples of different crosslink densities.

Enthalpy of crystallization | Enthalpy of cold Melting enthal
Sample | (during the cooling cycle), | crystallization, Tmert Teryst Teorderyst | AHery + AH o1 AgH Py
name Ay N ecl | orCl | rc) /el Wil
[J/g] [J/gl
Sample 1 29.02 0.38 -31 -32 —68 29.40 26.03
Sample 2 13.54 8.50 -36 —44 78 22.04 22.53
Sample 3 0 16.80 —40 N.A. =70 16.80 17.65
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Figure 2. Low-temperature X-ray analysis of a series of cured polybutadiene rubber samples with different crosslink densities,
showing different cold crystallization behaviors: a) Sample 1, b) Sample 2, ¢) Sample 3.

the crosslinked polybutadiene elastomer. The crys-
talline peaks were found to disappear beyond —20 °C
for Sample 3. These observations are in good agree-
ment with the DSC data. The cold crystallization be-
havior was also observed for Sample 2; the crys-
talline peaks appeared upon heating (at —80 °C) and
disappeared beyond —20 °C. The order of disappear-
ance of the crystalline peaks follows the same trend
of melting endotherms as observed during the DSC
analysis, Sample 3 the first and Sample 1 at a higher
temperature. As discussed previously, the higher the
crosslink density, the higher the chance of cold crys-
tallization for elastomeric samples, which can be
observed during low-temperature X-ray diffraction
studies. At the same time, with the highest crosslink
density, Sample 3 was found to require a higher
amount of thermal energy to orient the polymer
segments, which is in line with the previous obser-
vations.

The low-temperature X-ray plots were further de-
convoluted to isolate the crystalline peaks and the
amorphous signal. As an example, the deconvoluted
plot of Sample 2 at —60 °C is shown in Figure 3. The
full width at half maxima (FWHM) and area of the
deconvoluted plots were extracted from each decon-
voluted X-ray image and used to calculate degree of
crystallinity (y.) and the size of crystallites. The
Scherrer equation was used to estimate the size of
the crystalline domains. The estimated results are
gathered and shown in Table 4. From Table 4, the
largest crystallite sizes can be observed for Sample 1
(~18 nm crystals with (020) plane and ~11-12 nm
crystals with (110) plane), while the smallest crys-
tallite sizes were observed for Sample 3 (~15 nm
crystals with (020) plane and ~8-9 nm crystals with
(110) plane). The largest size of the crystalline do-
main can support the DSC observation of the highest
melting temperature along with the broadest melting
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Table 4. Degree of crystallinity and size of the crystalline domains for a series of cured rubber samples of different crosslink

densities.
Sample 1 Sample 2 Sample 3
Temperature Crystal size | Crystal size Crystal size | Crystal size Crystal size | Crystal size

[°C] Xe (020) (110) Ye (020) (110) Ke (020) (110)
[nm] [nm] [nm] [nm] [nm] [nm]
-100 0.27 18.52 13.32 0 N.A. N.A. 0 N.A. N.A.
—80 0.28 18.10 12.88 0.19 14.74 9.70 0 N.A. N.A.
—60 0.29 17.69 12.47 0.26 15.61 9.47 0.26 14.74 8.83
—40 0.25 18.96 10.62 0.24 16.25 9.47 0.22 15.31 9.14
-20 0.11 18.10 11.39 0 N.A. N.A. 0 N.A. N.A.
0 0 N.A. N.A. 0 N.A. N.A. 0 N.A. N.A.
20 0 N.A. N.A. 0 N.A. N.A. 0 N.A. N.A.

endotherm for Sample 1. A linear proportionality can
be observed for the crystal size and the melting tem-
perature as observed by DSC. The degree of crys-
tallinity for all the samples, regardless of the cross-
link density, was found to be maximum at —60 °C.
This can be due to the cumulative effect of the crys-
tallinity and cold crystallinity of the sample at this
temperature. For Sample 1, the degree of crystallini-
ty was found to decrease above a specific tempera-
ture (—40 °C) and disappeared after 0 °C. On the con-
trary, for other samples, the degree of crystallinity
increased upon heating due to cold crystallization,
and disappeared after —40 °C. The results are in line
with the observations of the DSC analysis.

3.4. Dynamic mechanical analysis of different
cure rubber samples

All samples with different crosslink densities were

subjected to dynamic mechanical analysis (DMA).

Original plot (Sample 2 at —60°C)

Deconvoluted (020) peak

Deconvoluted amorphous signal

Deconvoluted (110) peak

— — - Comulative peak fit (using Origin Gauss function)

Intensity [a.u.]

12 14 16 18 20 22 24 26
26[°]

Figure 3. Deconvoluted peaks and cumulative peak fit for
Sample 2 at —60°C as an example for a series of
polybutadiene rubber samples with different cross-
link densities.

The experiments were carried out in a strain-con-
trolled mode of DMA [9]. The temperature response
diagrams are shown in Figure 4. A glass-rubber tran-
sition for the crosslinked rubber samples can be ob-
served at about —90 °C. With the highest percentage
of crystallinity, Sample 1 showed a minimal de-
crease in storage modulus during the glass-rubber
transition, while Sample 3 showed the largest de-
crease. The decrease in storage modulus was then
followed by an increase in storage modulus for Sam-
ples 2 and 3 (at =70 to —60 °C). This unusual in-
crease in storage modulus after the glass transition
temperature may be associated with the formation of
crystalline domains during the process of cold crys-
tallization. With the highest number of crosslinks,
Sample 3 shows the highest degree of cold crystal-
lization, as previously observed (DSC and low-tem-
perature X-ray studies). Followed by the increase of
the modulus for Sample 2 and 3, another drop of

——— Sample 1
——— Sample 2
Glass-rubber transition — Sample 3
1000 4 -

©

o

=

‘_g 1004 Melting of crystalline part

3

9]

€

o

(o))

o

2

n 104

-100 -50 0 50 100
Temperature [°C]

Figure 4. Dynamic mechanical analysis of a series of cured
polybutadiene rubber samples with different cross-
link densities, showing different cold crystalliza-
tion behaviors during the glass-rubber transition.
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storage modulus (at —27 to —15 °C) was observed for
all the samples. The second drop can be associated
with the melting of the crystalline domains. It is
worth noting that the sample with the lowest
crosslink density showed the highest modulus at low
temperatures (<—10°C). Crystallinity may be the
leading factor behind the high modulus of the low
crosslinked samples at low temperatures. The order
of storage modulus of the samples was found to be
reversed at a higher temperature. The highest mod-
ulus was found for the sample with the highest
crosslink density at room temperature, as expected.

4. Conclusions

Polybutadiene rubber with high cis content was com-
pounded with sulfur crosslinking agents to form rub-
ber composites with different crosslink densities.
The samples were then subjected to DSC, low-tem-
perature X-ray diffraction, and DMA analysis. In the
studies, a characteristic and interesting behavior dur-
ing cold crystallization, influenced by the crosslink
density, was observed. The rubber compound with the
lowest crosslink density showed the highest amount
of crystallinity and the lowest degree of cold crys-
tallizability, and vice versa. The sudden increase in
stiffness of highly crosslinked rubber samples when
heated from sub-ambient temperatures to room tem-
perature can be attributed to the cold crystallization
of the BR chains. In addition, the samples with low
crosslink density were found to have a high modulus
below —10°C, as an effect of a sufficient number of
crystalline domains but a low modulus at room tem-
perature. The incorporation of reinforcing fillers and
the introduction of different curing systems (perox-
ide, different S-curing systems with different S to ac-
celerator ratio) may alter the cold crystallization be-
havior of polybutadiene. A separate study can be
envisaged to understand all these effects.
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