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Diffusivity of an SBR Vulcanizate
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ABSTRACT: There are few investigations of the influence of filler dispersion on the
thermal diffusivity of carbon black rubber compounds. In this article, experimental
results of a cured styrene—butadiene rubber (SBR) compound are presented in the
range of temperatures between 210 and 350 K at four levels of dispersion obtained in
a laboratory mill. The results of thermal diffusivity measurements are discussed in the
frame of competitive mechanisms appearing during mixing and involving the break-
down of agglomerates into aggregates and particles in the rubber matrix. © 1999 John
Wiley & Sons, Inc. J Appl Polym Sci 72: 1379-1385, 1999
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INTRODUCTION

In a recent article, we presented an improved
method for the determination of the thermal dif-
fusivity of elastomeric compounds. By using this
method, the thermal diffusivity can be estimated
through the glass transition range.!

The determination of the degree of cure during
vulcanization and of the thermal behavior of a
vulcanized sample during its use are important
objectives in the design of the material. For this
purpose, the general differential equation for the
transient conduction of heat, defined as
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must be solved in order to obtain the temperature
0 at any time considering the geometry and the
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boundary conditions of the sample. In eq. (1), p, c,
and % are the density, specific heat, and the ther-
mal conductivity of the material, respectively. @
is the reaction heat up to time ¢. Knowledge of the
thermal parameters, %, ¢, and @ are essential for
the correct prediction of the behavior of the ma-
terial in a given situation.

When a completely cured elastomeric com-
pound is considered (d@/dt = 0), eq. (1) can be
rewritten in the one-dimensional case as
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where a = k/cp is the thermal diffusivity of the
material. This parameter relates the energy flux
to the energy gradient.

According to the literature, the thermal prop-
erties of elastomeric compounds depend on the
temperature.>~® There is evidence, in respect to
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Table I Compound Composition

Ingredient phr
SBR1712 137.5
Carbon black N339 50.0
Aromatic oil 5.0
Zinc oxide 3.0
Stearic acid 1.5
Antioxidant 1.5
Paraffin 3.0
TBBS 1.0
Sulfur 2.0
PVI 0.1

filled rubber compounds, that a decreases at high
temperatures from 125 to 350 K and a step
change in diffusivity appears at the glass transi-
tion temperature.!

The mechanical performance of vulcanized
samples is very dependent on its process history.
In fact, mechanical moduli, fatigue life, and ten-
sile strength are properties of the compound that
limit its use. In the case of carbon black-filled
rubbers, the dispersion of the filler in the polymer
matrix is one of the most important facts to be
considered when optimum mechanical properties
are desired for the compound. Although there are
several investigations dealing with the influence
of carbon black dispersion on the mechanical
properties of compounds, there is no similar
knowledge in the area of the thermal properties.”
The aim of this article was to present some exper-
imental evidence of the influence of the dispersion
level on the thermal diffusivity of a carbon black-
filled styrene butadiene rubber (SBR) in the
range of temperatures between 125 and 350 K.

EXPERIMENTAL

Materials

In this work, an SBR compound was prepared
with the composition given in Table I. The com-
pound was mixed in a Farrel mixer of 1.5 L at 296
K, with cold running water, at 77 rpm and a ram
pressure of 700 kPa. A masterbatch was prepared
without the curatives with the following cycle: 0
min, elastomer; 1 min half of black; 2 min rest of
black and rest of ingredients; 3-min sweep; and
dump at 478 K.

Curatives were added to the masterbatch in a
two-roll mill with the rolls at 323 K. The mill used
in this work has a size of 150 X 250 mm, with a
speed of the slow roll of 24 rpm and a ratio be-
tween the slow and fast rolls of 1:14. The com-
pound was banded in the roll mill and three cuts
from alternate ends were made allowing 20 s be-
tween each cut. The mixing cycle was concluded
by passing the rolled batch endwise through the
mill six times with a nip gap size of 0.8 mm.

Once this stage was completed, four batches
were prepared at several mill-mixing times in
order to achieve different levels of carbon black
dispersion. Batch a was banded at 0.42 min; batch
b, at 1.78 min; batch ¢, at 3.80 min; and batch d,
at 5.23 min. In each case, the batch was finally
passed four times through the mill at a setting of
2 mm to give a final sample thickness of about
5 mm.

Rheometer curves were performed in a Mon-
santo MDR2000 at 433 K. The values obtained for
all the samples in minimum and maximum
torques are given in Table II. The cure time to
achieve the maximum torque of the rheometer
curve, t190%, was also determined. The Mooney

Table II Characteristic Values of the Different Batches

Minimum Maximum
Torque® Torque®
Mixing Time ML1 +14 (N m) (N m) Q (N m) Resistivity® Dispersion
Batch (min) min?® (1071 (1071 (10™hH (kQ m) Grade?
a 0.42 38.0 1.17 9.11 7.94 7.1 5
b 1.78 37.5 1.11 8.87 7.76 9.8 6
c 3.80 36.0 1.05 8.22 7.17 14.0 6
d 5.23 35.5 1.05 8.15 7.10 15.6 7

# Mooney viscosity at 373 K.

® Rheometer at 423 K.

¢ Resistivity measured at 343 K at 4 min.
4 According to Phillips scale.’



viscosity at 373 K was measured at 4 min with a
Monsanto MV2000 and the results are also given
in Table II.

The aging of uncured compounds alters the
filler network and these changes can be verified
using resistivity measurements.® To avoid this
situation, the samples used in our measurements
were cured as soon as possible after the batch
achieved room temperature once the mixing was
finished.

Sample sheets of 150 X 150 X 2 mm were cured
at 433 K up to time ¢14g4. This fact guarantees
that all the vulcanization reaction took place and
there will not be reaction heat generation during
the measurement of the thermal diffusivity. The
density of the vulcanized compound was 1.095
g/em?.

Dispersion Characterization

The dispersion grade was measured in our sam-
ples using microscopy techniques. The obtained
values are given in Table II, according to the
Phillips scale normally used for carbon black in
rubber compounds.® The Phillips method is based
on a comparative visual analysis of test surface
structures in relation to reference pictures.

For evidence of the different levels of carbon
black dispersion, resistivity measurements were
also performed on uncured samples at 343 K with
the device presented in ref. 8. The resistivity cell
has a heater and an integral derivative tempera-
ture controller in order to maintain the test tem-
perature at =0.5 K.

The resistivity cell is assembled in an Instron
4201 in order to apply a pressure of 7.75 MPa over
the sample during the resistivity test. A Basic
program was use for controlling the pressure ap-
plied to the sample by the mechanical device. The
mean resistivity and its standard deviation, mea-
sured at 4 min of the test, are given for each
sample in Table II.

Thermal Diffusivity Device

The apparatus used in our tests was presented in
refs. 1 and 6. A schematic diagram is given in
Figure 1.

Four samples, 80 mm in diameter and 2 mm in
thickness, are cut from each vulcanized sheet.
These disks are placed together, and three ther-
mocouples, T, T3 and T,, are sandwiched be-
tween them for monitoring the temperatures in
the center and the intermediate positions of the
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Figure 1 Schematic diagram of the thermal diffusiv-
ity measurement system. The location of the thermo-
couples is shown.

device. The overall thickness of 8 mm is main-
tained by two specially made plates of brass,
which are bolted together. Two thermocouples, T';
and T are sandwiched between the brass plates
and the samples for monitoring the surface tem-
perature. The five thermocouples are arranged so
that their junctions lie as closely as possible to the
axis of symmetry of the device. The thermocouple
wires were of iron—constantan with a 0.2 mm
diameter.

For measurements at low temperatures, the
device is sandwiched between two heat-sink
plates, which are air-liquid-cooled using a con-
trolled flow rate. From room temperature up-
ward, the apparatus is immersed in an oil bath,
which is heated continuously by electric immer-
sion heaters while the oil is stirred vigorously. No
temperature control is needed at either low or
high temperature, but we applied a temperature
heating rate of around 0.15 K/s. Thermocouple
data were recorded by a PC AT286 with a
Keithley DAS8/PGA 12 bit A/D conversion board
using a customized acquisition program.

With the purpose of improving the procedure,
we used the following method'®: If n temperature
measurements were registered in a time interval
At, a central value was taken in this interval, and
to determine the temperatures corresponding to
this value, the following least-square fit was used:

E}= 2 [f(t) — 0] (4)

=1

where 0; is the recorded temperature at time ¢;
and f is the fit function. A data sampling rate of
100 s ! and A¢ = 10 s was used, and for simplic-
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Figure 2 Variation of the thermal diffusivity with
temperature for the different batches.

ity, f was chosen as a second-order polynomial in
time.

To obtain the thermal diffusivity, the reduction
of eq. (3) to a suitable finite difference equation
results in

km+1n
(9m+1,n - 20m,n + Om—l,n) + k =1

1 (Ax)?
T (Gm,nJrl - Gm.,n) (5>

(0m+1,n - Bm,n) =

am,n
where the coordinates of a typical grid point are x
= mAx and ¢ = nAt, with m and n integers. If the
effect of the conductivity term in eq. (3) is not
taken into account, then the error in the thermal
diffusivity is low.! The thermal diffusivity results
can be obtained from processing the thermocouple
data. The results presented in this article were
achieved through off-line processing of the re-
corded thermocouple data.

From eq. (5), the thermal diffusivity was esti-
mated as

. (Ax)z 9m,n+1 - Gm,n
a At 0m+1,n - 29m,n + 6m*l,n

(6)

A

In our test, we used the temperature values ob-
tained at positions T, T3 and T, of the cell (Fig.
1) for calculating the thermal diffusivity using eq.
(6).

RESULTS

The curves of the thermal diffusivity obtained
from the temperature data are shown in Figure 2

for batches a, b, ¢, and d. In all the cases, the
diffusivity decreases with increasing tempera-
ture; however, there is a steep decrease around
the temperature of 230 = 2 K which is associated
with the glass transition temperature (7, of the
compound. From this figure, it can be appreciated
that there is no influence of the compound mixing
time on the glass transition temperature.

In comparing the diffusivity values for all the
samples analyzed, higher values are obtained at
higher mixing times. A comparative graph is
given in Figure 3 at four temperatures above and
below the T,. Moreover, it is easy to see that the
effect of the dispersion on « is lower at higher
temperatures.

Now, we can deduce the error in the diffusivity
measurements considering the linear form of eq.
(3). If we designated 0 and & as the estimated
temperature and diffusivity, we would want to
obtain an estimation of the difference of a — &. If
» = 0 minus; 6, we verify that'!

ow 82w+a—daé
at Yo x? a ot

with @ = 0 for # = 0 and j =1 and j = 5. Then,
using the Fourier series

n? 2
X exp[—a(t—s)Jri

n J.
7 X 0, (s) ds

where 6, (s) are the Fourier coefficients 6,. Consid-
ering L the height of the sample and using the
Parseval equality, we can write
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Figure 3 Influence of the degree of mixing on the
thermal diffusivity above and below T..
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Figure 4 Comparison between experimental and nu-
merical data for time—temperature curves in the center

of the sample.
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To deduce the error in the diffusivity measure-
ment, we proceed as in ref. 6, and we obtain that

T I
J j | w(x, t) |* dx dt
2 Jo o
=
T t 5
j |J 0, (s) ds |* dt
0 0

Using the estimated diffusivity, we recalculate
the temperatures in the center of the specimen,
considering variable boundary conditions from
the variation of temperatures 7; and Ty with
time.

As an example, Figure 4 shows excellent agree-
ment between the measured and recalculated
temperatures for batch a. By using these curves
and the relationship given by eq. (7), one finds
that the relative error of the diffusivity was ap-
proximately 102,

(7

DISCUSSION

Thermal transport in materials is due to elec-
tronic transport and the frequency of the atomic
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vibrations. These quanta of the thermal vibration
energy are called phonons. In ordinary organic
polymers, as opposed to metals and alloys, heat
transfer takes place mainly by atomic vibrations.
For this reason, thermal diffusivities are much
lower in polymers.

Since electronic effects are virtually absent in
most polymers, the thermal conductivity of these
materials could be approached by using the Debye
equation

k=zCvA (8)

QW=

where C is the specific heat capacity per unit
volume; v, the average phonon velocity; and A, the
phonon mean free path. According to Debye, the
phonons or the elastic waves are scattered at the
inhomogeneities of solid bodies and they are at-
tenuated along their paths. The quantity A is
related to the length where the intensity falls by
/e

In amorphous polymers, the mean free path
length is in the range of atomic distances and,
then, the phonons are scattered by each lattice
point.* Considering the definition of thermal dif-
fusivity and eq. (8), it is easy to obtain

a= v\ 9)

where cp is considered to be related to C in eq.
(8).12

The addition of fillers in the amorphous poly-
mer introduces another scattering mechanism in
the compound. In the case of black dispersion in
rubber compounds, some authors speculated that
there would be a measurable effect on thermal
properties.>1?

Let us consider the mixing process in rubber
compounds. First, the carbon black agglomerates
enter the rubber and then the black is dispersed.
In this stage, some breakdown of the agglomer-
ates into aggregates, and these into particles,
takes place as a result of the high shear stress
attained during the mixing. A continuous net-
work of carbon exists and is formed with many
interaggregate contacts, leading to an increase in
electrical conductivity.

Ramani and Vaidyanathan,'® using the finite
element method (FEM), performed simulations of
this stage. They developed a method to predict
macroscopic effective thermal conductivity of a
filled compound. They concluded that, from the
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agglomerate to network formation, thermal con-
ductivity increases.

Simultaneously, the aggregates and particles
are dispersed throughout the rubber. This process
involves the fracture of pellets and of the rubber-
filled pellet fragments or agglomerates and suc-
cessive peeling away of the outer layers of the
aggregates. Continuous mixing decreases the
number of contacts and increases the average
separation of aggregates and particles from each
other.'® During these processes, the average di-
ameter of the aggregates decreases with a logical
increase in the number of particles and smaller
aggregates.

The effect of the reduced particle diameter on
thermal conductivity was analyzed by Nakai et
al.’® They presented experimental results and
FEM and Monte Carlo (MC) simulations of the
thermal conductivity in a compound of Ag parti-
cles in epoxy resin. They found that at a constant
filler content thermal conductivity increases at a
lower particle diameter.

A consequence of the mixing is an increase in
the interfacial area associated with the second
phase present in the compound. The interfacial
area can be thought as of a defect in the com-
pound that causes diffusive scattering of the pho-
nons. These interfaces are known to decrease the
phonon mean free path A and thus a decrease of «
according to eq. (9).1%17

Eiremann* asserted that crosslinking affects
the thermal conductivity of polymers. This fact
was measured by Uberreiter and Nens'® in
crosslinked polystyrene. Heat transfer would
have two important mechanisms in amorphous
polymers: first, throughout the network of pri-
mary valences along the chains and, second, due
to van der Waals bonds between chains. The first
process has very little heat resistance compared
with the second one. With every crosslink step, a
new primary valence bond is added and the ther-
mal conductivity and diffusivity increases.* Fol-
lowing these ideas, fillers in the rubber com-
pounds would behave in the same way as do
crosslinks from the point of view of the thermal
properties and an increase in the quantity of the
filler attached to the polymer chains would in-
crease the paths of thermal transfer. In this way,
it is expected that during mixing, as the level of
dispersion is enhanced and the total level of par-
ticle bonding molecular chains is higher, an in-
crease in thermal conductivity and diffusivity
would be expected.

One of the models used to describe the thermal
conductivity of filled polymers was introduced by
Nielsen!® who proposed the following relation-
ship:

kc_ 1+ AB¢
E—m (10)
where
_kf/kp_l _ 1_¢m
N L

where the subscripts p, f, and ¢ mean the polymer,
filler, and compound, respectively. A is a factor
which depends on the geometry of the particles
and 6,, is the maximum filler content possible
while still maintaining a continuous matrix
phase. This parameter is known as the maximum
packing fraction. Values of A and 0,, can be ob-
tained from ref. 20 where it was shown that 6,,
ranges between 0.524 and 0.7405 considering the
spherical particles and single cubic and hexago-
nal close packing order, respectively. 6,, = 0.637
in the case of a random close packing order and
0.601 for a random loose packing order. A = 1.5
for a spherical filler type.

Considering that during the mixing there is an
improvement in the filler dispersion, followed by a
more homogeneous distribution of the particles in
the matrix, where the gap between the filler in-
creases, it is easy to view from eq. (10) that %, is
higher at lower values of 0,,. The same effect is
expected for thermal diffusivity.

Then, from our point of view, competitive
mechanisms would be present in the behavior of
the thermal properties of carbon black-filled rub-
ber compounds when the dispersion is enhanced
during mixing. These mechanisms would be the
quantity of new interfaces following the break-
down of agglomerates and aggregates, the new
bonds appearing between fillers and the polymer
and the change in the packing order in the com-
pound.

If we observe Figures 2 and 3, the thermal
diffusivities increase from sample a to d at the
same time that dispersion improves. We believe
that sample ¢ has a mixing level that produces a
structure where the early agglomerate network is
broken down. In this stage, the isolated aggre-
gates are spread apart and the change in the
diffusivity at higher dispersion levels follow the
ideas mentioned above. This behavior is rein-



forced by the other mechanical and electrical pa-
rameters that we measured.

The effects of the mixing time on the rheometer
curve at 433 K can be observed in the value of ()
= Tmax — Tmin, Where 7. and 7., are the maxi-
mum and minimum torques, respectively. As
given in Table II, ) decreases while the mixing
time increases. A similar behavior was reported
by Coran and Donnet®' in their studies of NR
with N-330 carbon black. They observed that the
value of G’, the real part of the complex shear
modulus, decreases once the mixing time of the
compound increases. This fact was associated
with the presence of a network of agglomerates,
which exists when the quality of the dispersion is
poor.

The consequence of improved dispersion is also
reflected in the electrical properties of the com-
pound. The electrical resistivity of the uncured
compound increases as can be observed in Table
II. Following Medalia,?? a macroscopic specimen
of a compound contains a large number of aggre-
gates separated by gaps of different width and
potential barriers. As mixing increases, two ef-
fects would be present: the breaking of aggregates
in thinner particles and the dispersion of these in
the matrix. As these agglomerates become dis-
persed as isolated aggregates, the network disap-
pears and the electrical pathways are more diffi-
cult because of the increase in the gap between
individual aggregates. This process gives higher
values of electrical resistivity.>!

CONCLUSIONS

The effect of the dispersion level on the thermal
diffusivity was measured in a carbon black SBR
compound. No effect of the dispersion on the glass
transition of the compound was detected.

Higher values of a were obtained as the mixing
time increased in the range of temperatures eval-
uated. This behavior was associated with differ-
ent competitive mechanisms that appear in filled
polymers. Some of these are the increase in the
interfacial area between fillers and the polymer
matrix, the increase in the new bonds created
between the filler and the molecular chains, and
the gradual development of the packing order of
the filler in the polymer. To elucidate the contri-
bution of each mechanism, more investigation
will be done in the near future. Finally, the elec-
trical resistivity and rheometer measurements
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made in the compound point to the suggestion
that the structure of the compound develops an
increase in the gap between aggregates or parti-
cles as is mentioned in the literature.
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