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ABSTRACT: Rubber—rubber blends are used widely in industry, for example, in tire
manufacture. It is often difficult to characterize interfaces in such rubber-rubber
blends quantitatively because of the similarity in the chemical structure of the compo-
nent rubbers. Here, a new method was suggested for the measurement of the weight
fraction of the interface in rubber—rubber blends using modulated-temperature differ-
ential scanning calorimetry (M-TDSC). Quantitative analysis using the differential of
the heat capacity, dCp/dT, versus the temperature signal from M-TDSC allows the
weight fraction of the interface to be calculated. As examples, polybutadiene rubber
(BR)-natural rubber (NR), BR—styrene-co-butadiene rubber (SBR), SBR-NR, and ni-
trile rubber (NBR)-NR blend systems were analyzed. The interfacial content in these
blends was obtained. SBR is partially miscible with BR. The cis-structure content in BR
has an obvious effect on the extent of mixing in the SBR-BR blends. With increasing
styrene content in the SBR in the SBR-BR blends, the interface content decreases. NR
is partially miscible with both BR and SBR. The NBR used in this research is essen-
tially immiscible with NR. The maximum amount of interface was found to be at the
50:50 blend composition in BR-NR, SBR-BR, and SBR-NR systems. Quantitative
analysis of interfaces in these blend systems is reported for the first time. © 2000 John

Wiley & Sons, Inc. J Appl Polym Sci 76: 1791-1798, 2000
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INTRODUCTION

In recent years, the tire industry has been suc-
cessful in reducing rolling resistance and increas-
ing the traction of automobile tires by judiciously
controlling the microstructure of polybutadiene
rubber (BR).! BR, poly(styrene-co-butadiene) rub-
ber (SBR), natural rubber (NR), nitrile rubber
(NBR), and their blends are all important mate-
rials in the rubber industry. The morphologies of
these blends control the glass transition behavior
and their properties. Therefore, morphology and
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miscibility represent important design factors in
rubber compounding. Thus, it is important to be
able to measure morphological parameters such
as the domain size, domain connectivity, interfa-
cial thickness, and weight fraction of the inter-
face.

However, because the chemical structure is rel-
atively similar for these rubbers, it is difficult to
analyze their blend morphologies using electron
microscopy or the small-angle X-ray scattering
technique. Recently, experimental investigations
on the morphology of polymer—polymer blends,
core—shell latex films, and interpenetrating poly-
mer networks were reported by us®?® using mod-
ulated-temperature differential scanning calo-
rimetry (M-TDSC). It has been shown that even
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Table I Characterization of the SBR Samples

Styrene Mooney Tensile Elongation
Content Viscosity Strength at Break 0Oil
Sample (wt %) ML1+4 (MPa) (%) Extended

SBR1502 23.3 50.8 24.8 470 No
SBR1712 23.4 49.7 21.9 580 Yes
SBR401 33.0 51.5 21.3 640 Yes
SBR402 35.8 51.7 21.6 690 Yes
SBR1721 39.8 56.0 22.1 610 Yes
SBR6250 62.5 — — — No

when the difference in glass transition tempera-
tures, T,’s, is as little as 10°C, the differential of
the heat capacity with temperature, dCp/dT, sig-
nal from M-TDSC may be used to characterize
polymer—polymer miscibility. Weight fractions of
less than 7% in multiphase polymeric materials
can be determined by this technique.’ In this
article, the application is extended to the rubber
processing field to provide, hopefully, commer-
cially valuable characterization parameters for
such blends, especially the amount of interface
present in rubber—rubber blends.

EXPERIMENTAL

Materials

NR and the series of SBR samples: SBR1502,
SBR1712, SBR401, SBR402, SBR1721, and
SBR6250, were kindly provided by EniChem
Elastomers Ltd. (Southampton, UK). For the
SBR6250 sample, M,, was 3.17 X 10° and M, was
1.63 X 10* as determined by GPC calibration
using standard polystyrene samples. Character-
ization details for all the SBR samples used are
shown in Table I. The NBR series [NBR1 (19 wt %
of acrylonitrile (AN)], NBR2 (30 wt % of AN), and
NBR3 (42 wt % of AN) and the BR1 and BR3
samples were obtained from Aldrich (Gillingham,
UK). Molecular weight details for the NR, NBR,
BR1, and BR3 samples are shown in Table II.
These were determined by GPC, again calibrated
using polystyrene standards.

Blend Preparation

Mechanical blending of SBR with BR, SBR with
NR, NR with BR, and NR with NBR was carried
out using a Haake Rheochord. A total charge of
50 g was used. The rotor speed was 80 rpm and

the temperature was 138°C. For the SBR with BR
and the SBR with NR blends, the SBR component
was added first, and for NR with BR and the NR
with NBR blends, the NR was added first and
masticated for 30 s. The second component was
then added and blended for a further 9 min before
removal of the blend from the mixing chamber
while still hot.

M-TDSC

A TA Instruments M-TDSC calorimeter (Model
2920) was used. The oscillation amplitude was
1.0°C, the oscillation period was 60 s, and the
heating rate was 3°C/min. The calorimeter was
calibrated, as for a conventional DSC, with a
standard indium sample.

RESULTS AND DISCUSSION

Figure 1 shows the heat-capacity changes with
temperature for BR1 blended with NR. Two
distinct glass transitions were observed. It is
difficult to obtain further detailed information
about blend morphology from such heat-capac-
ity versus temperature signals. However, Fig-

Table II Weight-Average Molecular Weight and
Polydispersity Index for BR1, NR, and NBR

Sample M, (10%) M, /M,
NR 8.60 50.6
BR1 2.40 2.3
NBR1 0.95 4.4
NBR2 1.66 4.3
NBR3 1.17 46
BR3 4.23 10.3
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Figure 1 Heat capacity versus temperature plots
(offset) for the BR1-NR blends.

ure 2(a—c) shows the same data presented as
dCp/dT versus temperature signals and the cor-
responding physical blend (BR1 + NR) where
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the components are simply placed in the ap-
propriate mass ratio, but unmixed, in the
DSC pans.

Figure 3 shows the dCp/dT versus tempera-
ture signals for BR3 blended with SBR1502
(50 : 50 by weight) and the corresponding physical
blend (BR3 + SBR1502). Figure 4 shows the
dCp/dT versus temperature signals for SBR1502
blended with NR (50 : 50 by weight) and again for
the corresponding physical blend (SBR1502
+ NR).

Comparing dCp/dT signals of the blends with
their equivalent physical blends, it was ob-
served that the dCp/dT signal of the blend sys-
tems was quite different from that of the equiv-
alent physical blend. Between their glass tran-
sition temperatures, the values of the dCp/dT
signals of the blends are larger than those of the
physical blends. This indicates that there is a
transition in this temperature range, which can
be related to the interfacial layer between the
components.
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Figure 2 dCp/dT versus temperature plots for the BR1-NR blends.
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Figure 3 dCp/dT versus temperature plots for the
SBR1502-BR3 (50 : 50 by weight) blend.

Figure 5 shows the change of dCp/dT with
temperature for NBR3 blended with NR, again
with the corresponding physical blends also
shown. It can be seen clearly that the dCp/dT
versus temperature signals of the blends are very
similar to those of the physical blends. This indi-
cates that there is little interface in these blends.

For blends showing some significant degree of
interface development, a characteristic behavior
was found in that there was a decrease in the
increment of the heat capacity, ACp, at the glass
transition temperature for both polymers. The
ACp value is proportional to the weight fraction of
the components in the transition concerned.
Therefore, the weight fraction of this interfacial
layer can be calculated from the experimentally
determined “missing” amounts of each compo-
nent.
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Figure 4 dCp/dT versus temperature plots for the
NR-SBR1502 (50 : 50 by weight) blend.
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Figure 5 dCp/dT versus temperature plots for the
NBR3-NR (50 : 50 by weight) blend.

For an immiscible polymer blend, the total ACp
is the linear sum of the ACp values of the two
constituent polymers®:

ACp = w1)ACp19 + w3pACp sy @)

ACp,, and ACpy, are the increments of heat ca-
pacity at 7, and T, , respectively, before mixing.
w10 and wy, are the weight fractions of polymers 1
and 2, respectively. For rubber—rubber blends,
the morphology can be considered, in general, as a
three-phase structure: pure polymer 1 and pure
polymer 2 phases plus the interface. When the
system exhibits an interphase, the following
equations apply:

ACp = ACp, + ACp, + ACp; (2)
ACp, = 0;ACpy 3)
Asz = (U2ACp20 (4)

ACp; and ACp, are the increments of heat capac-
ity at T, and T, , respectively, after mixing. ACp;,
is the increment of the heat capacity of the inter-
phase. w; and w, are the weight fractions of pure
polymer 1 and polymer 2 phases, respectively,
after mixing. The weight fractions, §; and §,, for
polymers 1 and 2 in interfacial regions can be
obtained® as follows:

81 = w19 — ACpy/ACpyy (5)

8y = wyy — ACpo/ACpyy (6)
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Figure 6 dCp/dT versus temperature plots for a
blend with a diffuse interface and for one without a
diffuse interface.

For pure polymers and miscible polymer blends,
the dCp/dT versus temperature signal can be de-
scribed®™® by a Gaussian function {dCp/dT
= ACp/lw, (m/2)?] exp[—2(T — Tg)zlwfl]; wy is the
half-width of the glass transition}. For a mul-
tiphase polymer system, the dCp/dT versus tem-
perature signal can be described by a multiple
Guassian function.®”® Thus, for a three-phase
system, eq. (7) holds:

dCpldT = [dCp/dT), + [dCp/dT), + ¥ (7)

[dCp/dT], and [dCp/dT], are related to the pure
polymer 1 and polymer 2 phases, respectively. ¥
is the differential of the heat capacity versus the
temperature signal for the interfacial phase.

The glass transition temperature as a function
of distance from a discrete phase boundary be-
tween polystyrene and poly(bisphenol A carbon-
ate) was studied theoretically.!® Consider that
the interfacial phase is divided into N sub-
systems. Each subsystem has an average concen-
tration, (1), (¢?), . .. (¢"). For the N subsystems,
there is a glass transition temperature spectrum,
T:, T2, T, ... Ts. Assume that the differential of
the heat capacity versus the temperature signal,
W, for ith subsystem can also be described by such
a Gaussian function. For the glass transition tem-
perature spectrum, ¥ is as follows:

‘I':E‘I'i

= E ACpi/[wdi(W/2)1/2]eXp[_2(T - Tgi)z/(wdi)z]
(8
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AC,,; is the increment of the heat capacity; T,;, the
glass transition temperature, and wg;, the half-
width for ith subsystem.

Figure 6 shows the dCp/dT signal versus tem-
perature for a three-phase system calculated us-
ing eq. (8). Here, it is assumed that the difference
of the glass transition temperatures between
polymers 1 and 2 is 80°C. The interphase was
divided into seven subsystems. Assume that the
weight fraction of the interphase is 20% and
ACp,o and ACp,, are 0.4 and 0.38 J g~ °C~ ! for
polymers 1 and 2, respectively. Figure 7 shows
the calculated interfacial signal.

The dCp/dT versus temperature signal can be
described by a Gaussian function for polymers
and miscible polymer blends over the glass tran-
sition.?"® However, the dCp/dT versus the tem-
perature signal for polymer 1 + polymer 2 cannot
be described well by the sum of two Gaussian
functions because of the shift of the baseline be-
tween the glass transition temperatures. There-
fore, the dCp/dT versus temperature signal in-
cludes a nonconstant baseline for multiphase sys-
tems. Because, in this article, the Gaussian
function was used for the quantitative analysis of
interphases in the multiphase systems, this non-
constant baseline has to be corrected. The values
of the dCp/dT versus temperature signal for poly-
mer 1 + polymer 2 above and below the two glass
temperatures are considered as the baseline for
the dCp/dT signal of multiphase systems. Such a
baseline, which is linear with temperature, was
chosen.!!

Figure 8 shows the corrected differential of the
heat capacity versus temperature data, [dCp/
dT],, for the BR1-NR (50:50) blend system. Fig-
ure 9 is the interfacial signal, which is obtained
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Figure 7 Model predication of the dCp/dT versus
temperature plot for the interface signal.
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Figure 8 Corrected dCp/dT versus temperature
plots, [dCp/dT],, for the BR1-NR (50 : 50 by weight)
system.

by a peak resolution technique,®”®'2 which was

discussed in detail in ref. 12. The model predic-
tion is in good agreement with the experimental
data for the interfacial signal. The interfacial
phase does not show a single glass transition tem-
perature, but is a continuous glass transition
spectrum. According to egs. (5) and (6) and the
peak-resolution method,>”®!2 the interface
weight fraction in rubber—rubber blends can be
obtained. Figure 10 shows the change of the
weight fraction of the interphase with composi-
tion in the BR1-NR blends. The maximum
amount of interface was found, reasonably, to be
in the 50 : 50 BR1-NR blend.

However, it is not easy to obtain the value of
ACp for the pure SBR phase in the SBR-BR3
blends. This is because the dCp/dT signal for the
pure SBR phase is affected by recrystallization in
the BR3 component. The difference of dCp/dT
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Figure 9 Interfacial plot for the BR-NR (50 : 50 by
weight) blend.
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Figure 10 Weight fraction of interface versus compo-
sition in BR1-NR blends.

signals of the SBR-BR3 blends and their corre-
sponding physical blends between the endpoint of
the glass transition of BR3 and the onset point of
the SBR glass transition was used to calculate the
increment of the heat capacity for the interfacial
phase. Figure 11 gives an example of the calcula-
tion. The weight fraction of the interface, 6, was
obtained using the following equation:

8 = ACp/(w10ACp 19 + w3ACPps) 9

Figure 12 shows the change of the weight fraction
of the interface in SBR-BR3 blends with chang-
ing styrene content in the SBR. It is clear that
with increasing styrene content, the interfacial
content decreases. Comparing SBR1502 and
SBR1712, the difference between their interfacial
weight fractions is small. It is therefore clear that
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Figure 11 ACp, calculation method for the SBR-BR3
blends.
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Figure 12 Weight fraction of interface versus SBR
styrene content for the 50 : 50 BR3 : SBR blend.

the oil extension in the SBR1712 samples does
not influence the interface content to any signifi-
cant extent.

Figure 13 shows how the weight fraction of the
interface changes with the SBR composition in
the SBR1502-BR3 blends. The maximum amount
of the interface was also found to be at the 50 : 50
composition.

Now, we wish to consider the Paul et al.!! the-
ory with regard to interface development in rub-
ber—rubber blends. BR may be considered to be a
copolymer because of the cis and #rans structures.
The binary interaction model developed by Paul
et al.’! can be extended to the BR and SBR blend
system in which BR (A) is a copolymer of one
(trans) and two (cis) structures and SBR (B) is a
copolymer of one (¢rans) and three (styrene). The
heat of mixing!! in this case is given by eq. (10):

60 SBR1502
S 401 "
=
g ,
-‘g .
q—, 0. !
2

-20 ' ' s A

. - p o 20 100
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$'(2) (cis content in BR)

¢ or ¢"(3) (styrene contentin SBR)

Figure 14 Schematic illustration of the effect of in-
teraction on miscibility (after D. R. Paul et al.?).

AHm = 3, [V(A) + V(B)1B(i,)) (i) ()

— V(A)B(1,2)(¢'(1)¢'(2)
- V(B)B(1,3)¢"(1)¢"(2) (10)

The first term on the right gives the heat of mix-
ing for the blend composed of the three homopoly-
mers and the other two terms are the “heats of
mixing” of the two copolymers, BR and SBR, on
the same basis. The difference is the heat of mix-
ing of the two copolymers. ¢’'(i) gives the compo-
sition of BR and ¢"(i) gives the composition of
SBR. Then, the effective interaction parameter,
AHm/p(A)P(B)V, for mixing of BR and SBR is as
follows!!:

AHm/$p(A)p(B)V =B
= B(1,2)¢'(2)[¢'(2) — ¢"(3)]
+ B(1,3)¢"(3)[¢"(3) — ¢'(2)]
+B(2,3)¢'(2)¢"(3) (11)
Following work by Paul et al.,!! if we make the
assumption of symmetry, that is, B(1,2) is equal
to B(1,3), and define new coordinates 0 and ¢ (ref.

11) as shown in Figure 14, point P is described as
follows!!:

$'(2) = $(1 + tan 6)

Wt. % of SBR

Figure 13 Weight fraction of interface versus compo-
sition for the SBR1502-BR3 blends.

¢"(3) = $(1 — tan 10)

(12)

Using these new coordinates and the symmetry
assumption, eq. (11) can be rewritten!! as follows:
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Figure 15 dCp/dT versus temperature plots for the
SBR1502-BR1(50 : 50 by weight) blend.

B = B(1, 2)¢% 4 tan?6 + B(2,3)
+ B(1,2)(1 — tan)?0)] (13)

Thus, B is zero along the lines given by'3
tan 0 = +[—B(2,3)/(4B(1,2) — B(2,3)]"? (14)

The value of B is negative inside the region de-
fined by these lines and is positive outside it.

B(i,)) is the interaction energy density. Accord-
ing to the above analysis, when the styrene con-
tent in SBR is fixed, changing the cis content in
BR will affect the miscibility in the BR-SBR
blends.

The 98% cis-content BR3 recrystallized at
—50°C and melted at —26°C. The 36% cis-content
BR1 is an entirely amorphous polymer. Figure 15
shows the dCp/dT versus temperature signals for
BR1 blended with SBR1502. The miscibility of
BR1 blended with SBR1502 is higher than that of
BR3 blended with SBR1502. Thus, the cis content
has an obvious effect on the weight fraction of the
interface. This indicates that for the BR-SBR
blends in which the content of styrene in SBR is
fixed the weight fraction of the interface can be
modified by changing the cis content of BR. To the
best of our knowledge, little information is avail-
able in the literature as to how different micro-
structures of BR might affect its miscibility and
the weight fraction of the interface with SBR.
This may represent an important variable in the
design of SBR-BR blends for the tire industry

because the interfacial structure is expected to
exert a great influence on the mechanical proper-
ties of these materials.

CONCLUSIONS

It is reported for the first time for rubber—rubber
blends that the dCp/dT versus the temperature
signal from M-TDSC can be used to study inter-
phases in rubber-rubber blends and allows the
weight fraction of the interface to be calculated.
SBR is partially miscible with BR. The cis content
in BR has a clear effect on the amount of the
interface in SBR-BR blends. With increasing
SBR styrene content in SBR-BR blends, the
amount of the interface decreases. NR is partially
miscible with BR and SBR, respectively. NBR and
NR are essentially immiscible. The maximum
amount of the interface was found at the 50 : 50
composition in BR-NR and SBR-BR blends.

REFERENCES

1. Halasa, A. F.; Massie, J. M. In Kirk—Othmer Ency-
clopedia of Chemical Technology, 4" ed.; Howe-
Grant, M., Ed.; Wiley: New York, 1993; Vol. 8, p
1031 and references cited therein.

2. Song, M.; Hourston, D. J.; Pollock, H. M.; Schafer,
F. U.; Hammiche, A. Thermochim Acta 1997, 304/
305, 335.

3. Song, M.; Hammiche, A.; Pollock, H. M.; Hourston,
D. J.; Reading, M. Polymer 1996, 37, 5661.

4. Hourston, D. J.; Zhang, H. X.; Song, M.; Pollock,
H. M.; Hammiche, A. Thermochim Acta 1997, 294,
23.

5. Hourston, D. J.; Song, M.; Hammiche, A.; Pollock,
H. M.; Reading, M. Polymer 1997, 38, 1.

6. Song, M.; Hammiche, A.; Pollock, H. M.; Hourston,
D. J.; Reading, M. Polymer 1995, 36, 3313.

7. Song, M.; Hourston, D. J.; Pollock, H. M.; Schafer,
F. U.; Hammiche, A. Thermochim Acta 1998, 315,
25.

8. Song, M.; Hourston, D. J.; Pollock, H. M.; Schafer,
F. U.; Hammiche, A. Thermochim Acta 1998, 324,
109.

9. Song, M.; Hourston, D. J.; Pollock, H. M.; Ham-
miche, A.; Reading, M. Polymer 1997, 38, 503.

10. Porter, D. Group Interaction Modelling of Polymer
Properties; Marcel Dekker: New York, 1995.

11. Paul, D. R.; Barlow, J. W. Polymer 1984, 25, 487.

12. Song, M.; Hourston, D. J.; Reading, M.; Pollock,
H. M.; Hammiche, A. J Therm Anal, accepted.



	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	Table I
	Table II
	CONCLUSIONS
	REFERENCES

