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Abstract: The present study deals with the distribution of N330 carbon black in cured 50/50 blend of natural rubber (NR)
and butadiene rubber (BR). The results were reported in terms of tan ¢ and glass transition temperature (7). The reduced
tan ¢ peaks in the BR phase with the increased filler loading and the corresponding shift in 7, of BR towards the positive
side have shown that there was a preferential migration of carbon black towards the BR phase. Carbon black dispergrader
was used to determine the dispersion of the filler on a series of blends with varying BR content. A theoretical evaluation
on determining the preference of N330 has also been performed using Wu’s equation. The evaluation was well correlated
with the result obtained from analytical data. It has been inferred that the N330 has migrated more towards the BR phase.

Keywords: rubber blends, dynamic mechanical analysis, dispergrader, filler distribution, Wu’s equation.

Introduction

The blending of natural rubber (NR) with butadiene rubber
(BR) is a common practice to achieve the desired profile char-
acteristics for tire tread. In order to achieve the desired
mechanical and physical properties, the blends is mixed with
reinforcing fillers like carbon black (CB) or silica. The process
of incorporation of the filler and the distribution of the filler
plays a crucial role in determining the final properties of the
blend."* There are many reviews addressing the filler dis-
tribution issues in the literature.”’

The methods were either by direct microscopy or any other
means using a particular property of the rubber that depends
upon the filler. Transmission detection microscopy and pyrol-
ysis gas chromatography analysis of filled NR/BR blend
showed that the N330 black was located preferably in the BR
phase.® Hess™'* have performed microscopy studies on a series
of carbon black concentration and concluded that the filler was
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concentrated in the BR phase. Phase contrast microscopy eval-
uation have also inferred that the CB preferred the BR phase
in NR/BR blend." The location of carbon black was also per-
formed using Atomic force spectroscopy.'>"* The results were
demonstrated on the basis of differences in contrasts of the
images. Thermal analysis was also gained considerable interest
in finding the localisation of CB in NR/BR blend. Julien Portal
and his collegues quantified the distribution of carbon black in
NR/BR blend using differential scanning calorimetry (DSC).
Varying crystallisation temperature with carbon black loading
was the basis of finding." Crystallisation temperature of the
elastomers will rise on addition of CB filler."*'* Dynamic
mechanical analysis can also be utilised to study the local-
isation of filler. The size of the damping peak obtained through
dynamic analysis can be used to evaluate the affinity of filler
in the heterogeneous blend."” It was reported that carbon black
has more affinity towards BR phase in a NR/BR blend.®
Through microscopic observations, they have established the
sequence for the affinity of carbon black in the order: SBR,
BR, chloroprene rubber, nitrile-butadiene rubber, NR, EPDM.
Maiti and Kluppel developed a method for the calculation of
the phase specific CB distribution in different rubber blends
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using dynamic mechanical analysis (DMA)."*?° Wang and his
team have measured the macro-dispersions of silica in the vul-
canizates before and after post-cure using a dispergrader.”!

In the present work, phase specific distribution of N330 car-
bon black in NR/BR blend has been focused. The investigation
was carried out using a DMA along with carbon black dis-
pergrader. Tané and glass transition temperature (7,) were
used to locate the preferential absorption of the filler in the
blend. The results were well supported by dispergrader anal-
ysis. Also, a theoretical evaluation has been performed to trace
the thermodynamically favored phase for the accommodation
of CB filler.

Experimental

Materials. The BR used in this study was a linear polymer
(Sabic 4610) manufactured by solution polymerization process
using stereo specific nickel catalyst and NR (ISNR 5) was
obtained from Rubber Research Institute of India, Kottayam.

Laboratory grade zinc oxide was obtained from Emerk Ltd.,
Mumbai. The coarse white powder has a specific gravity of
5.47. Antioxidants, anti-degradants, accelerators, and pre-vul-
canisation inhibitor (PVI) were provided by NOCIL Ltd.,
Mumbai.

Staining type Antioxidant Pilnox TDQ was in the form of
light brown pastille with a specific gravity of 1.1. Antide-
gradant Pilflex 13 is an alkyl-aryl-PPD with a specific gravity
of 0.986-1.00 at 60 °C . Delayed action sulphenamide accel-
erator Pilcure MOR was used as accelerator in this study. The
off white to light tan crystalline powdered PVI has a specific
gravity of 1.33 at 25 °C. PG chemicals, Kerala supplied par-
affin wax with a melting point of 58-60 °C and density of
0.82. N-grade wood rosin and stearic acid (melting point: 70
°C) was supplied by Sameera chemical Pvt. Ltd., Kottayam.
Orient black 330 was supplied by Phillips Carbon Black Lim-
ited, India. High aromatic heavy bodied rubber process oil
(aromatic oil). was supplied by Indian Oil Corporation.

Preparation of Compounds. The compounds (Table 1)

Table 1. Mixes for Carbon Black Distribution Studies

Ingredients P Q R S T U
NR 80 70 60 50 40 30
BR 20 30 40 50 60 70

Additives in phr: ZnO-4, Stearic acid-2, N 330-50, Aromatic oil-8,
TDQ-1, 6-PPD-1, Paraffin wax-1, Wood rosin-2, Sulphur-2, MOR-1,
Retarder-0.20
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were prepared in two stages- initially a master batch consisting
of NR, BR and other additives except curing systems were
mixed in an intermix (Francis Shaw, KO intermix MK3) of
capacity of 1 litre for 6 min. The temperature was maintained
at 50 °C with a rotor speed of 50 rpm. Then the mixes were
prepared in a laboratory size two-roll mixing mill (150x325
mm) at a friction ratio of 1:1.25 according to ASTM 3182-07.
The temperature of the roll was maintained at 60 °C. The sam-
ples were then cured at a temperature of 150 °C using a Mon-
santo Rheometer (Rheometer MDR 2000).

Characterisation. Dynamic Mechanical Analysis (DMA):
DMA was carried out in DMA machine (DMA Q800) of TA
instrument. For DMA analysis tension mode of deformation
was used under -100 °C to 60 °C temperature range at a heating
rate of 2 °C/min. The parameters were recorded at a fixed fre-
quency of 12 Hz. A sinusoidal stress was applied and the cor-
responding strain in the material was measured. The temperature
sweep leads to changes in the modulus which will provide
information regarding the molecular motions in the matrix.

Carbon Black Dispergrader: The macro level dispersion
of each surface was analyzed using the dispergrader according
to the method prescribed in ISO 11345. The test piece of
approximate cross-section of 8 mm thickness and 10 mm
width was freshly cut from the sample using a single edge
razor blade cutter.

Hardness and Mooney Viscosity: Hardness was mea-
sured using Durometer Hardness Tester (Shore A) and Mooney
viscosity using Mooney Viscometer MV 2000.

Result and Discussions

Localization of N330 in the Blend. Thermodynamic
Factor: A theoretical evaluation was performed to find out the
thermodynamically favored localization of N330 carbon black
in the blend. It has been reported that the localization of the
filler in a heterogeneous blend is guided by the minimization
of interfacial energy.”** There are two main equations to find
the interfacial energies in a polymer blend. They are harmonic-
mean equation (Wu’s equation) and geometric-mean equation
(Owens-Wendt-Rabel-Kaelble equation). Wu’s eq. (1) is used
for non-polar/non polar blend system whereas OWRK eq. (2)
is for polar/non polar system

N2 = N+ AP+ + PP+ (1)

N2 = 71+72_2|:’V?ﬂ1}}12+’\17p]7p{| )
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Table 2. Parameters for Harmonic-mean Equation (Wu’s
equation) Calculation

Parameters NR BR  N330
Surface free energy of NR, y 20.28 18.25 19
Dispersi(zn parts of the surface energies 1739 1786  196.9
of NR, y
Polar parts of the surface energies, y° 3.35 0.39 85.9
Processing temperature, 7 (K) 293 293 293
Critical temperature, 7. (K) 1000 1000 1000
VBRICB 173.242
YNRICB 176.85
YNR/BR 3.28

7 and p are the surface free energy of polymer components 1
and 2, », and #*, are the dispersion parts of the surface ener-
gies of blend components 1 and 2 respectively, ", and y”, are
the polar parts of the surface energies of blend components 1
and 2 respectively. The values of surface free energies of dis-
persive and polar parts for a particular temperature were taken
from the reported values (Table 2). Using these values, the sur-
face energy at processing temperature (150 °C) can be cal-
culated by the Katayama-Guggenheim formula (3) and (4):

B 11y, / 3
K= 9TC[1—TTC] A3)
7= 1 [1-TIT ] “

K stands for the temperature correction factor, y, is the surface
free energy at 0 °C. T'is the processing temperature (150 °C) of
the component and 7, is the critical temperature for polymers.
The critical temperature for polymers is 1000 K.*** The ther-
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Figure 1. Schematic representation of preferential migration of
N330 in NR/BR (50:50) blend.
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Figure 2. Plot of Tan ¢ vs. temperature of 50/50 NR/BR blend: (a)
unfilled; (b) filled.

modynamic preferential location of carbon black can be eval-
uated by calculating the wetting coefficient values by the eq.

(5):*

VBRICBT YNRICB
0, = ZRICE_TNhCh ®)
YNR/BR

, > 1, then the N330 will be localised preferentially in NR
phase, if w, < -1, it will be dispersed in BR phase, but if -1 <
w,< 1, it will be located at the interface between two phases.
The wetting coefficient calculated was -1.1. Thus, it can be
concluded that the filler is located more in the BR phase (Fig-
ure 1).

Dynamic Mechanical Analysis. DMA was used to deter-
mine the distribution of carbon black in NR/BR blend. In order
to get a co-continuous phase of the compounds, a 50/50 blend
of NR/BR was selected for the study. The preferential location
of N330 black in the blend was analyzed and described on the
basis of damping peaks.”” The tand indicates the chain
mobility and 7,

From Figure 2, it was found that the carbon black con-
tribution in NR/BR blend is not uniform as black showed pref-
erential migration towards the BR phase. High values of tan
indicate that the material has high, non-elastic strain regions
whereas low tan ¢ indicates highly elastic components. The
effect of N330 loading on the loss tangent of filled and unfilled
blends is shown in Figure 2. It can be seen that the peak of
tan ¢ of filled NR/BR blend has shifted towards higher tem-

Table 3. 7, of Filled and Unfilled Samples
Unfilled NR:BR Filled NR:BR (50:50)
NR phase BR phase NR phase BR phase
-46.01 -90.79 -43.98 -74.28

Polym. Korea, Vol. 45, No. 6, 2021
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Table 4. Tan 0 Values for the Samples

. Filled NR:BR  Reduction in
Unfilled NR:BR (50:50) tan (%)

Phases >>>  NR BR NR BR NR BR
Tan 0 0.9891 0.2701 0.9401 0.2051 4.95 24

perature compared to NR/BR gum. This is because on addition
of N330, the restriction on the mobility of polymer chains has
been increased. The distribution of filler can be explained on
the basis of 7, since the maximum value of tan J corresponds
to the 7,. On addition of N330, there is shift on 7, value towards
higher temperatures. The values are tabulated in Table 3.

The preferential migration of N330 in BR phase can be
understood from the lower tand peak values (0.2701 to
0.2051)"" and also due to the shifting of 7, to more positive
values (-90.79 to -74.28 °C). It is to be noted that in filled NR/
BR blend, the reduction in tan J peak of NR phase is 4.95
whereas it is 24% in the BR phase compared to unfilled blend
(Table 4).2

On addition of the filler, the chains will constrain and lack of
chain mobility will reduce the damping peaks.”*** Eq. (6) can
be used to quantify the amount of filler distribution in each
phase of blend. The magnitude of reduction in the tan § peak
is calculated by:

_ (tan ) . —(tan &p)
(tan &)

(6)
where “g” and “f” represents the gum and filled systems
respectively. The tan d,,, is obtained from DMA. The cal-
culated values (Ryr=0.0495, Rpr=0.2406) have shown that the
degree of reduction in Rgyg is high compared to Ryz. The greater
reduction of tan d,, corresponds to the higher polymer-filler
interaction as a result of preferential migration.

Carbon Black Dispergrader. The dispersion of carbon

Figure 3. Dispergrader images of N-330 filled NR/BR blends.

Z2H, Al459 A6=, 20211

Table 5. Dispersion Analysis of N330 Filled NR/BR Blends

HAF Vﬁ}; \Zr}:;e aggl?r;;zrri%: size Disg;or )S ion ((i )
(%) (microns)
P 3 10.07 14.80 72.30 71.00
Q 3.32 6.34 12.40 87.58 81.88
R 6.90 1.38 8.62 98.77 96.05
S 7.93 0.70 7.70 99.43 98.00
T 8.21 0.37 8.75 99.49 98.95
8] 8.11 0.54 9.00 99.68 98.45

black in the blend was analysed using a dispergrader. The mea-
sure of the dispersion and amount of black is generally
expressed by two parameters say X and Y. X-value is the mea-
sure of the dispersion of carbon black filler in the polymer
matrix. The Y-value only takes into account the bigger
agglomerates.”® It was found that there is a homogenous dis-
tribution of carbon black in the blend and the homogeneity
increased with the BR content (Table 5). The Figure 3 (P to U)
shows the dispersion details of the freshly cut surface of the
samples. Lower the white areas in the field, higher will be the

Figure 4. Plot of particle size distribution plot of N330 filled NR/
BR blend.
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Figure 5. Plot showing the variation of (a) hardness; (b) mooney viscosity with N330.

quality of the dispersion. The trend was found to be decreasing
with the increased BR content.

Dispergrader have analyzed the sample area of 2.1 mmx1.6
mm=3.36x10° um”. The generated histograms have provided a
distribution of average particle frequency for 3 scanning pro-
cesses (Figure 4).

Most of the agglomerate particle size was below 32 pm and
as usual the count of agglomerates was found to be decreasing
with the higher content of BR. This can be due to the increased
dispersion due to filler-polymer affinity. This is clearly sub-
stantiated by the increasing mooney viscosity and hardness
with the increase in the BR ratio. The increased dispersion in
the BR rich blend might have restricted the macromolecular
movement of the chains resulting in increased mooney vis-
cosity and hardness (Figure 5(a) and 5(b)).***’

Apart from the X- and Y-values, the Z-values can also be
considered for summarizing the filler dispersion. It is the mea-
sure of macro-dispersion. The advantage of using Z-value is
that it does not rely upon the reference scales. As it is cal-
culated directly from the size distribution histogram, the errors
caused by the dispergrader in selecting the reference scales can
be avoided and more reliable result can be made. From the
studies (Table 5), it was found that the mixes with higher con-
tent of BR have higher Z values which indicate good dis-
persion and affinity.

The Cunneen and Russel Plot. The interaction of the
filler was assessed with the help of Cunneen and Russel equa-
tion®™ in 3 systems: N330 filled NR (NR/N330), N330 filled
BR (BR/N330), and NR/BR filled with N330 (NR/BR/N330).
The equation uses the ratio of the volume fractions of rubbers
in unfilled and filled systems instead of amount of solvent
absorbed per unit weight of the rubber. The equation used for
studying the dispersion of fillers:

(a) os7

066 | o

065 - -

Vio/Vig

064 |
063 4 .
068 07 072 0.74 0.76 078 08 082
(b) os3

062

0.61

VooV

059 v

0.58
068 07 0.72 0.74 0.76 0.78 08 0.82

et

063

082
0.68 07 0.72 0.74 0.76 0.78 [X:] 0.82

Figure 6. Plot of V,/ V¢ vs. € for (a) NR/N330; (b) BR/N330; (c)
NR/BR/N330.
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Table 6. “a” & “b” Values from Cunneen-Russel Plot

a b Value
NR/N330 0.315 0.408 -0.093
BR/N330 0.388 0.316 0.072
NR/BR/N330 0.315 0.405 -0.090
14 _
V—“’ =ae " +b (10)

rf

Vo and V¢ are the volume fraction of the swollen polymer in
a fully swollen unfilled and filled sample respectively, z is the
weight fraction of N 330 used (45, 50, 55, 60 phr). A plot of
Vio/Vie vs. €” should give a straight line. “a” and “b” represents
the slope and intercept which is obtained from the straight line
graph (Figure 6). The reinforcing ability and solvent resistance
can be assessed using the difference between these two factors.
The values obtained from Cunneen-Russel plot is given in
Table 6. A simultaneous increase in the “a” value and decrease
in the “b” value indicates the extent of interaction with the
filler. If the difference between the two values is higher, the
interaction of polymer with the filler will be higher. From the
table, it is understood that BR/N330 have higher value com-
pared to other two.”

Conclusion

Addition of filler had resulted in the reduction of tan J as a
result of dilution effect. The non-viscous behaviour of filler has
overcome the viscous nature of elastomer. The damping and
shift in the 7, had shown that the N 330 has presided more in
the BR phase. Hardness and Mooney viscosity have also
accompanied with the result. The macromolecular movement
of the chains were restricted with the increase in BR content
which in turn affected the viscosity and hardness. The state-
ment has been well substantiated by the dispersion analysis
using a dispergrader. Percentage of white area and average
agglomerate size has been decreased with the increase in the
BR content. The parameter X-value which represents the dis-
persion quality was increased with the increase in BR content.
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