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Abstract: Combinations of natural rubber (NR), butadiene rubber (BR), and reclaim rubber (RR) were prepared with a
view to producing low-cost re-treading materials. It was found that cure time and scorch time decreased with the increase
in the reclaim content. Only a small reduction in the properties was observed in almost all systems upon the addition of
30 phr of reclaim rubber. Systems with good abrasion resistance and tensile strength were obtained. High tensile values
of 22.8 and 20.1 MPa were able to obtain for the NR-rich system. Tear strength can be enhanced by the addition of
reclaim rubber. Elongation at break was higher for all the systems even after adding 30 phr of RR. Modulus and compression set values were increased with RR loading. The thermal behavior and activation energy of NR/BR/RR blends
were improved by the addition of RR. The phase morphology of the blends was studied using a scanning electron microscope.
Keywords: activation energy, natural rubber/butadiene rubber blend, reclaim rubber, thermogravimetric analysis, scanning electron microscope analysis.

Introduction

being less expensive is not affected by the price fluctuation of
virgin rubbers like natural rubber (NR),3-6 butadiene rubber
(BR)7 or styrene-butadiene rubber (SBR)8,9 which are the main
constituents of tread formulations. Hence the reclaim rubber
can be utilized in tread formulations to develop a low-cost
tread material. Whole tire reclaim (WTR), a popular form of
reclaim rubber prepared from used and scrap tires, is inherently
non-polar and has been used to prepare blends with non-polar
rubbers such as NR, BR, and SBR. Swor and Lukasz10,11 have
reported that the blending of the reclaim rubber with natural
rubber can give blends with superior processing properties.
Cure characteristics and mechanical properties of NR/reclaim
rubber blends was studied by Sreeja and Kutty12 using efficient
vulcanization system. The scorch time and tensile properties
were decreased with increased reclaim loading. Deterioration
in the physical properties like tensile strength, tear strength,
elongation at break, etc. has been widely studied. Incorporation
of reclaim rubber reduces the mixing time and increases the
dispersion of fillers in the vulcanizate. Since RR contains some

Tire sector consumes more than 70% of the natural rubber
produced in India. After the service life, these products were
discarded. There are mainly two ways to utilize waste rubber
products. First one is to shred the tire and use the powder
which is a cheap filler in many non-tire articles. Fine quality
rubber powders are also used (<10%) in premium products for
cost reduction. The second method is the reclamation of waste
products. The reclaim rubber thus obtained is used in all most
all products as it is a process aid and also give good surface
finish to the products.1,2 Low mixing time and high dispersion
rate made reclaim rubber (RR) an attractive raw material in the
production of rubber articles. India produces and consumes
1.41 lakhs tons of reclaim rubber every year. Reclaim rubber
†
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amount of curatives, the scorch and the after ageing properties
of the products will be affected severely. In the present work,
RR has been blended with NR/BR blends in various proportions to produce cost effective tread materials without sacrificing the physical properties. The rheological and
mechanical properties of the reclaim rubber incorporated NR/
BR blends were examined with a view to produce retreading
materials complying the national specification.

Experimental
Materials and Methods. 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. Whole tire reclaim rubber based on bus and
truck tires was provided by Tinna Rubber and Infra structure
limited, New Delhi with a RHC of 49 percent (Table 1). 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-vulcanisation 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. Antidegradant Pilflex 13 is an alkyl-aryl-PPD with a specific gravity of 0.9861.00 at 60 oC. Delayed action sulphenamide accelerator 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 oC. PG chemicals, Kerala supplied paraffin wax
Table 1. Specification for Reclaimed Rubber Used
No

Parameters

Limit

1

Rubber hydrocarbon content (%)

49

2

Ash content (%)

9

3

Carbon black content (%)

29

4

Mooney viscosity (ML 1+4, 100 oC)

68

689

with a melting point of 58-60 oC and density of 0.82. N-grade
wood rosin and stearic acid (Melting point: 70 oC) was supplied by Sameera chemical Pvt. Ltd., Kottayam. Orient black
330 was supplied by Phillips Carbon Black Limited, India.
High aromatic heavy bodied rubber process oil (Aromatic oil)
was supplied by Indian Oil Corporation.
Preparation of NR/BR/RR Vulcanisate. All the rubber
compounds were prepared in two stages- initially a masterbatch consisting of natural rubber, butadiene rubber, reclaim
rubber and other additives except the curatives were mixed in
an intermix (Francis Shaw, KO intermix MK3) of capacity of
1 L for 6 minutes. The temperature was maintained at 50 oC
with a rotor speed of 50 rpm. The final mixes were carried out
according to the formulations given in Table 2 in a laboratory
model two-roll mixing mill (150 × 325 mm) having a friction
ratio of 1:1.25 according to ASTM 3182-07. The temperature
of the roll was maintained at 60 oC by circulating cold water
through the rolls. The samples were then cured at a temperature of 150 oC.
Methods of Characterization. Processing characteristics:
The cure time was measured using a Monsanto Rheometer
(Rheometer MDR 2000) at a temperature of 150 oC and scorch
time (t5) was determined using a Mooney viscometer (MV
2000) of Alpha Technologies, USA at a temperature of 138 oC.
The cure rate index which is a measure of cure reaction rate is
calculated according to the eq. (1):
100
CRI = ---------------t90 – ts2

(1)

Where, t90 is the optimum vulcanisation time and ts2 corresponds to incipient scorch time measured using Monsanto
rheometer.
Thermal Analysis: The thermogravimetric analysis (TGA)
of NR/BR/RR blends were carried using a thermogravimetric
analyzer in nitrogen atmosphere (flow rate 40 mL/min) within
temperature range of 30-800 oC. The heating rate was 20 oC/
min up to 600 oC and then changed to 30 oC/min till 800 oC.

Table 2. Blend Formulations
NR/BR

60/40

50/50

40/60

A0

A1

A2

A3

B0

B1

B2

B3

C0

C1

C2

C3

NR

60

50

40

30

50

40

30

20

40

30

20

10

BR

40

40

40

40

50

50

50

50

60

60

60

60

RR

0

10

20

30

0

10

20

30

0

10

20

30

Other additives (phr): ZnO-4, Stearic acid-2, N330-50, Aromatic oil-8, 2,2,4-trimethyl-1,2-dihydroquinoline-1, N-(1,3-dimethylbutyl)-N’-phenyl-pphenylenediamine-1, Paraffin wax-1, Wood rosin-2, Sulphur-2.25, MOR-1, N-(cyclohexylthio) phtahlimide-0.20.
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The activation energy for decomposition was calculated using
Coat Redfern eq.13:
E
1–
AR
2RT
log –log ---------- = log -------  1 – ----------  -------------------2


2.303RT
E
E
T

(2)

where α is the fractional mass loss at time t, T is the absolute
temperature, A is the pre-exponential factor, R is the universal
gas constant, β is the heating rate, and E is the activation
energy. A graph is plotted between log[log (1α)/T 2] and 1/
T which gave a straight line with slope –E/2.303R and y-intercept log [AR/βE (12RT/E)].
Mechanical Properties: The mechanical properties of the
vulcanized samples were tested according to ASTM standards.
Tensile (ASTM D 412) and tear properties (ASTM D 624)
were measured with a universal testing machine (Zwick/Roell
model Z 005-Germany) at a cross head speed of 500 mm/min.
The abrasion resistance (ASTM D 5963-04) was measured
using a rotary drum abrader and is expressed as volume loss in
cubic millimeters or abrasion resistance as index. Heat-build
up (ASTM D 623-07) was measured using a Goodrich flexometer at a temperature of 50 oC. Hardness was measured at
five different positions of the samples using a Shore A Hardness Tester (ASTM D 2240). Crosslink density measurements
were calculated using Flory and Rehner eq. as follows.
D/p
Vr = ------------------------------D/p + Ao/s

(3)

–pVsVr1/3
Mc = --------------------------------------------------------------2ln 1 – Vr  + Vr + 0.42  Vr 

(4)

1
 = ---------2Mc

(5)

Where, D and ρp are the weight and density of dry rubber
(for vulcanised rubber, ρp = 0.9203 g/cm3), Ao and ρs are the
weight and density of solvent (for toluene, ρs = 0.865 g/cm3, υ
= crosslink density), Mc is the molecular weight between the
cross-links, Vs is the molar volume of the solvent.
Scanning Electron Microscope: The phase morphology
of the cured NR/BR/RR system was analysed using SEM analysis (JEOL, JSM 6490LA) at a tilt angle of 0o after the coating
the specimen surface with gold. The tensile fractured surface
of 50/50 NR/BR system with varying reclaim rubber content
(0, 10, 20, 30 phr) was selected to explain the homogeneity
and its effect on the mechanical properties of the mixes.
Carbon Black Dispersion: The macro-level dispersion of
cured sample surface was analyzed using a dispergrader
according to ISO 11345. The test piece of approximate crosssection (8 mm thickness and 10 mm width) was freshly cut
from the sample using a single edge razor blade cutter.

Results and Discussion
Table 3 shows the cure behavior of NR/BR vulcanizates
with different proportions of RR at a cure temperature of
150 oC. It can be seen that in all the blend series, the optimum
cure time decreases with the increase in the reclaim content.
The optimum cure time is high for the blend without any RR.
In all other mixes there is proportionate reduction in cure time

Table 3. Cure Characteristics of NR/BR Blends Incorporated with RR
System

60/40

50/50

40/60

Compounds

Cure time
(min)

Scorch time (ts2)
(min)

CRI

MH
(dNm)

Cross-link density
(mol/cm3)

A0

17.55

6.09

8.73

15.31

5.6725

A1

13.29

4.47

11.35

19.23

5.7011

A2

12.11

4.17

12.61

19.59

5.8868

A3

11.35

3.43

12.64

21.28

6.4560

B0

20.49

7.53

7.72

15.83

5.5220

B1

14.41

4.90

10.52

20.15

5.8843

B2

13.04

4.19

11.31

20.86

6.9308

B3

12.16

3.31

11.31

21.46

7.2927

C0

22.31

8.52

7.25

16.53

5.9235

C1

15.49

5.71

9.93

19.58

6.9173

C2

13.32

4.40

11.22

20.82

7.1130

C3

12.34

3.99

11.97

21.20

7.3413
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with RR. This may be due to the residual curatives present in
the reclaim rubber. This will provide additional sites for crosslinking reaction as evident from the crosslink density measurements. The increase in the maximum torque (MH) is related
to the increase in compound viscosity due to the cross-linked
material in the reclaim rubber. The increase of MH is also
related to the increase in the degree of crosslinking promoted
by the residual curatives in the RR. Increase of reclaim rubber
results in the decrease of scorch time (Table 4).14,15
Tensile Strength (TS). It is to be noted that in all series
(Figure 1(a), 1(b), and 1(c)) NR/BR blends without RR registered the maximum TS, the same on ageing gave tensile
value slightly inferior to the before ageing values. However, in
all cases addition of RR reduced the TS values drastically and
it reduced further on addition of RR. It is to be noted that 10
phr addition of RR decreased the TS slightly whereas there is
significant reduction with 20 and 30 phr addition of RR.
During the reclamation process rubber molecules undergo
severe break down, as a result reclaim rubber has comparatively lower molecular weight than the virgin rubber. Moreover, the reclaim rubber contains crosslinked gel which acts as
stress concentration points due to the inability of the gel to be
dispersed as continuous matrix in the virgin rubber which may
also be corroborated from SEM micrographs.16 Increasing the
reclaim content results in more gel content resulting in lower
TS.17 Ageing causes further break down of the RR which
resulted in decreased TS.
Elongation at Break. The progressive reduction in the
elongation at break can be seen in NR and BR rich blends due
Table 4. Scorch Time NR/BR Blends Incorporated with RR
Compounds

Scorch time (t5), (min)

A0

21.12

A1

13.93

A2

11.68

A3

10.63

B0

21.45

B1

13.98

B2

12.07

B3

10.65

C0

23.02

C1

14.77

C2

12.22

C3

11.63

Figure 1. Plots of tensile strength of NR/BR systems with different
RR loading: (a) 60/40; (b) 50/50; (c) 40/60.

Figure 2. Plots of elongation at break with various blend combinations of NR/BR/RR.
Polym. Korea, Vol. 45, No. 5, 2021
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Table 5. Ratio of M300/M100
M300/M100

Standard deviation

A0

4.36

0.01516

A1

3.89

0.00748

A2

3.69

0.00748

A3

3.45

0.01019

B0

3.76

0.01939

B1

3.67

0.01166

B2

3.15

0.00829

B3

3.04

0.01479

C0

3.59

0.01166

C1

3.50

0.01299

C2

3.38

0.00829

C3

2.87

0.00829

Figure 4. Plots of tear strength with various blend combinations of
NR/BR/RR.

Figure 3. Plots of modulus of NR/BR systems with different RR
loading: (a) 60/40; (b) 50/50; (c) 40/60.

to the incorporation of low molecular weight reclaim rubber.
The low molecular weight chains of RR and the presence of
more amounts of filler might have contributed towards the low
EB values of the blends (Figure 2).18
Modulus at 100% and 300% Elongation. Modulus at
100 and 300% elongation increase with reclaim content as
shown in Figure 3. This may be due to the residual curatives
in the RR which might have increased the crosslink density of
the resulting vulcanisates or may be due to the presence of
active functional sites in the reclaim rubber which may participate in the cross-linking process.18 Hence higher load is
required for elongation rendering to increased modulus.19
폴리머, 제45권 제5호, 2021년

M300/M100 is an indirect measure of the rolling resistance.
Higher the value, lower the rolling resistance.20 From Table 5,
it can be seen that the rolling resistance increased on addition
of reclaim rubber. It is to be noted that BR rich blend showed
lowest M300/M100 ratio indicating high rolling resistance.
Tear Strength. For NR rich blends, up to 20% addition of
RR, tear strength increases thereafter it decreases (Figure 4). In
synthetic rubber rich blends, there is a continuous decrease of
tear strength. Tear strength is influenced by the strain crystallization property of NR. It is disturbed on addition of RR in
the blend.21
Abrasion Resistance. The abrasion resistance is expressed
in terms of abrasion loss (mm3) and abrasion resistance index.
From Figure 5, it can be seen that in all the blend series, the
abrasion resistance is decreased with the increase in the
reclaim loading. In NR rich blends with small addition (10 phr)
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Figure 7. Hardness with various blend combinations of NR/BR/RR.
Table 6. Heat Build Up
Delta temp (oC)

Figure 5. Plots of abrasion resistance of NR/BR systems with different RR loading: (a) 60/40; (b) 50/50; (c) 40/60.

Figure 6. Plots of compression set with various blend combinations
of NR/BR/RR.

of RR abrasion index is drastically decreased. BR rich blends
can tolerate more RR loading and is abrasion resistance mainly
controlled by the BR content in the blend. Since the RR is sub-

A0

22

A1

26

A2

29

A3

34

B0

22

B1

27

B2

28

B3

30

C0

24

C1

26

C2

31

C3

31

jected to intense thermo-chemical reactions during reclamation, its molecular weight is low such weaker matrix have poor
abrasion resistance.22,23
Compression Set. Compression set value mainly depends
upon the elastic recovery. It is found that the set values
increased with increase in the RR content (Figure 6). This may
be due to the lower molecular weight of RR and also due to the
residual crosslinking agent such as sulphur and other related
accelerators present in RR. Low elastic matrices facilitate irreversible flow under stress and the compression set is proportional to the amount of reclaim added.24
Hardness. The variation of hardness depends mainly on
factors like crosslink density, filler loading and the amount of
plasticizers. The reinforcing capacity of BR compared to NR
with carbon black is high and hence BR rich blends registered
high hardness. The hardness decreases with increasing RR
content may be due to the plasticizing action of low molecular
weight polymer fraction in RR and obviously there are eviPolym. Korea, Vol. 45, No. 5, 2021
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dences of more crosslinking in the blends due to the presence
of additional curatives released from RR. Moreover, RR contains both organic (29%) and inorganic fillers (9%) which may
contribute the hardness increase in the blends. Hardness can
also increase due to the presence of gel in RR which reduces
the elasticity of the blend (Figure 7).25
Heat Build-Up. From Table 6, it was found that the heatbuild up values increased with the increase in the reclaim loading. The RR used contains about 29% of carbon black. The
major drawback of using reinforcing filler is that they tend to
agglomerate which in turn increase the mechanical hysteresis.26 This agglomerate structure, underlies the principle of
Payne effect adversely affects the mechanical efficiency of the
blends and increase the heat buildup values.
Thermogravimetric Analysis. Using thermogravimetry,
initial weight loss, maximum degradation temperature, char
residue of RR are analyzed and tabulated (Table 7). TGA
curves (Figure 8) showed that the thermal stability of NR/BR/
RR vulcanizates was increased on incorporation of RR. The

Figure 8. TGA graphs of various NR/BR/RR blends: (a) 60/40; (b)
50/50; (c) 40/60.

Figure 9. Plots of activation energy with various blend combinations of NR/BR/RR.

Table 7. Thermogravimetric Analysis
Mixes

1st degradation
(oC)

Weight loss
(%)

2nd degradation
(oC)

Weight loss
(%)

Residue
(%)

A0
A1
A2
A3
B0
B1
B2
B3
C0
C1
C2
C3

373.0
375.2
376.0
377.7
373.8
374.4
375.5
378.7
372.9
372.0
373.8
375.7

34.06
31.50
29.54
27.53
27.54
24.66
22.48
19.79
23.45
21.47
20.41
17.23

451.7
448.7
447.6
450.1
451.3
453.8
457.7
454.2
454.9
456.1
455.7
455.8

27.4
26.6
26.8
26.4
34.1
33.4
32.9
32.4
36.9
37.8
35.6
35.4

2.9
4.4
4.8
5.1
2.9
3.9
5.2
6.3
2.8
3.5
4.4
5.1
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morphology whereas with the incorporation of the RR, the
phase structure is disturbed. Addition of RR (low molecular
weight) widen the viscosity between the components of the
blends and RR prevents the entanglement and interaction
between the NR/BR matrixes resulting in poor adhesion. Insufficient adhesion will result in the formation of cracks and holes
which is evident from the images.29-31 The increased number of
crack paths and holes makes the virgin matrix susceptible to
mechanical failure. This can be corroborated from the inferior
mechanical properties discussed earlier.

Figure 10. Tensile fractured surface of (a) NR/BR/RR (50/50/0); (b)
NR/BR/RR (40/50/10); (c) NR/BR/RR (30/50/20); (d) NR/BR/RR
(20/50/30).

increased degree of crosslink density as evident from swelling
studies might be the reason for the increased the thermal stability. However, in NR rich blends (Figure 8(a)) the TGA
curves are more dispersed than in 50/50 (B-series) and 40/60
(C-series) blends of NR/BR.
From the Table 7, it has been found that the percentage
weight loss in the 1st degradation step in all the three systems
have decreased with the increase in the reclaim loading. This
is due to the presence of volatile matters such as stearic acid
and absorbed moisture. The 2nd degradation is the decomposition of cyclized and cross-linked BR and hence the percentage weight loss is low during the period. It is also noted
that there are two degradation temperatures-first degradation
temperature corresponds to NR and 2nd degradation temperature reflects the BR phase. The peak temperatures reflect the
thermal stability of the compounds. The temperature in both
phases has shifted towards a higher temperature.27 This shows
the enhanced thermal stability of the reclaimed rubber filled
samples. With the increase of reclaim loading, the crosslink
density increased and as a result the thermal stability
increased.28 The char residue has increased with the incorporation of RR which might originate from the inorganic filler
in RR. The activation energy for the decomposition of the
blends was determined using Coats-Redfern plot (Figure 9). It
has been noted that the activation energy required to thermally
degrade the sample have been increased with the increase in
the reclaim rubber. The increased amount of filler and crosslink density upon addition of RR might have increased the
thermal stability of NR/BR system.
SEM Analysis. From the SEM images (Figure 10), it has
been noted that the virgin NR/BR blend have a homogenous

Conclusion
A sequence of NR/BR/RR blends was prepared and their
properties were evaluated. It was found that the cure characteristics are very much dependent on the amount of reclaim
rubber present in the blends. The residual curatives present in
the RR cause reduction of cure time and scorch time of NR/BR
blends. TS, abrasion resistance, elongation at break and tear
strength were reduced with the incorporation of reclaim rubber.
Modulus at 100 and 300% was increased due to increased
crosslink density by the addition of RR. Compression set,
hardness and heat-buildup were also increased with the
increase of RR content. The TGA analysis showed that the
thermal stability of NR/BR blend was increased with the incorporation of RR. The increased activation energy values also
support the increased stability of the blends. SEM studies indicated that the morphology and homogeneity was disturbed due
to the viscosity mismatch between NR and BR especially in
the presence of RR. Apart from sacrificing the properties, systems with excellent TS, elongation at break and modulus can
be selected for appropriate tread applications.
Acknowledgments: The authors are grateful to Rubber
Research Institute of India, Kottayam and Cochin University
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work.
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