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Abstract
In the retreading industry, generally two types of adhesives say a solid adhesive (bonding gum) and a solution adhesive 
(black vulcanising cement) are mainly used. In this study, the performance of natural rubber (NR)-based solution adhesive 
for the rubber to rubber bonding was examined. The effect of different grades of carbon black (CB) say ISAF (N220), HAF 
(N330) and GPF (N660) as a reinforcing filler in adhesive was evaluated. The loading used was different for the three grades 
of CB to achieve the required level of hardness for the adhesive. A blend of natural rubber and butadiene rubber (BR) was 
used as the adherend substrate. The vulcanisation characteristics, mechanical properties, swelling measurements and adhe-
sion strength of different CB-filled NR-based solution adhesive were studied. All the three grades of CB-filled NR-based 
adhesives showed an increase in the rheometer torque and crosslink density compared to unfilled NR-based adhesive. The 
incorporation of CB improved the mechanical properties, adhesion strength and thermal stability of NR-based adhesives. 
CB-filled NR adhesives showed lower solvent uptake compared to unfilled ones. The measured properties of all the three 
grades of CB-filled NR-based solution adhesives were found to be comparable at the fixed hardness level.
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Introduction

Natural rubber (NR) is widely used in the adhesive industry 
due to the variety of properties associated with it [1–3]. In 
most of the fabrication and development of rubber products, 
rubber to rubber bonding needs to be addressed especially in 
the tire industry. In the retreading process, a solution adhe-
sive containing rubber, vulcanising ingredients and fillers is 
usually applied to the buffed surface of the tire casing prior 
to the fixing of the new tread [4]. The bonding of vulcanised 
rubber to itself and also to other materials is usually carried 
out using an adhesive made up of the same rubber. When 
a rubber-based adhesive is placed in between two rubbery 
polymers, adhesion occurs as a result of the diffusion of mol-
ecules across the interface. According to diffusion theory of 
adhesion proposed by Vyoutskii [5, 6], mutual compatibility 

between the adhesive and substrate favours the formation of 
a strong interface of the adhesive material.

Excluding patents, there is a lack of scientific research 
in the field of rubber-based adhesives for bonding vulcan-
ised rubber components especially in precured retreading. 
Rubber-based adhesive for bonding vulcanised sheets of NR 
and NR-BR blend was reported by Job and Joseph [7]. The 
US patent [4] describes a method of sticking a new vulcanis-
able tread to a used tire carcass using a rubber cement. The 
rubber adhesive used in retreading applications should pos-
sess required level of hardness, and hence reinforcing fillers 
like carbon black (CB) is generally preferred in the adhesive 
formulations. In rubber-based adhesives, CB is mainly used 
to increase the intermolecular forces or cohesive forces of 
the product [8]. In the rubber industry, CB is mainly used 
as a reinforcing filler to improve the properties of the vul-
canisates [9, 10]. The degree of reinforcement depends upon 
several parameters such as CB’s particle size, surface area, 
structure, etc. Numerous works were reported on the effect 
of CB on vulcanisation characteristics, mechanical proper-
ties and crosslink density [11–21]. However, very limited 
works have been reported on the role of CB on rubber-based 
adhesives [8, 22]. In a work reported by Kardan [8], the 
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mechanism of CB reinforcement in NR-based adhesives 
was explained by correlating adhesive strength with infra-
red spectroscopic (IR) results. IR results indicated that the 
reinforcement mechanism promotes trans-conformation in 
the rubber structure. Rubber-based adhesive which is to 
be applied in between the tire casing and precured tread 
in retreading process should satisfy required hardness level 
and mechanical properties and should have sufficient level 
of scorch safety and cure time which are mainly governed 
by specifications [23].

The main focus of this study is to evaluate the role of dif-
ferent CB on vulcanisation characteristics, mechanical prop-
erties and adhesion strength of NR-based solution adhesives 
for rubber to rubber bonding.

Experimental

Adhesive materials

NR used was RSS 1 (Ribbed Smoked Sheet 1). Three differ-
ent grades of CB say GPF (N660), HAF (N330) and ISAF 
(N220) used were supplied by Phillips Carbon Black Lim-
ited (West Bengal, India). The important characteristics of 
the CB used are summarised in Table 1. The three grades 
of CB were loaded to different levels depending upon their 
reinforcing capacity. The other compounding ingredients 
such as wood rosin, zinc oxide, stearic acid, accelerator, 
insoluble sulphur, etc. were of commercial grade. The sol-
vent used was special boiling point spirit (SBP spirit). The 
rubber was masticated for 5 min on a two-roll mill and the 
other compounding ingredients were added to the masti-
cated rubber according to the formulation given in Table 2. 

An overall mixing time of 25 min was provided to ensure 
uniform and effective dispersion of the CB filler in the rub-
ber matrix. The prepared rubber adhesive compound was 
dissolved in SBP solvent having a total solid content of 20%. 
One control sample without CB was also prepared for com-
parison purposes.

Vulcanisation characteristics

The vulcanisation characteristics were determined using a 
rheometer (MDR 2000, Alpha Technologies) according to 
ASTM D 2084 at 138 °C. The scorch time (tS2) was taken as 
the time required for the minimum torque to increase by two 
units. Optimum cure time (t90) was taken as the time taken 
to reach 90% of the maximum torque.

Mechanical properties

Five dumbbell-shaped specimens were cut from the vulcan-
ised sheets of NR-based solution adhesives. The tensile and 
tear strengths were measured according to ASTM D 412 
and ASTM D 624, respectively, using a universal testing 
machine (UTM- Zwick Roell Model Z005) at a crosshead 
speed of 500 mm/min. The hardness (Shore A) of the NR-
based solution adhesives was tested using a hardness tester 
(Bareiss Model BS 61 II) as per ASTM D 2240-05.

Swelling studies

Circular samples (2 cm diameter) punched out from moulded 
sheets were weighed and soaked in toluene taken in test bot-
tles. The samples were taken out from the solvent at regu-
lar intervals. The excess solvent adhered on the surface of 
the sample was removed by a blotting paper and weighed 
again. The samples were then replaced into the bottles and 
this procedure was continued until equilibrium swelling was 
reached (72 h). After soaking in toluene for 72 h, the swol-
len samples were removed from toluene. The surface of the 
swollen samples was wiped-off gently using a blotting paper 
and weighed (W2). The swollen samples were dried in an 
oven at 60 °C until the weights remained constant (D). The 

Table 1   Properties of carbon black

Carbon black STSA, m2/g Iodine adsorption 
number, mg/g

OAN, cc/100 g

N220 106 121 114
N330 75 82 102
N660 34 36 90

Table 2   Formulation of 
NR-based solution adhesives

Other additives (in phr): zinc oxide-6, stearic acid-0.5, TDQ (2,2,4-trimethyl-1,2-dihydroquinoline-1, wood 
rosin-6, CBS (N-cyclohexyl-2-benzothiazole sulfenamide)-1, insoluble sulfur-3, solvent (special boiling 
point spirit-SBP)

Ingredients, phr NR (Unfilled) NR/N660 NR/N330 NR/N220

Natural rubber (RSS 1) 100 100 100 100
Carbon black (GPF-N660) – 40 – –
Carbon black (HAF-N330) – – 33 –
Carbon black (ISAF-N220) – – – 30
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crosslink density and transport properties were measured 
from the swelling studies as described below.

Crosslink density studies

The crosslink density of the NR-based solution adhesives 
was measured by the equilibrium swelling method using 
Flory–Rehner equation [24]. The degree of crosslinking (ʋ) 
and swelling ratio (Q) was calculated using the following 
equations.

where, Mc is the molar mass between crosslinks was calcu-
lated using the equation [24],

where, ρr is the density of rubber (for NR, ρr = 0.92), Vr 
is the volume fraction of rubber in the completely swollen 
sample, Vs is the molar volume of toluene (106.27 cm3/mol) 
and χ is the rubber solvent interaction parameter (0.391).

Volume fraction of rubber in the completely swollen 
sample was calculated by the expression given by Ellis and 
Welding [25],

where D is the de-swollen weight, F is the weight fraction 
of the insoluble components, T is the initial weight of the 
sample, A0 is the weight of the absorbed solvent, ρs is the 
density of the solvent. The swelling index (Q) was calculated 
using the equation

where W2 is the swollen weight of the samples after equilib-
rium and D is the de-swollen weight.

Transport properties

The solvent uptake (Qt mol %) was calculated using the 
equation,

The Qt mol % was plotted against square root of time 
(t1/2).

The diffusion coefficient D was calculated using the equa-
tion [26],

(1)Degree of crosslinking, � =
1

2Mc
,

(2)Mc =
�rVsV

1∕3
r

ln
(

1 − Vr

)

+ Vr + � V2
r

,

(3)Vr =
D − FT∕ �r

(

D − FT∕ �r
)

+
(

A0∕ �s
) ,

(4)Swelling index,Q =
W2 − D

D
,

(5)

Qtmol % =
Mass of the solvent sorbed/Molar mass of the solvent

Mass of polymer
× 100

where h is the sample thickness, θ is the slope of the lin-
ear portions of the sorption curve and Q∞ is the maximum 
mol % solvent uptake.

The Sorption coefficient S can be computed using the 
equation [27],

where M∞ is the maximum solvent uptake and M0 is the 
initial mass of the polymer.

Permeability coefficient P is the product of diffusion and 
sorption coefficients [27].

Peel strength

For the peel strength measurement (180°-peel test), NR/BR 
blend was prepared according to ASTM D 3182 as per the 
formulation given in Table 3 and was moulded at 150 °C 
up to the optimum cure time. Specimens (150 × 25 × 2 mm) 
were cut from the moulded rubber sheets. The surface of the 
rubber substrate was buffed with a medium emery paper, 
and the buffed surface was cleaned with solvent trichloro-
ethylene. Test portions measuring 100 × 25 mm of rubber 
substrate was the test area for 180°-peel test. Three coats 
of the adhesive were applied on the test area of both rubber 
substrates. After each coat of application, a minimum dry-
ing period of 15 min was given for the evaporation of the 
solvent. After drying, the rubber substrates were joined and 
moulded at 145 °C for 30 min. The 180°-peel test of rub-
ber to rubber joints was determined as per IS: 2562-1979 
using a universal testing machine (UTM- Zwick Roell Model 
Z005) at a crosshead speed of 50 mm/min. Peel strength was 
measured as the peel force per width of the rubber substrate 

(6)D = �

(

h�

4Q∞

)2

,

(7)S =
M∞

M0

,

(8)P = D × S.

Table 3   Formulation of rubber substrate for bonding

Ingredients Weight, phr

Natural rubber 50
Butadiene rubber 50
Zinc oxide 4
Stearic acid 2
Carbon black (HAF-N 330) 50
Aromatic oil 8
TDQ 1
Wood rosin 2
Sulfur 2
MOR (N-oxydiethlenebenzothiazole-2-sulfenamide) 1
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tested. The mean of five measurements is reported as peel 
strength.

Thermogravimetric analysis (TGA)

Thermal stability of the adhesives was performed using a 
Thermogravimetric analyser (TA Instruments Q 500). Sam-
ples were heated from 30 to 600 °C in nitrogen atmosphere 
at a heating rate of 10 °C/min and then up to 800 °C in 
oxygen at the same heating rate.

Carbon black dispersion measurement

CB dispersion in NR-based solution adhesives was meas-
ured using a dispergrader (disperGRADER, Dynisco) as per 
ISO 11345. Test piece of approximate cross section (8 mm 
thickness and 10 mm width) was freshly cut from the sam-
ple using a single edge razor blade cutter. The dispergrader 
works with a light source at an angle of 30° with respect to 
the test surface and uses a magnification of × 100. The image 
is obtained as a micrograph generated by the dispergrader 
software.

Morphological analysis

The morphology of the CB-filled NR adhesives was carried 
out using scanning electron microscope (SEM, JEOL model 
6490). The samples were gold coated to avoid electric charge 
accumulation during testing.

Results and discussion

Vulcanisation characteristics

The vulcanisation characteristics of CB-filled NR-based 
solution adhesives were listed in Table 4. The scorch time 
and optimum cure time of all the three grades of CB-filled 
NR-based adhesives were almost same. All the three grades 
of CB-filled adhesives achieved the required level of scorch 
safety by adjusting their level of loading. This is because 

the focus is to get the adhesive with same specification in all 
the three cases. The scorch time of CB-filled adhesives was 
found to be lower compared to unfilled one. Incorporation 
of CB restricts the chain mobility of rubber through physi-
cal adsorption and/or chemical bonds between the rubber 
molecules and CB surfaces. With the incorporation of CB, 
the compound tends to be more viscous and as a result it 
gets more heated during mixing [28–30]. This heating due 
to high shear might be the reason for the decreased scorch 
time. When compared to unfilled NR-based adhesives, the 
optimum cure time was slightly higher for all the three CB-
filled NR-based adhesives.

As illustrated in Table 4, the minimum torque (ML), 
maximum torque (MH), and the differential torque 
(ΔM = MH−ML) of all the CB-filled NR-based adhesives 
are much higher than that of unfilled one. The torque 
depends on several parameters such as crosslink density, 
rubber-filler interaction and chain entanglements. The 
minimum torque (ML) is a cure property measured in the 
uncured state, is an indicator of the degree of physical 
crosslinking [13]. It is a measure of rigidity and viscosity 
of an uncured compound. While CB is incorporated into 
NR, the rubber chains get trap or entangle in the voids 
of the CB aggregates. This entanglements or physical 
crosslinks hinder the mobility of rubber chains and con-
sequently increases the viscosity of the compound. As a 
result, the torque of melting of uncured rubber increased. 
The maximum torque (MH) is a measure of the extent of 
crosslinking and indicates stiffness or shear modulus of the 
fully vulcanised rubber at the vulcanisation temperature 
and also an indicator of the rubber-filler interaction. The 
interaction of CB with rubber enhanced the MH of the 
CB-filled adhesives. The differential torque (ΔM) is also 
the characteristic of the cured rubbers which indicates the 
degree of crosslinking. ΔM of CB-filled NR-based adhe-
sives was higher than that of unfilled one. This increase 
can be attributed to the increase in the crosslink density 
[31]. It was reported that rubber–CB interaction leads to 
the formation of additional crosslinks in CB-filled rubber 
vulcanisates compare to unfilled gum vulcanisates [18].

Table 4   Vulcanization 
properties of NR-based solution 
adhesives

Sample Minimum torque 
(ML), dNm

Maximum torque 
(MH), dNm

ΔM = MH−
ML, dNm

Optimum cure 
time, (t90), min

Scorch time, 
(tS2), min

NR (Unfilled) 0.08 4.75 4.67 25.04 9.43
NR/N660 0.25 11.18 10.93 28.49 6.07
NR/N330 0.23 10.62 10.39 26.50 5.38
NR/N220 0.31 10.61 10.30 28.38 6.13



191Natural rubber‑based solution adhesives: effect of carbon black on the adhesive properties﻿	

1 3

Swelling studies

Crosslink density

CB-filled NR adhesives possess higher crosslink density 
and lower swelling index compared to unfilled NR adhesive 
(Fig. 1). The increase in crosslink density is attributed to the 
increase in the physical crosslinks that arise from the rub-
ber–filler interaction and filler–filler network formation in 
CB-filled samples [14, 18]. Rubber–carbon black interaction 
resulted in the formation of interconnected crosslinked net-
work structures. As a result, considerable amount of bound 
rubber is produced, which strongly restricts the penetration 
of solvent molecules through the rubber matrix and results 
in the decrease of swelling values.

Transport properties

The sorption curves of unfilled and CB-filled NR-based 
adhesives are given in Fig. 2. The curves are plotted as the 
mol percentage uptake of the solvent (Qt mol %) against 
square root of time (t1/2). It is clear that the rate of sorption is 
high during the initial stage, due to the larger concentration 
gradient of the solvent. The rate of sorption decreases gradu-
ally, and finally reaches a plateau. It reaches the equilibrium 
level when the concentration gradient is zero. The solvent 
uptake is found to be high for unfilled samples compared to 
the CB-filled NR adhesives. This can be attributed to the 
incorporation of CB filler which restricts the polymer chain 
mobility and resists the penetration of solvent through the 
polymer matrix [32]. From the crosslink density measure-
ments, it is also evident that incorporation of CB improved 
the crosslink density of NR by forming either physical or 
chemical crosslinks between the polymer chains. The reduc-
tion in the free volume in CB-filled NR adhesives decreases 
the solvent uptake. The mol % uptake at equilibrium swell-
ing of all the three grades of CB-filled NR adhesives is found 
to be same, which also suggests that for a fixed hardness 

level, the different grades of CB imparted similar solvent 
resistivity to the polymer matrix.

The transport properties such as diffusion, sorption and 
permeation coefficients of filled and unfilled NR adhesives 
are listed in Table 5. The unfilled sample exhibits higher dif-
fusion, sorption and permeation coefficients than CB-filled 
samples. CB-filled samples are stiffer and lesser penetrable 
by the solvent. The transport properties are mainly rely on 
the availability of free spaces to accommodate the penetrant 
molecules. The well-dispersed CB filler reduces the free 
volume in the rubber matrix and hinders the diffusion and 
permeation of the solvent through the polymer matrix. The 
diffusion, sorption and permeation coefficients of the three 
CB-filled adhesives are found to be comparable at the fixed 
hardness level.

Mechanical properties

Incorporation of CB imparted better mechanical properties 
(tensile strength, 300% modulus, elongation at break, tear 
strength and hardness) to the NR-based adhesives (Table 6) 
compared to unfilled NR-based adhesives due to enhanced 
rubber–filler interaction [11–13, 31, 32]. The NR adhered 
into the surface of CB and fills the pores of CB filler, leads 
to the formation of bound rubber or so called immobilized 
rubber layer. The formation of bound rubber is the basis 
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Table 5   Values of diffusion coefficient (D), sorption coefficient (S) 
and permeation coefficient (P) for the different CB-filled NR-based 
adhesives

Sample D × 10–4, cm2 s−1 S P × 10–4, cm2 s−1

NR (Unfilled) 11.14 4.80 54.15
NR/N220 9.08 2.66 24.15
NR/N330 9.22 2.75 25.35
NR/N660 9.34 2.90 27.08
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for filler reinforcement in CB-filled NR. The bound rubber 
formation hinders the chain mobility upon straining, and 
helps to overcome the applied stress which breaks the rub-
ber chains. During the tensile test, when the applied stress 
exceeds the stress limit of the bound rubber, the sample 
starts to rupture. Practically the stiffness of rubber vul-
canisates is assessed by modulus at 300% elongation. The 
interaction of CB with rubber molecules hinders the macro-
deformation under stress, which enhances the 300% modulus 
values. The hardness of CB-filled NR-based adhesives was 
higher than unfilled adhesives. The immobilisation of rubber 
chains on the surface of CB decreased the flexibility of the 
rubber matrix, which resulted in an increase of the hard-
ness of CB-filled NR adhesives. Tear strength measures the 
resistance to crack propagation under tension. Tear strength 
of NR adhesives is improved by the addition of CB. The CB 
filler hinders the propagation of cracks and resulted in higher 
tear strength values. The high crosslinking density is also 
responsible for the improved mechanical properties of CB-
filled adhesives. The mechanical properties of all the three 
grades of CB-filled adhesives are found to be comparable at 
the fixed hardness level.

Peel strength

Incorporation of CB enhanced the peel strength of NR-
based solution adhesives which is evident from Fig. 3. 
This can be attributed to the improved cohesive forces 
of the adhesives by the addition of CB filler [8]. Also, 
the reinforcement effect of the CB filler is another rea-
son for the improved adhesion strength, because more 
energy is required to break the film containing fillers. In 
CB-filled adhesives, the modulus of the adhesive film is 
found to high compared to unfilled one. When modulus 
increases, more energy is required to peel off the adhe-
sive film from the substrate, which leads to an increase 
in the peel strength. The peel strength of all the three 
CB-filled adhesives is found to be comparable, which 
indicates that for a fixed hardness level, the variation in 
different grades of CB had only marginal effect on the 
adhesion strength.

Table 6   Mechanical properties 
of NR-based solution adhesives

Compounds NR (Unfilled) NR/N220 NR/N330 NR/N660

Hardness, shore A 30 52 51 50
Tensile strength, kg/cm2 110.2 ± 3.4 267.9 ± 3.1 264.1 ± 4.1 263.2 ± 3.5
Elongation at break, % 895 ± 12 599 ± 8 612 ± 11 631 ± 10
300% modulus, kg/cm2 15.6 ± 1.4 68.8 ± 1.0 63.5 ± 1.4 62.8 ± 1.2
Tear strength, kgf/mm 2.8 ± 0.1 7.5 ± 0.1 8.4 ± 0.1 6.9 ± 0.1
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Thermogravimetric (TGA) analysis

The thermal stability of the NR-based solution adhe-
sives was determined using TGA analysis. The maxi-
mum degradation temperature (Tmax) of all the three 

CB-filled adhesives was almost comparable (Fig. 4). 
But the rate of decomposition of unfilled NR adhesive 
was high compared to the filled ones. This is attrib-
uted to the high thermal properties offered by the CB 
filler to the rubber hydrocarbon chain [21, 32]. When 
CB is added to the NR matrix, the rigidity of the rub-
ber matrix increased which hindered the degradation of 
CB-filled NR adhesives. It is clear from Table 7 that, 
the degradation temperature at different weight loss of 
filled NR adhesives was high compared to unfilled sam-
ple. This also supports the improved thermal resistance 
of CB-filled NR adhesives. It is also observed that the 
thermal degradation resistance of all the three grades 
of CB are of similar in nature.  

Table 7   Degradation temperature at varying weight percentage losses

Degradation temperature, oC

Sample T20% T40% T60% T80% T90%

NR (Unfilled) 348.2 367.4 380.9 403.7 431.8
NR/N220 358.1 378.5 400.2 619.9 623.1
NR/N330 354.1 374.8 396.6 612.4 619.6
NR/N660 355.6 375.4 396.9 613.9 617.4

Fig. 5   The dispergrader images of CB-filled NR-based adhesive samples. a NR/N 220; b NR/N 330 and c NR/N 660
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Carbon black dispersion analysis

The level of dispersion of CB in rubber is very impor-
tant as it is expected to affect the properties of the rubber 
compound. Figures 5a–c show the dispergrader images of 
a freshly cut surfaces of each CB-filled samples. The light 
dots of the image are associated with the macrodispersion 
of filler and agglomerates, and the dark background indi-
cates the microdispersed CB filler in rubber matrix. Lower 
percentage of white area indicates the better dispersion of 
CB in the rubber matrix. From the images, it is evident 
that, all the three types of CB dispersed uniformly in the 

NR matrix. Figures 6 and 7 represent the histograms of 
white area distribution and average agglomerate count for 
three scanning process for the three CB-filled adhesives, 
respectively. The three CB-filled NR adhesives showed 
slight variations in the white area distribution and average 
agglomerate count, which is evident from Figs. 6 and 7. 
As mentioned earlier, the loading used for the three grades 
of CB was different to achieve the required level of hard-
ness for the NR-based solution adhesive. The filler loading 
level together with the filler particle size or surface area 
determines the interaction of the filler with the polymer 
matrix, and the quality of the filler dispersion. The differ-
ences in both the CB particle size and loading level may 
be the reason for the very small variations in the dispersion 
quality of the three CB-filled NR-based adhesives.

Morphological properties

Figures  8a–c show the SEM micrographs of NR-based 
adhesives filled with three different grades of CB. All the 
three types of CB aggregates distributed uniformly in the 
NR matrix. SEM image of NR/N220 is devoid of voids, but 
images of both NR/N330 and NR/N660 contain small voids. 
SEM images confirmed the results obtained by the CB dis-
persion analysis.

Conclusions

Incorporation of CB imparted better mechanical properties 
to the NR-based solution adhesives due to enhanced rub-
ber–filler interaction. The vulcanisation characteristics of 
the adhesives showed that all the three grades of CB (ISAF, 
HAF & GPF) filled adhesives possess the required level of 
scorch safety. The variation in the grades of CB had only a 
nominal effect on the cure characteristics of the adhesives 
at a fixed hardness level of the vulcanisates. Addition of 
CB improved both the mechanical properties and adhesion 
strength of the NR-based solution adhesive. It was found 
that for a fixed hardness level, mechanical properties and 
adhesion strength of NR-based solution adhesives were not 
affected by the difference in the grades of CB used. The 
transport properties such as diffusion, sorption and permea-
tion coefficients of different CB-filled NR-based solution 
adhesives were lower than that of unfilled NR adhesive. 
Incorporation of CB improved the thermal stability of NR-
based adhesives. Results of CB dispersion analysis and SEM 
studies confirmed the uniform dispersion of CB in the NR 
matrix.
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