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ABSTRACT

This paper is devoted to the description of the development of optimized rubber

compounds for the various parts of the bead section of low aspect ratio
steel-betted radial tines. Four main parts of the bead zone have been

considered which are bead insulation, apex, chafer and pad . For each section,

a series of compounds have been designed and then based on the measured
physical and mechanical properties, they are modified until the pre-defined

properties have been achieved . It is shown that based on use of a blend of

elastomers and novel combination of different compounding ingredients,

optimized rubber compounds for the mentioned parts both from physical
properties and economical points of view can be obtained . The use of the

developed compounds in the manufacturing of a 175IT0-14 steel-belted tire and

also the results of the indoor and outdoor tire tests generally confirm the validity
of the designed rubber compounds.
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INTRODUCTION using steel cords in both tire belts and carcass stem
from, (i) higher tensile properties, with typical values

of the tensile strength and Young modulus of steel

cords used in tire industry being between 2800—3600
MPa and 200,000 MPa, respectively. These are,

obviously in an order of magnitude higher than all the

other fibres, (ii) the best shear stress resistance, (iii) the

lowest elongation-at-break which provides the highest

tire shape stability and finally (iv) a well-defined
fatigue life property [1).

qwing to the superior physical and mechanical
characteristics of radial tires compared to bias tires,
many efforts have been devoted in the last two decades

to enhance their performances. The replacement of

man-made fibres by steel cords and lowering the aspect

ratio (the ratio of the tire height to the maximum
section width of the tire) are the most important

achievements in this regard. The main advantages of
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Figure 1 : A schematic diagram of the lay-out of a low aspect ratio steel-belted radial tire.

On the other hand, reducing the tire aspect ratio EXPERIMENTAL

to 70% and even lower values makes it possible to
produce tires with better ride and handling characteris-

tics, lower rolling resistance and thus less fuel consum-

ption, higher durability specially at higher speeds and
better stability . In these tires . due to the lower distance

between the rim and road surface, the construction of
the head section is much more different than the

conventional radial and bias tires . The main require-
ment here is to provide a greater support for the carcass

and sidewall of the tire. "to achieve this goal . the

overall height of the bead section is increased to

approximately 100% and more stiff materials are used
for the various parts of the bead zone [2-4].

In the following sections, we first describe the

lay-out of the bead of a steel-belted radial tire and then
the functions of its various parts are studied in

conjunction with the main physical and mechanical
requirements . Our main attention is focused on the four

main parts, which are bead insulation . apex, chafer and
pad . In the next section the step-by-step procedures used

for the development of the optimized rubber compounds
for these parts are presented and finally the conclusions

are drawn .

Lay-out of the Bead
A typical lay-out of the bead section of a low aspect

ratio (70%) steel-belted tubeless radial tire is shown
in Figure I " Bead zone generally consists of a multi-
layer system of materials with diffcreni physical

properties . "these are head wire, apex, chafer, pad and
inner liner (bead wires in Figure 2) . A brief descrip-

tion of each component of these parts is as follows.

Bead Wire

In order to demountably fit the tire casing on the wheel
rim, the layers of the tire carcass are turned around

bead coils which are made of a number of turns of hard

drawn steel wires with high tensile strength . Bead wires
are normally located at the inner edge of the tire

sidewalls . The wire-drawing process ensures that the
tensile strength of the wire (e .g .. 100–1 50 ton/in ' ) is

several times greater than that of undrawn material [21.
The multiple wire features also guaranties the required

flexibility, which is essential for the tire to he fitted
securely on the rim . The multiple wire bead coils are
made from an appropriate number of turns of one
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length of wire . it is then embedded in a hard rubber
matrix, known as bead insulation compound . in order
to achieve a strong bonding with bead insulation
compound, the bead wire is normally treated by a
copper dipping process. The steel bead coils may have
a wrapping cover generally made from canvas.

Apex (filler)
Due to the turn up and turn down of the plies around
the bead structure, an unpacked area, which has nearly
a triangular shape, is formed above it. If this area
remains unfilled with an apex or filler part, the tension
in plies cords cannot be built-up smoothly from
minimum at the end of the cords to the maximum at the
bottom edge of the plies of the inner part of the
sidewall [2] . The role of apex in low aspect ratio radial
tires is more prominent . Due to the shorter distance
between the rim and the road surface, it is highly
difficult to produce the required rigidity and stiffness
and to build-up the tensions smoothly in the bead
region of low aspect ratio radial tires . Consequently,
the apex height is selected to be higher than the
conventional bias and radial tires.

Chafer
In order to minimize the radial and the longitudinal
movements of the tire bead surface in contact with the
rim flange, the bead region generally has a layer of
reinforced rubber with textile materials such as woven
fabrics . This layer is wrapped around bead before the
outer rubber covering is applied . Chafer constraints
these movements, which are normally generated by the
application of external load [2].

Pad
In radial tires with low aspect ratio, there is a thick
rubber part located below the sidewall, which is called
pad. It is a relatively hard and high modulus rubber,
which gives more stiffness and rigidity to the bead
section of the tire and therefore helps the tire to be
fitted firmly on the wheel rim.

Physical and Mechanical Specifications
Each of the above-mentioned components plays an
intricate and unique role in the bead region of a steel

belted low aspect ratio radial tire. Thus, before we
proceed to compound design, it would be useful to
consider the basic physical and mechanical require-
ments of each part [5–7].

Bead Insulation Compound
An optimized compound for the bead insulation section
should have the following physical and mechanical
properties:
– High modulus: Since this section is the core of the

bead region and supports the other sections, there-
fore, it is generally made from high modulus rubber
compounds.
Good adhesion : There should be an excellent
adhesion between the bead wire surface and rubber
compound to prevent debonding phenomena, which
are the main source of the bead region failure.

– Good extrudability : Extrusion is the process of
manufacturing of the bead insulation compound and
its reinforcement with steel wires . The main consid-
eration in this regard should be devoted to the
producing of a product with high surface smooth-
ness without any voids in its bulk . Moreover, it
should possess appropriate theological properties as
well as minimum die swell.

Apex Compound
The main physical and mechanical properties required
for the apex compound are as follows:
– High modulus with low compression set : Apex is

not a reinforced part, therefore, a high modulus
rubber compound with low compression set should
be used to assure of maintaining its initial shape
under service conditions.

- Low heat build-up : Due to the application of various
loads on the tire under service conditions, this

section undergoes complicated vibrational forces.
Hence, to preserve apex from thermal degradation,
the heat build-up of this compound should be kept
as low as possible.
Good extrudability: Similar to the bead insulation
compound, apex is also produced by the extrusion
process . However, due to the complex cross-
sectional shape of the apex and its relatively high
hardness, more precautions should be taken into
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account during the design of the apex compound.

Chafer Compound
Chafer is in permanent contact with rim flange and thus
it should have the following properties:
— Good wear resistance and high friction coefficient:

The wear resistance and friction coefficient of this
section should be high enough in order to reduce the
bead slippage on the rim flange and also to prevent
the air removal for the tubeless tires.
Good adhesion to reinforcing textiles: Chafer is a
composite made of rubber and textile materials.
Therefore, a good adhesion between rubber and
textiles is of prime importance to maintain the
structural stability of this part.
Good Calendaring performance: Since the chafer is
produced by the use of calender machines, thus the
achievement of good calendering properties should
be considered during the design of the chafer rubber
compound.

Pad Compound
This part is only used in low aspect ratio radial tires
and similar to the bead insulation and apex, high
modulus and low compression set values are the key
factors in designing of the pad compound . Furthermore,
it should have the following vital properties:

Good wear resistance and high friction coefficient:
The main function of pad is to help the chafer in
preventing of the bead slippage on the rim. Thus, it
should have good wear resistance and frictional
properties.

- Good ozone resistance: Pad is the only part of the
bead region, which is exposed to the atmosphere,
and therefore it is necessary to have very good
ozone and weather resistance properties.

- Good extrudability : Since this part is produced
during the manufacturing of the sidewall and tread
sections, the co-extrudability of the pad compound
should be taken into account.

Designed Compounds
Table I gives the raw materials used in this work for the
design of the formulations of the rubber compounds.
Based on these materials and the above-mentioned

properties, we have formulated several compounds for
each part of the bead section.

Bead (insulation
Six different rubber compounds were designed for this
section, which their formulations are shown in Table 2
along with the measured physical and mechanical
properties. As it can be seen, in bead insulation,
BlNS2, the addition of 10 phr Vulkasil -S compared to

Table I . Raw materials used in compounds with their
suppliers.

Material Supplier

SMR-20
BR
SBR-1502

qiI-250'
Oil-840 2

ZnO

Stearic acid
Paraffin wax

Vulkanox 4010NA°
Vulkanox 4020NA4

Vulkanox HS5

Phenolic resin
Modified phenolic resins

Koresin

HMMM 7

CaCn3
Vulkasil S
N330
N550
N660
Crystex 608

Vulkacit NZ'
Vulkact CZ 10

Vulkacit QM "

Vulkacit Merkapto '2

PVI"

TEH AH YAU (Malaysia)
Arak Petrochem . Co. (Iran)
Bandar Imam Petrochem . Co.
(Iran)

Behran Co . (Iran)

Behran Co . (Iran)
Rangineh Pars Co . (Iran)

Unichema Int . (Malaysia)
Behran (Iran)
Bayer AG
Bayer AG
Sayer AG
Schenectady (UK)

Schenectady (UK)
Schenectady (UK)

Feats (Belgium)

Asahi (Japan)
Bayer AG

Pars CB Co . (Iran)
Pars CB Co . (Iran)
Pars CB Co. (Iran)
Rhein Chemie (Germany)
Bayer AG

Bayer AG

Bayer AG
Sayer AG

Reels (UK

1-Aromatic oil, 2-Low naphthenic o , 3 .PPD . 48PP0, 5-TMO, e. Eporddized

phenolic teen. 7-HexdmothoxymeNy5y,eIomine, 5-ln oluble sulphur, 5-TaaS,

10-CBS, 11-Mars, 12-MRT, 13-CTP
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Table 2 Formulations and properties of the bead insulation compounds.

Materials BINS1 BINS2 BlN53 BINS4 B!NS5 BINS8

SMR-20 100 100 50 - - 25

SBR-1502 - - 50 100 100 75

Oil-250 - - - - - 7
Oil-840 10 10 10 10 10 -

ZnO 5 5 5 5 5 7

Steeric Aad 2 2 2 2 2 1 .5

Vulkanox 4010NA 1 .5 1 .5 1 .5 1 .5 1 .5 1

Vulkanox HS 1 1 1 1 1 0 .5

Koresin B 8 8 8 8 5

Phenolic resin - - - - - 4
HMMM - - - - - 0.8

CaCO3 - - - - - 12

Vulkasil5 - 10 - - 10 -

N660 100 100 100 100 100 100

Crystex 60 3 .6 3 .6 3 .6 3 .6 3.6 3.6

Vuikaat CZ 1 1 1 1 1 1

Properties
Rheometer 1500 C
tic (min) 2,99 3 3.22 3.09 3 .27 3 .33

t®o ( nom) 9 .51 10 .57 13.74 12,25 15 .81 14.7

Hardness (Shore A) 80 81 85 82 84 80

Tensile strength (MPa) 14,23 13 .2 11 .32 15 .14 17.73 15 .3

Modulus 100%(MPa) 6,53 B .51 - 8 .61 10.76 10 .33

Modulus 200%(MPa) 13.61 - - - - -

Elongation at break (%) 209.7 153 95.95 187.6 165,35 161 .5

Adhesion (kgf) 59.6 62 .7 58.1 55.5 58 .9 67.5

BINS], relatively increases the adhesion of the rubber
compound to the bead wire but the tensile properties
decrease . The replacement of 50 phr of natural rubber
(NR) with styrene-butadiene rubber (SBR) in BINS3
deteriorates the mechanical properties, but the extrud-
ability of the compound improves.

In order to enhance the processing characteristics
of the compound as well as maintaining the good
mechanical properties, NR is totally replaced by SBR
in BINS4 and BINSS, which are analogous to BINS1
and BINS2 except for the elastomer base . Finally, in
BINS6 which is found to be the optimized formulation,
a 75/25 blend of SBRINR was used in conjunction with
HMMM and phenolic resin as an adhesion promoter
system . We have also increased the ZnO amount in this

formula from 5 to 7 phr in order to enhance the adhe-
sion between rubber compound and bead wire . in this
case, due to the use of a stronger adhesion promoter
system, the Koresin content was reduced from 8 to 5 phr.
In addition in BINS6, the Vulkasil S was replaced by
CaCO3 to improve the processability of the rubber
compound.

Apex
For the apex, five formulations were studied which are
recorded in Table 3 in conjunction with the physical
and mechanical properties . API (apex 1) is based on
60/40 of NRlbutadiene rubber (BR) blend. Phenolic
resin improves the processability and increases the
hardness of the compound . In AP2, the elastomers base
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TWA. 3 . Formulations and properties of the apex compounds.

Materials API AP2 AP3 AP4 AP5
SMR-20 60 75 75 75 75
BR 40 25 25 - -
SBR-1502 - ,

	

- - 25 25
Oil-840 5 5 3 7 7
ZnO 5 5 5 5 6
Stearic acid 2 2 2 2 2
Vulkanox 4010NA 1 .5 1 .5 1 .5 1 .5 1
Vulkanox HSI 1 1 1 1
Paraffin wax - - 1 - 1
Phenolic ruin 6 8 e 7 3
Modified phenolic resin 0.75 0.75 1 .2 1 .5 -
HMMM - - - 8

N330 - - - - 0 .7
N550 70 70 70 70 35
Crystex 60 - - - - 30
Vulkacit NZ 2 2 1 .5 2 2
Vulkacit CZ - - - 1 1 .2
Vulkacit Merkapto 1 .5 1 .5 1 .5 - -
Vulkacit OM - - - - 1
PVI - - - 0 .2 0 .3

Properties
Rheometer 150 .0

t i c min 1 .75 1 .85 1 .48 1 .75 2 .31
tao min 9.41 8 .93 5.47 7.96 6 .31

Hardness (Shore A) 81 81 82 82 79
Tensile strength (MPa) 11 .87 14 .68 15.08 13.58 17 .5
Modulus 100% (MPa) 6.63 6 .38 4.78 5.41 4 .81
Modulus 200% (MPs) - 12 .56 9 .79 11 .71 8 .06
Elongation at break (%) 180 .7 240 .6 293 245.3 535
Compression set (%) 19 22 27 23 16.6
Resilience (%) 46 43 35 36 40

was changed to a 75125 blend of NRIBR . Due to the
reduction of BR content, the cure time decreases and

the mechanical properties improve . However, the
compression set increases and the resilience decreases.

In AP3, the cure system was changed from semi-

efficient to efficient and also the phenolic resin and oil
contents were decreased from 8 to 6 phr and 5 to 3 phr,
respectively.

Although the tensile strength and the elongation

at break relatively improves, the modulus of the

compound decreases and the compression set notice-
ably increases . Therefore, in AP4, we have changed the

elastomers base from NRBR to NRISBR and increased
the oil content. Moreover, to increase the cross-link
density the cure system was changed . Also, the

phenolic resin was also increased from 6 to 7 phr.
The results of these changes are the deterioration

of the tensile properties, reduction of the compression

set value and improvement of the processability . Based

on these formulations, an optimized formula for the
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'able 4. formulations and properties of the chafer compounds.

Materials CH1 CH2 CH3 CH4

SMR-20 100 25 25 50

BR 75 75 50

Oil-250 5 7 5

ZnO 5 5 5 5

Stearic acid 2 2 2 2

Vulkanox 4010NA 2 .5 2.5 2 .5 2.5

Vulkanox HS 1 .5 1 .5 1 .5 1 .5

Koresin 10 10 4 4

N330 45 45 75

Crystex 60 1 .5 1 .5 1 .5 2

Vulkacit CZ 1 .5 1 .5 1 .2

Vulkacit Merkapto 1 1 0 .5

Vulkacit NZ 1 .5

Properties

Rheometer 150°C

tru (min) 2 .12 2 2 .21 1 .15

1w (min) 5 .05 6 .24 7 .58 5

Hardness (Shore A) 65 67 78 78

Tensile strength (MPa) 22 .05 7.81 13.57 17

Modulus 100% (MPs) 2.11 3.04 4 .5 8.2

Modulus 200% (MPa) 5 .72 6 .73 10 .2

Elongation at break (%) 446 .8 221 .3 250 .64 198

Abrasion (%) 17 7 .6 3.18 2

Resilience (%) 39 57 47 49

Adhesion (kgfliin) 30 25 29 34

compound of the apex part was designed as it is shown
by AP5 . In this formulation, The cure system was
changed and a combination of two phenolic resins were
used in conjunction with a blend of two types of carbon
black (N330 and N550) to improve the processability
more significantly . As it can be seen, in Table 3, both

the tensile properties and compression set improves
notably. The measured heat build-up for this compound
is also found to be in an acceptable range.

Chafer
We have designed four formulations for the chafer
compounds, which are shown in Table 4 with the
physical and mechanical properties . CHl (chafer 1) is
based on the use of the NR as the elastomer base. It is

k Iranian Polymer Journal / Vet:one 10 Number 2 (20rfl)

found that the abrasion resistance of this formula is too
low to be accepted for the chafer compound . Therefore,
in CH2, the elastomer base was changed from NR to a
25/75 blend of NRIBR.

The abrasion resistance relatively improves but
the tensile properties significantly decreases . In CH3,
the carbon black content was increased to 80 phr and
the curing system was also modified . In addition, the
oil content was increased and the Koresin content was
decreased . This results in the increasing of the hardness
and improvement of the abrasion resistance while
achieving good tensile properties . In order to further
improve the physical and mechanical properties, speci-
ally the abrasion resistance, an optimized compound
formulation was designed which is recorded in Table 4
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Table 5. Formulations and properties of the pad compounds .

Materials PA1 PA2 PA3 PA4

SMR-20 45 45 75 75

BR 55 55 25 25

Oil-250 3 3 3 7

ZnO 5 5 5 5
Stearic acid 2 2 2 2

Vulkanox 4010NA 1 .5 1 .5 1 .5 1 .5

Vulkanox HS 1 1 1 1

Vulkanox 4020NA - - - 0 .5

Paraffin wax 2 2 2 1 .5

Phenolic resin 4 4 4 2

Modified phenolic resin - - - 2

N330 55 70 70 40

N550 - - - 35

Crystex 60 1 .5 1 .5 1 .5 2

Vulkacit CZ 1 .5 1 .5 1 .5 -

Vulkacit Merkapto 1 1 1 -

Vulkacit OM - - - 0 .5

Vulkacit NZ - - - 1 .5

PVI - - - 0 .4

Properties

Rheometer 150 'C

tin (min) 1,51 1 .53 1 .42 3 .5

tso Mn) 4 .93 5 .64 4 .83 6 .7

Hardness (Share A} 75 80 81 77

Tensile strength (MPa) 12.73 11 .09 18 .79 17.3

Modulus 100% (MPa) 3.74 4 .95 5 .31 4.52

Modulus 200% (MPa) 7 .11 9.97 11 .06 12 .02

Elongation at break (%) 321 .2 222.8 294.4 263 .5

Compression set (%) 10 .3 17.3 14.5 11 .7

Abrasion (%) 6.05 4 .5 6.6 3

Resilience (%) 46 42 35 47

Pad
Four compounds have been designed in order tc
achieve the best formula for this part with their formul•
ations recorded in Table 5 along with the measurer
physical and mechanical properties. We have starter
with a 45155 blend of NR/BR as the elastomers base

as CH4 . This compound is based on a 50150 blend of and acceptable.
NRBR as the elastomers base . The curing system was
also changed and the carbon black and oil contents
were reduced. The results show that the tensile
properties and the abrasion resistance are improved
significantly in comparison to the previous compounds.
The adhesion of this compound to textile material
(Nylon 6) was also measured which is found to be high
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Figure 2. SEM Photograph of the bead unit in the tire.

which is shown in PA] (pad I) . A blend of N-
isopropyl- ;1"-phcttylenc diamine (1P111]) and -IMO was
used in conjunction with paraffin wax to enhance the
ozone resistance of the compound . In PA2 . for the
further improvement of the abrasion resistance and
hardness, the carbon black content was increased from
55 phr to 70 liter- - I -he main disadvantage of this design
is its high compression set- Therefore . in PA:-3 the
elastomers base was changed to a 75/25 of NRIIIR.
I lowever. the abrasion resistance of this compound is
lower than the PA2. Its order to obtain compromised
values of the abrasion resistance and the tensile
properties as well as good extrudability. we have used a
blend of two types of carbon black (N330 and N550)
and phenolic resins in PA4 . During the moulding
process this part is in contact with the mould surface.

Consequently . to reduce the risk of compound
overeure, the cure system was changed so that the
scorch time was considerably increased from approxi-
mately 1 .5 to 15 rain . As it can be seen in Table 5, the
PA4 compound has an optimized set of physical and
mechanical properties .

CONCLUSION

We have developed a series of optimized rubber
compounds for the various parts of the bead section of
a low aspect ratio steel-belted radial tire . In each case,
we started from a base formula and then based on the
measured physical and mechanical properties, it is
rnodilied until the optimized compound was a :hieved -

These formulas have been used for the construction of
a steel belted check tire of 175170-14, The results of the
both indoor and outdoor experiments confirm the
general applicability of the designed compounds to be
used in the bead section of steel-belted radial tires.
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