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Cobalt adhesion promoters have gained considerable acceptance in the rubber
industry during the past two decades and are considered the most important tool
for the promotion of adhesion between the rubber compound and the brass-plated
steel cord in the manufacture of steel-cord-reinforced radial tires. Most of the
commercially available cobalt compounds are either higher fatty acid salts
or cobalt–chelate complexes, e.g., cobalt octanoate, napthenate, stearate, and
cobalt–boron complexes. Of the various cobalt salts and chelate complexes,
cobalt–boron complexes are the most popular, and they form good bonding. Con-
sidering the availability, economics, and performance of this material, an attempt
has been made in this study to synthesize different cobalt–chelate complexes, make
a comparative evaluation of rubber compounds, and simulate field performance
with laboratory tests.
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INTRODUCTION

Polymers generally do not adsorb on a metal surface for entropic rea-
sons. However, if polymers contain specific (e.g., polar) groups that can
interact with the metal surface, adsorption can be enhanced [1].
Because most of the rubbers used for adhesion purposes are nonpolar
in nature, poor adhesion properties are observed. Better direct bond-
ing can be achieved by either modifying the rubber or the bonding
additives in the rubber compound. Sulfur vulcanizing rubbers are able
to form a direct bond to brass [2], zinc [3, 4], palladium [5], nickel [6],
and nickel=zinc- or zinc=cobalt-plated steel [7] during curing.

As far as the tire industry is concerned, brass coating on steel wire
is preferred for natural rubber (NR) to steel-wire adhesion [8]. This is
because of the resulting better strength, durability, dimensional stabi-
lity, elasticity, and uniformity. During curing of steel-belted radial
tires, a tight mechanical interlocking of polymer with the porous
copper sulfide (CuxS) film of the brass is formed [9–12]. The desired
chemical reaction that takes place at the rubber=brass-plated steel-
cord interface, during the tire vulcanization, may be considered as a
mixed ionic-covalent chemical reaction, whereas the rubber–carbon–
sulfur linkage is considered a relatively slow covalent reaction and
the sulfur–copper linkage a fast ionic reaction [13]. Several authors
gave extended reviews on the direct bonding of sulfur-vulcanized
rubbers to brass [14–17]. The influence of metal organic promoters
on the properties of steel-cord skim compounds with special reference
to adhesion was extensively studied [18–26].

The retention of adhesion after aging is taken care of by the cobalt–
boron complexes that act as adhesion promoters. Moreover, the cobalt
sulfide formed at the rubber–metal interface has good bonding proper-
ties. The cobalt salt will undergo a displacement reaction to form Coþ2

ions that will be incorporated in the zinc oxide (ZnO) layer of brass as
Coþ3. This retards the formation of zinc sulfide (ZnS) that, in turn,
stimulates the formation of CuxS. Cobalt sulfide can also be formed
and can be incorporated in the CuxS film because both are P type semi-
conductors [9, 10].

In an overcure or heat aging, the CuxS film will eventually be over-
taken by either ZnS or ZnO=Zn(OH)2, degrading adhesion. This is
because once the copper inclusions are depleted, the Znþ2 ions will dif-
fuse through the interfacial layer. ZnS forms as a result of an overcure
or heat aging in a dry environment. Formation of ZnO=Zn(OH)2 is
a result of a moist or humid environment. The formation of Zn(OH)2
from the precipitation of Znþ2 ions destroys the integrity of the CuxS
layer and, therefore, the adhesion. These reactions are part of what
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is known as ‘‘dezincification.’’ Similarly, there are no fundamental dif-
ferences between humidity and steam aging. Both lead to an interfa-
cial film containing relatively large quantities of ZnO=Zn(OH)2 and
copper sulfide and practically no zinc sulfide. Salt-water aging is an
acceleration of dezincification [9, 27]. Compounding with zinc oxide
discourages dezincification at the brass surface. Because, there is an
elevated level of ZnO in the compound, removal or diffusion of Znþ2

to the cord surface is decreased. The CuxS layer is also not overtaken
[28, 29].

The corrosion-inhibiting properties of cobalt and its effect on rubber
properties are, in fact, totally independent of each other. Adhesion pro-
tection through corrosion control is the result of interaction between
cobalt ions and interfacial sulfide film. Interference of cobalt with rub-
ber compounds consists of a series of homogeneous reactions under the
formation of soluble perthiomercaptides [11]. It was also reported that
if the promoters that would be completely insoluble in the rubber com-
pound would slowly release the cobalt ions, the corrosion protection
afforded by cobalt would be retained [11]. The rate of rust formation
in the tire cord would also be reduced [30].

The present study was aimed at developing new cobalt adhesion
promoters with better adhesion properties for natural rubber to steel-
wire bonding. A study was made to judge the effect of the developed
system on the cure characteristics, stress–strain properties, and
adhesion properties of the natural rubber-based compound. The per-
formance of the complex was also studied after aging to get an idea
of how the product would perform in service. The nature of the failure
was also studied from the rubber coverage factor.

EXPERIMENTAL

Materials

The suppliers of all the materials used in this study are given in
Table 1.

Chemical Synthesis of the Cobalt Complexes

The cobalt complexes were prepared with the use of boric acid, cobalt
hydroxide, and fatty acids (stearic acid and oleic acid) at a molar ratio
of 1:3:3. Initially, the methanolic solution of each of cobalt hydroxide,
boric acid, stearic acid, and oleic acid was prepared at the 20% concen-
tration level. The stearic acid was warmed at 50�C for 10min to
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complete its dissolution. The cobalt hydroxide solution was treated
with the boric acid solution, and the fatty acid solutions were added
separately to this mixture. The mixture was refluxed for 2 h. Excess
of methanol was evaporated and the precipitated cobalt salt was
removed. The percentage cobalt content was calculated and reported
in a subsequent section. The two cobalt complexes—cobalt complex
A, cobalt–boron oleic acid complex, and cobalt complex B, cobalt–boron
stearic acid complex—obtained were found to be insoluble or partially
soluble in the rubber compound.

TABLE 1 Material Used in the Study

Material Supplier

Natural rubber, RMA #4 MARDEC International, Kualalumpur,
Malayasia

PCTP-based peptiser, PEPTIZOL-7 Acmechem Limited, Ankeleshwar, India
Low-structure high-abrasion
furnace black (HAF-LS, N326)

Cabot India Ltd., Mumbai, India

Aromatic oil, RPO 701 Sah Petroleum Limited, Daman, India
Precipitated silica, MFIL 200 Madhu Silica Pvt. Ltd., Bhabhnagar,

Gujarat, India
Rubber seal zinc oxide Zinc–O–India, Ltd., Alwar, Rajasthan, India
Stearic acid Godrej Soaps Ltd., Vikhroli, Mumbai, India
Antiozonant 6PPD, PILFLEX 13 NOCIL, Thane, India
Antioxidant TMQ, PILNOX TDQ NOCIL, Thane, India
Tackifying phenol formaldehyde resin CECA, France
Hexa methoxy methyl melamine,
72% HMMM resin

Techno Wax Chem Pvt. Ltd., Kolkata, India

Cobalt–boron 2 ethyl hexanoate,
Manobond 680C

OMG Ltd., Manchester, U.K.

Oil-treated insoluble sulfur, OT 20 Oriental Carbon and Chemical Ltd.,
Dharuheda, India

Accelerator, di-cyclo hexyl benzo
thiazyl sulfenamide (DCBS),
PILCURE DCBS

NOCIL, Thane, India

Boric acid Ranbaxy India Ltd., New Delhi, India
Oleic acid Godrej Soaps Ltd, Vikhroli, Mumbai, India
Resorcinol formaldehyde resin,
penacolite resin, B19 S

Indspec Ltd., USA

Scorch inhibitor, N-cyclo hexyl
thio pthalimide, CTP
(prevulcanizing inhibitor),
PVI 100, ACCITARD RE

ICI, Rishra, India

Steel cord of construction
2þ2� 0.25 with brass plating:
3.5 gm=kg and copper content: 63.5%

Bekaert Ltd., Belgium
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Characterization of Cobalt Complexes

The cobalt content of the complexes was determined by following a
complexometric titration with a di-sodium salt of ethylene diamine
tetra acetic acid (EDTA). The specific gravity of the samples was
determined in accordance with ASTM D1817. The melting point of
the samples was measured in accordance with ASTM D1519. The
free-fatty-acid content was determined by titrating the methanolic
solution of the cobalt complexes with sodium hydroxide using the
Orion 960 autotritor from M=s Orion, USA.

Compound Mixing and Characterization

Mixing of the rubber compound was carried out using a two-wing rotor
laboratory Banbury mixer of 1.5L capacity (M=s Stewart Bolling,
USA) in four stages (Master 1, Master 2, Remill, and Final) and the
formulation used in the study is given in Table 2. The adhesion promo-
ters used in the study were added at the Master 2 stage.

Master 1 compound mixing was done keeping the temperature
control unit (TCU) at 90�C and rotor speed at 30 rpm. Batch dumping
was done at a power integrator (PI) reading of 0.32 kWh. The dump
temperature of the Master 1 stage mixed batches were found to be
within 145–150�C. The Master 2 stage mixed batches were dumped
at approximately 140�C, keeping the TCU at 80�C and rotor speed at
30 rpm at a PI reading of 0.24 kWh. The remilling stage was done at
a TCU setting of 60�C and a rotor speed of 30 rpm. The batch dumping

TABLE 2 Compound Formulation

Ingredients (parts of metal ions
per 100g of rubber)

Mix identifier

A B C D E F

Cobalt boron 2-ethyl hexanoate,
Manobond 680C

— 0.12 — — — —

Cobalt acetate — — 0.12 0.12 — —
Boric acid — — — 1.0 — —
Cobalt complex A — — — — 0.12 —
Cobalt complex B — — — — — 0.12

Other ingredients used in the formulation kept constant are (phr) RMA # 4-100, N326
black—55.0, PCTP—0.10, aromatic oil—12.0, ppt. silica—10.0, zinc oxide—8.0, stearic
acid—1.0, 6PPD—2.0, TMQ—1.0, PF resin—2.5, HMMM 72%—3.5, insoluble sulfur—
6.0, DCBS—0.80, Penacolite resin—2.0 and PVI 100—0.10.
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was done at a PI reading of 0.18 kWh at a dump temperature around
120�C. In the case of the final stage mixing, the TCU was kept at 60�C
and the rotor speed at 30 rpm. The batch was dumped at a PI reading
of 0.12 kWh. The dump temperature of the batches was found to be
within 90–100�C. In between each stage of mixing, a maturation
period of 4–8h was maintained for all the compounds. The dumped
batches from the Banbury mixer were sheeted out in a laboratory
two-roll mill from M=s Santosh Industries, New Delhi, India.

Rheometric Properties

Rheometric properties of the green compounds were determined at
160�C for 1 h using 0.5� arc in a moving die rheometer, MDR 2000E,
in accordance with ASTM D5289. The Mooney viscosity, ML (1þ 4)
at 100�C, was determined in a Mooney viscometer, MV 2000E, in
accordance with ASTM D1646. Both pieces of equipment were from
M=s Alpha Technologies, USA.

Physical Properties

Sample Preparation
The green rubber compounds were cured in accordance with ASTM

D3182 in an electrically heated hydraulic curing press from M=s Hind
Hydraulics, New Delhi, India, using compression moulding. The
moulding conditions followed to cure the compounds were 141�C for
1h at a molding pressure of 15MPa. The T-pull adhesion samples
were also cured at 141�C for 1 h.

Aging of Samples
To simulate the service conditions of a tire, the cured tensile sam-

ples were subjected to aerobic aging and adhesion test samples were
subjected to anaerobic aging, humid aging, steam aging and salt
aging. The aerobic aging of tensile samples was carried out at 70�C
for 2 weeks in a multicell aging oven from M=s Tempo Industries,
New Delhi, India. For adhesion samples, the anaerobic aging was
carried out in the adhesion mold itself for an extended curing time
period of 8 h and 16h at 141�C. The humid aging was carried out
at 90% relative humidity at 55�C for 2 weeks and 4 weeks in a
humid aging oven from M=s Tempo Industries, New Delhi, India.
The salt aging was carried out using 10% sodium chloride solution
for 3 days and 7 days, and the steam aging was done at 120�C for
3 days and 7 days.
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Testing
The tensile properties (including tear strength) were measured

using a universal testing machine, Zwick UTM 1445 from M=s Zwick,
Germany, in accordance with ASTM D412 and ASTM D624. The hard-
ness was measured with a dead-load IRHD hardness tester, M=s H. W.
Wallance and Company Ltd., U.K., in accordance with ASTM D1415.
The T-pull adhesion samples were tested in accordance with ASTM
D2229 using the Zwick UTM 1445. The coverage of the initial T-pull
adhesion samples was studied. The relative extent of rubber coverage
on the pulled-out steel cord by the naked eye was expressed by bare
steel cord as 0% and fully rubber-covered cord as 100%.

RESULTS AND DISCUSSION

Chemical Characterization of Cobalt Complexes

The chemical characterization of the cobalt complexes is reported in
Table 3. It was found that the cobalt–boron oleate complex had the
lowest cobalt content, whereas cobalt acetate showed the highest melt-
ing point. The free fatty acid was found to be the least for cobalt–boron
2-ethyl hexanoate.

Rheometric Properties

The rheometric properties are given in Table 4. All the experimental
compounds showed similar maximum torque, scorch time (ts2), and
optimum cure time (tc90), whereas the compound having no adhesion
promoter showed low ts2, tc90, and cure rate. Usually the lower tc90
indicates that the adhesion promoters accelerated the cure reaction.
It has been reported that the adhesion promoters influence the
rate-determining step and thereby reduce the activation energy and
lead to an early onset of curing and higher cure rate [25].

TABLE 3 Chemical Characterization of Cobalt Complexes

Cobalt complexes
Specific
gravity

Melting
point (�C)

Free fatty
acid content (%)

Cobalt
content (%)

Cobalt–boron 2-ethyl hexanoate,
Manobond 680C

1.40 99 0.5 23.5

Cobalt acetate 1.36 128 4.0 23.7
Cobalt complex A—cobalt–boron
oleic acid complex

1.00 81 6.0 5.4

Cobalt complex B—cobalt–boron
stearic acid complex

1.10 84 5.0 11.5

Cobalt Adhesion Promoters 917
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During curing, the accelerator sulfur complex reacts with cobalt to
form a new complex. This cobalt complex assumed to promote the cure
reaction as

Acc-Sx þ CoX2 �!Co-Sy-X2 þ Acc-SðX-YÞ ð1Þ

The Mooney viscosity of all the compounds was found to be
comparable.

Physical Properties

The stress–strain properties, including hardness, are given in
Table 5. A schematic representation of the tensile properties (300%

TABLE 5 Physical Properties

Test parameter

M300% TS EB (%) Hardness Tear
Sample id. (MPa) (MPa) (IRHD) (N=mm)

A 14.6 (�) 19.8 (51) 402 (21) 84 (þ6) 67 (33)
B 14.3 (�) 19.6 (54) 403 (24) 83 (þ7) 59 (38)
C 15.3 (�) 20.2 (47) 398 (21) 84 (þ7) 66 (28)
D 14.8 (�) 20.0 (45) 397 (22) 84 (þ8) 64 (34)
E 13.6 (�) 19.6 (46) 419 (21) 83 (þ8) 61 (31)
F 15.1 (�) 18.8 (53) 370 (23) 86 (þ4) 55 (33)

Note: The physical properties reported are the medians derived from five test speci-
mens. Results in the parentheses () are the percent retention of physical properties after
air aging at 70�C for two weeks. In case of hardness, theþ values indicate increase in
hardness after aging.

TABLE 4 Rheometric Properties

Test parameter

Sample
id.

Maximum
torque (dN-m)

ts2
(min)

tc90
(min)

Cure rate
(dN-m=min)

Mooney
viscosity (MU)

A 24.11 2.66 17.56 1.37 60
B 25.06 2.21 11.94 2.28 60
C 25.24 2.10 10.50 2.68 62
D 24.11 2.10 11.20 2.68 62
E 23.75 2.01 10.16 2.67 56
F 25.20 2.19 12.00 2.32 60

Note: The rheometric properties reported are the averages derived from three test
specimens.
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FIGURE 1 Effect of cobalt adhesion promoters on tensile properties.

TABLE 6 T-Pull Adhesion Properties

Test parameter

Sample
id.

Unaged
adhesion

(N)

Anaerobic
aged

adhesiona

(N)

Anaerobic
aged

adhesionb

(N)

Steam
aged

adhesionc

(N)

Steam
aged

adhesiond

(N)

Salt
aged

adhesione

(N)

Salt
aged

adhesionf

(N)

A 384 (85) 385 278 288 220 294 229
B 445 (95) 396 322 376 342 373 319
C 420 (90) 390 290 321 278 310 277
D 418 (90) 388 315 355 322 325 290
E 423 (95) 390 344 369 337 357 290
F 426 (95) 389 337 371 334 330 287

aAnaerobic aging at 141�C for 8h.
bAnaerobic aging at 141�C for 16h.
cSteam aging at 120�C for 3 days.
dSteam aging at 120�C for 7 days.
eSalt aging in 10% NaCl solution for 3 days.
fSalt aging in 10% NaCl solution for 7 days.
The T-pull adhesion results are averages of seven test specimens.
The values within the parentheses () indicate the percent coverage as observed

through naked eye.
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Modulus and tensile strength) is also shown in Figure 1. The com-
pounds made with the synthesized cobalt salts as well as the cobalt
acetate–boric acid combination showed comparable physical proper-
ties with that of the batch that had Manobond 680C1. The retention
of properties after air aging was also found to be comparable.

T-Pull Adhesion

The unaged and aged T-pull adhesion results are given in Table 6. The
schematic representation of the unaged, aerobic aged, salt aged, and
steam aged T-pull adhesion are also shown in Figures 2–4.

The initial pull-out force values obtained for compounds containing
cobalt acetate, cobalt acetate–boric acid combination, and the synthe-
sized cobalt complexes were found to be comparable with that of the
compounds with Manobond 680C. The retention of pull-out force for
the cobalt acetate–boric acid combination and the synthesized cobalt
complexes after anaerobic and steam aging was also found to be

FIGURE 2 Effect of cobalt adhesion promoters on anaerobic aged T-pull
adhesion.
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comparable with that of Manobond 680C. The retention of the pull-out
force of the compound with cobalt acetate (compound C) was found to
be lower in the case of an extended period of steam and salt aging. The
batch with Manobond 680C showed slightly better retention of pull-
out force after salt aging. Because the cobalt complexes were partially
soluble in the rubber compounds, the rate of formation of inactive sul-
fides during the cure reaction might be also slow. Therefore, corrosion
protection, which is demanded for longer tire life, can be expected with
the developed system. The analysis of the failed adhesion samples
before aging indicated that the coverage of the compound with
developed complexes was comparable with that of Manobond 680C.

CONCLUSION

Addition of cobalt complexes to the system increased the retention of
pull-out force including the rubber coverage. Simple cobalt salts such
as the cobalt acetate and cobalt acetate–boric acid combination can
also act as adhesion promoters. The synthesized cobalt complexes that

FIGURE 3 Effect of cobalt adhesion promoters on salt aged T-pull adhesion.
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contained boron as part of the ligand showed comparable properties
with that of Manobond 680C, and they can also be used as a substitute
for Manobond 680C.
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