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The article presents formation mechanism and evolution of the adhesion layer, as well as the design
strategy for high-performance steel cord adhesion systems. It is shown that during vulcanization, ZnS forms
primarily on the brass surface; however, due to its dense and brittle nature, its direct adhesive strength is low.
Subsequently, non-stoichiometric, porous, acicular Cu,S grows into the rubber matrix, creating a mechanical
interlock with the vulcanizate. It is hypothesized that C=C double bonds in the rubber molecules can form
covalent C=S bonds with the Cu,S surface. Thus, chemical bonding and physical interlocking serve as the dual
sources of adhesion. Cobalt salts modify the electrochemical state of the interface by incorporating into
the ZnO lattice, thereby suppressing excessive ZnS formation and promoting Cu,S growth. Resorcinol-
formaldehyde resin migrates to the interface during vulcanization and forms a gradient network that provides
physical anchoring, barrier protection, and load cushioning for the tire.

Keywords: steel tire cord, brass coating, adhesion mechanism, cobalt salt.

For citation. Cui Zh., Martyanov Yu. V., Nevzorova A. B. Rubber-to-brass adhesion in steel tire cords:
mechanisms and intereacial engineering. Vestnik Gomel’skogo gosudarstvennogo tekhnicheskogo universiteta
imeni P. O. Sukhogo, 2026, no. 3 (106), pp. 70—77 (in Russian). https://doi.org/10.62595/1819-5245-2026-3-70-77

AOre3nsd PE3UHbI U NTATYHU B CTAJIbHbIX
KOPOAX WWWH: MEXAHU3MbI U TPO®PUITUPOBAHUE
NMOBEPXHOCTEW

LYW Yx., 0. B. MAPTbAHOB, A. 6. HEB3OPOBA
Yupeorcoenue obpazosanus «I omenvckuii cocyoapcmeeHHblil
mexuuyeckuti ynusepcumem umenu I1. O. Cyxoeoy,
Pecnybnuxa benapyco

IIpusedenvl mexanusm GopmMuposanus u 360110YUs A02E3UOHHO20 COS, CMpame2us NPoeKmupo8aHusl
BbICOKOIPDPEKMUSHBIX cUCTHeM adee3ult U3 cmaibHozo kopoa. Ilokazano, umo 6o epems gyakanuzayuu ZnS
00pasyemcs npeumyujecmeeHHo Ha NO8EPXHOCTU TAMYHU, OOHAKO, NOCKOIbKY OH NJIOMHBI U XPYNKUL, €20
HenocpeOCmeeHHasn a02e3UOHHAA NPOUYHOCMYb Hesenukd. Bnociedcmeuu necmexuomempudeckuil, noOpucmoiil,
ueonvyamuiii Cu,S epacmaem 8 pe3uHosyio Mampuyy, co30a6ds Mexanuieckoe cyenienue ¢ §yIKaHu3amoM.
IIpeononazaemcs, ymo osotinvie céazu C=C @ MoneKynax Kayyyka mozym o0pa3zoevléams KOBANEHMHbIE
ceasu C=S c nosepxnocmoio Cu,S. Takum o6pazom, xumuveckas 6436 u Qusuueckoe cyenienue A6LAI0mces
080UHbIM ucmouHukom adzesuu. Coau Ko6anbma USMEHAIOM 2NeKMPOXUMULECKOe COCMOAHUE NOBEPXHOCIU
pasodena gas, ecmpausasce 6 pewemxy ZnO, mem cambiM nO0AGIAA u3dbimoyHoe obpaszosanue ZnS, u cno-
coocmeyrom pocmy Cu,S. Pezopyunoghopmansoecuonas cmona muepupyem Ha nogepxHocms pazoena ¢as
8 npoyecce BYIKAHU3AYUU U 0OpA3Yem 2PAOUEHIHYIO CEMmKYy, KOMOpAas BbINOAHAEM QYHKYUU Du3uieckoco
3aKpenieHus, 6apbePHOU 3auUmbl U AMOPMUZAYUIO HASDY3KU HA WUUHY.

Kiro4eBble cJIoBa: CTATBHOM KO/ U IIMH, JIATYHHOE TIOKPBITHE, MEXaHU3M are3nH, COJIb KOOaIbTa.
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u npodunrpoBanue nosepxHocreit / Yxk. Lyii, 0. B. Maptbsinos, A. b. Hes3zoposa // Becthuk 'omenbckoro
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Introduction

Steel radial tires are integral components of modern transport systems, and their char-
acteristics directly affect the safety, fuel efficiency, and durability of vehicles. As shown in
Fig. 1, the steel cords in the breaker and carcass bear the main load and provide resistance
to impacts. Thus, the quality of the interfacial adhesion between the steel cords and
the rubber matrix is a key factor determining the overall structural integrity and service life
of the tire. At the same time, due to unfavorable operating conditions or technological fail-
ures during tire production, delamination may occur between the two layers of the belayer,
which is closely related to insufficient adhesion of the rubber to the steel cords [1-3].
Therefore, it is necessary to conduct in-depth studies of the adhesion mechanisms
of the steel cord with various rubber compositions [4—7].
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Fig. 1. Schematic diagram of the structure of an all-steel radial tire

The idea of the work is to examine the chemical composition of the surface of the brass
coating of steel cord, the kinetics of the formation of the adhesive layer with the mechanism
of dual adhesion [8], the mechanism of action of cobalt salts that stimulate adhesion [9],
the interfacial functions of resorcinol-formaldehyde resin [10], as well as the mechanisms
of aging and methods for controlling the adhesive layer [11]. The purpose of the review is to
provide information that will help to better understand and optimize the characteristics of ad-
hesive systems based on steel fiber and rubber.

Review methodology

This review is based on a systematic literature search of the Web of Science and Sco-
pus databases using keywords including “rubber-brass adhesion,” “steel cord adhesion,”
“cobalt adhesion promoter,” “resorcinol-formaldehyde resin,” and their combinations.
The search timeframe spans 1978 to 2026, with emphasis on literature published after 2010
while also including earlier classic works. A total of 58 relevant publications were
screened, covering original research, reviews, and conference papers. The inclusion criteria
were: 1) direct relevance to the adhesion performance, interfacial characterization, or age-
ing behavior of rubber and brass-coated steel cords; and 2) provision of quantifiable adhe-
sion strength data or explicit mechanistic analysis. Studies involving only fiber cords or
non-brass coatings were excluded [12—14]. Based on the selected literature, this review or-
ganizes the discussion around three dimensions: interfacial chemistry, mechanisms of ad-
hesion promoters, and ageing control [15-17].
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1. Interfacial chemistry and physical mechanisms

1.1. Surface structure and initial state of brass coating

After vulcanization, the rubber compound can form strong adhesion with the brass coat-
ing, and the interfacial bond strength can even exceed the cohesive strength of the rubber it-
self [18]. The surface of the copper-plated steel cord naturally possesses an oxide film. Dur-
ing drawing and subsequent processing, zinc ions diffuse to the outermost layer, forming
a composite structure dominated by ZnO with an extremely thin CuO layer superimposed.
Van Ooij et al. confirmed through surface analysis that the thickness of the CuO layer is only
about 0.5 nm. The structure and thickness of this oxide film have important effects on
the formation of the adhesion layer during subsequent vulcanization: the ZnO layer serves
both as a diffusion channel for Zn>" and as a key target for cobalt salt action (Fig. 2).
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Fig. 2. Surface structure model of brass-coated steel cord

The phase composition and copper content of the brass coating are key factors affecting
adhesion performance. Basheer et al. systematically reviewed the critical regulatory roles
of brass phase composition, copper content, and coating thickness on rubber-brass adhesion.
That review concluded that a Cu/Zn ratio in the range of 60 : 40-70 : 30 is a prerequisite
for achieving optimal adhesion. When the copper content is too low, the amount of Cu,S
generated during vulcanization is insufficient to form effective mechanical interlocking;
when the copper content is too high, excessive growth of the Cu,S layer leads to increased
brittleness and cohesive failure. Basheer et al. further pointed out that a coating thickness in
the range of 0.15-0.30 um provides the best balance between adhesion performance and
processability. The crystal structure of the brass coating also affects adhesion performance.

1.2. Formation Kinetics of adhesion layer: competitive growth of ZnS and Cu,S

Tire vulcanization is typically carried out at about 150 °C in the presence of natural
rubber surrounding the cord. The formation of the adhesion layer during vulcanization fol-
lows a strict thermodynamic and kinetic sequence. At the early stage of vulcanization, ZnS
preferentially nucleates and grows on the brass surface. This occurs because the diffusion
rate of Zn®" in the ZnO layer is significantly higher than that of Cu’, and because the stan-
dard electrode potential of Zn**/Zn is lower than that of Cu’/Cu, making Zn more readily
oxidised and dissolved. HAXPES observations show that Cu,S (x=2) is detected in
the adhesion layer at the initial stage of vulcanization, and Cu,S is mainly enriched on the
outermost surface of the adhesion layer. However, the ZnS layer is dense, brittle, and has
extremely weak mechanical interlocking ability with rubber, contributing little direct adhe-
sive strength.
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1.3. Dual origin of adhesion: physical interlocking and chemical bonding

Classical adhesion theory holds that the mechanical interlocking formed by the porous
needle-like Cu,S layer growing into the rubber interior is the main source of adhesion [1].
However, recent surface analysis and theoretical calculations have confirmed the non-
negligible contribution of chemical bonding (Fig. 3).

The synergistic effect of these multiple chemical interactions makes the binding en-
ergy of the rubber-Cu,S interface significantly higher than that of simple physical adsorp-
tion. To maximise rubber-steel cord adhesion, three key conditions must be satisfied simul-
taneously: 1) the rubber compound has a high degree of unsaturation (e. g., natural rubber);
2) the sulfur content in the formulation exceeds 4 phr; and 3) the Cu/Zn mass ratio
of the steel coating isin the range of 60 : 40-70: 301,7.
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Fig. 3. Interfacial reaction model during vul canization

2. Cobalt salt adhesion promoters

2.1. Typesand industrial applications of cobalt salts

Cobalt salts have been used as adhesion promoters for rubber-brass-coated steel cords
for several decades. The use of cobalt salts can achieve higher adhesion strength and rub-
ber coverage on brass coatings, significantly improving adhesion performance. Rubber
coverage is defined as the percentage of the steel cord surface area covered by rubber, as
specified in ASTM D2229. Figure 4 shows a schematic comparison of the adhesion layer
state before and after the addition of cobalt salt.

Numerous industrial cobalt salt varieties are available, including cobalt oleate, cobalt
stearate, cobalt rosinate, and cobalt naphthenate. The main differences among cobalt salts
lie in the type of organic acid group and cobalt content. In industrial practice, the appropri-
ate cobalt salt type is usually selected on the basis of cobalt mass fraction and thermal sta-
bility, while also considering the effects of the organic acid group on compound proc-
essability and physical-mechanical properties[19].

The action of cobalt salts can also be understood from the perspective of vulcanization
reaction kinetics. Studies by Chandra et al. have shown that cobalt salts can promote
the generation of active sulfur species in the vulcanization system, increasing the sulfur
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concentration available for Cu,S formation at the interface [20]. At the same time, cobalt
salts improve the initial wettability of rubber on the brass surface, facilitating interfacial
contact and reaction uniformity at the early stage of vulcanization
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Fig. 4. Comparison of adhesion layer morphology with and without cobalt salt

From the perspective of electronic structure, theoretical calculations indicate that sub-
stitutional doping of cobalt ions (using Co®" as a model) for Zn*" in the ZnO lattice intro-
duces additional electronic states, significantly reducing the bandgap of ZnO from 3.37 eV
to about 2.8 eV. This change in electronic structure transforms the ZnO layer from an insu-
lator to a semiconductor, significantly increasing the interfacial charge transfer rate.
The increase in charge transfer rate directly shifts the electrochemical equilibrium of Zn*"
and Cu’ at the interface in a direction favourable to Cu’ migration, ultimately achieving
optimised regulation of the ZnS/Cu,S growth ratio [17].

In summary, the roles of cobalt salts can be summarised as follows:

— incorporating into the ZnO lattice to reduce its resistivity and suppress ZnS forma-
tion;

—directly participating in the construction of the interfacial layer as CoSy crystals,
suppressing Cu/Zn diffusion and void formation [20];

— promoting vulcanization reactions at the interface and increasing the concentration
of active sulfur available for Cu,S formation;

— improving the initial wettability of rubber on the brass surface.

3. Resorcinol-formaldehyde resin interface mechanism

3.1. Interfacial migration and gradient distribution of resin network

At the early stage of vulcanization, owing to the polarity difference and surface energy
gradient between the resorcinol-formaldehyde resin (polar) and the natural rubber matrix
(essentially non-polar), resin molecules undergo thermodynamically driven spontaneous
migration toward the compound-steel cord interface. This results in a resin-enriched gradi-
ent network layer on the brass coating surface, that is, on the outside of the Cu,S adhesion

layer.
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Seo (1997) showed that the addition of RF resin significantly inhibits the migration
of Cu and Zn from the brass coating to the rubber matrix during hydrothermal ageing [21].
AES depth profiling confirmed that in the unaged state, different RF resin contents show no
significant differences in the interfacial adhesion layer, but during hydrothermal ageing, high
RF resin content significantly suppresses the migration of copper and zinc to the rubber ma-
trix. The mechanism is that the resin network forms a dense physical barrier layer at the in-
terface, blocking the penetration and diffusion of water, oxygen, and corrosive ions. This
conclusion has been further confirmed in subsequent studies. Furthermore, the stabilizing
effect of the resin network on the adhesion layer can be summarized in two dimensions:

1) physical barrier function, in which the dense resin network layer blocks
the penetration of water and oxygen to the interface, thereby inhibiting the dezincification
ageing process of the brass coating;

2) mechanical buffering function, in which the modulus of the resin-enriched region,
lying between the steel’s approximately 200 GPa and the rubber matrix's few MPa, forms
a gradient transition layer at the interface, effectively buffering the direct transmission
of service stress to the brittle Cu,S layer.

From the perspective of interfacial thermodynamics, the surface energy of RF resin
lies between that of the brass coating and the natural rubber matrix. This surface energy
gradient provides a thermodynamically favourable condition for spontaneous migration
of resin to the interface. The resin that migrates to the interface can further enhance inter-
facial bonding through hydrogen bonds or coordination interactions between phenolic hy-
droxyl groups and the ZnO layer on the brass surface. During vulcanization, the resin net-
work transforms from a linear prepolymer to a three-dimensional crosslinked structure via
in situ crosslinking reactions, with crosslink density increasing by about one order
of magnitude (Fig. 5). This change not only improves the mechanical strength of the resin
network itself but also enhances its barrier efficiency against small molecules such as wa-
ter and oxygen by reducing the free volume of the network.
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Fig. 5. Migration and gradient distribution of resorcinol-formaldehyde
resin toward the interface during vulcanization
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In summary, the functions of resorcinol-formaldehyde resin in rubber-brass adhesion
can be summarised as three roles: 1) physical anchoring of the Cu,S adhesion layer, com-
plementary to the mechanical interlocking mechanism of Cu,S itself; 2) physical barrier
against corrosive media such as water and oxygen; and 3) mechanical buffering of interfa-
cial stress.

Conclusions

Thus, the study of the adhesion mechanism between the brass coating and rubber has
made it possible to establish that the physical adhesion of Cu,S and the chemical bond C—S
are two sources of adhesion. Covalent C—S bonds also contribute to adhesion, confirming
that mechanical adhesion and chemical bonding together provide a dual source of adhesion
force. Cobalt salts and resorcinol-formaldehyde resins play a key role in regulating interfa-
cial interaction during vulcanization and in protecting the interfacial layer, respectively,
forming a protection system. The adhesion is based on the physical bonding of the porous
needle-like Cu,S layer, which forms during the vulcanization process, with the rubber ma-
trix, as well as the chemical bond C-S. Zinc sulfide is predominantly formed, but it does
not directly participate in the adhesion. Traditional cobalt salts enhance adhesion due to
a dual effect: they are incorporated into the crystal lattice of zinc oxide, changing the elec-
trochemical state of the interfacial layer, and they directly participate in the formation
of the interfacial layer in the form of CoxSy crystals. Resorcinol formaldehyde resin forms
a gradient network that performs three functions: physical anchoring, barrier protection,
and mechanical buffering. During aging, the main cause of reduced adhesion under condi-
tions of high humidity and temperature is desincerization. The combination of cobalt salt
and resin significantly improves the retention of adhesion after aging.

The long-term service reliability of these new adhesion systems still requires further
verification. Future development of adhesion systems will evolve toward high perform-
ance, long life, and green sustainability.
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