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Metal-rubber parts are used in many sectors because of their ability to combine the advantages of both rubber and metals.
Thanks to the advances acquired as a result of the studies carried out by researchers and industries, the usage area of metal-rub-
ber parts expands day by day. The focus of researchers in this field continues to be on achieving effective joints, improving their
durability, and ensuring their preservation, as these composites find wide-ranging use. In particular, the positive effects of newly
developed surface treatments and adhesive materials on bond strengths have been observed in recent years. Within the scope of
this study, the metal-rubber bonding mechanism, vulcanization, bonding during/after vulcanization, some standards related to
rubber, bond failures, and their causes are investigated. This review focuses on studies addressing the factors influencing the in-
terfacial strength of metal-rubber bonds joined by vulcanization. Additionally, it provides information on studies and their find-
ings up to date regarding the effects of vulcanization parameters, corrosive environments, components in the bonding process,
and different substrates on the bond strength.
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Izdelki iz medsebojno spojene gume in kovine se uporabljajo na mnogih podrocjih zaradi sposobnosti kombiniranja lastnosti
obeh materialov. Zahvaljujo¢ naprednim znanstvenim in industrijskim raziskavam na tem podroc¢ju se izdelki na osnovi
medsebojno spojene gume in kovine danes vse ve¢ uporabljajo. Raziskovalci so v svojih raziskavah osredotoceni predvsem na
problem, kako dosec¢i ¢im bolj uc¢inkovit spoj guma-kovina, izboljSanje njegove dobe trajanja in ohranitve, saj se te vrste
kompoziti uporabljajo na razli¢nih podroc¢jih. Razvoj novih metod povrSinske obdelave in novih lepil ima pozitiven ucinek na
trdnost spojev te vrste. V tem ¢lanku avtorja opisujeta Studijo v kateri obravnavata literaturni pregled raziskav s podrocja
mehanizmov spajanja, vulkanizacijo, spajanje med in po vulkanizaciji. Obravnavata tudi nekaj standardov, ki se nanasajo na
gumo ter odpovedi oziroma poskodbe spojev in vzrokov zanje. V tem literaturnem pregledu sta se avtorja osredotocila predvsem
na faktorje, ki vplivajo na kohezijo (trdnost) spoja guma-kovina izdelanega s postopkom vulkanizacije. Dodatno avtorja
predstavljata Studije in najnovej$e informacije, ki se nanasajo na parametre vulkanizacije, korozijska okolja, komponente v
procesu spajanja in razli¢ne dodatke, ki vplivajo na trdnost spoja.
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Kljucne besede: spajanje gume in kovine, vulkanizacija, povrSinska obdelava, mejna ploskev guma-kovina

1 INTRODUCTION

The latex required for rubber production is derived
from the Hevea genus tree, and although South Ameri-
can natives were familiar with this material before Co-
lumbus, it was first reported by Columbus in 1495.
Priestly, who discovered that pencil marks could be
erased with latex, named this product rubber. The recog-
nition of rubber broadened with Macintosh’s (1823) pro-
duction of waterproof garments using rubber, utilized in
the American Civil War, and further attention came with
Hancock and Goodyear’s (1839) discovery of the vulca-
nization method. In the 1880s, John Dunlop achieved
great success by using it as the basic material for pneu-
matic tires.!?

*Corresponding author's e-mail:
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Rubber finds applications across diverse sectors, in-
cluding agriculture, aerospace, medical, and automotive.
Rubber can be obtained in various degrees of hardness to
offer different characteristics, and it can be reinforced by
incorporating steel wire, fabric, and textile cords to en-
hance its strength.? The use of modern synthetic fibers as
reinforcement materials provides advantages such as
flexibility, cost-effectiveness, corrosion resistance, and
structural properties similar to steel.* A wide variety of
rubber types can be found in the market, including but
not limited to, natural rubber (NR), styrene-butadiene co-
polymer (SBR), solution polymerized styrene-butadiene
rubber (SSBR), polyisobutylene (IIR), polydimethyl-
siloxane (PDMS), and hydrogenated nitrile rubber
(NBR).33

Rubbers, while varying according to their type, gen-
erally propose advantages such as light weight,® flexibil-
ity, elasticity,” very low glass-transition temperatures,
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ability to return to their initial dimensions upon release
of an applied stress,® resistance to abrasion, impact resis-
tance, efficient heat dispersion,’ providing corrosion re-
sistance,'® and high damping capacity.!" The disadvan-
tages of rubber types can be listed as, in natural rubbers;
weak air permeability, weak solvent, and oil resistance,'?
allergenicity due to its proteins,'* poor crack-initiation
resistance,'* in EPDM rubbers; resistance to oils, suscep-
tibility to burning,'> low adhesion of raw blends, low
thermal stability,'® weak solvent resistance,!” potential
colonization of microorganisms in prostheses made of
silicone rubber,'® in SBR rubbers; slow curing kinetics,
low mechanical strength,'® high flammability,?® weak ox-
idation and ozone resistance,?! in NBR rubbers; low ten-
sile strength,!® weak ozone resistance, weak electrical in-
sulation property.?? Attempts are made to overcome the
disadvantages observed in rubbers using additives to rec-
ipes, vulcanization methods, modification, or blending
with different polymers.!2!4.15.19

The vulcanization process, which occupies a signifi-
cant place in the rubber industry, improves the mechani-
cal properties of rubber materials by facilitating
cross-linking. Therefore, the parameters of the vulcani-
zation process have an important impact on mechanical
properties, and this process has evolved over time.?->
Additionally, the efficiency of the vulcanization process
can be increased by additives.?>?¢

Different rubbers and metals can be bonded to each
other using various primers and adhesives through cold
bonding (with vulcanized rubber) and hot bonding (with
non-vulcanized rubber) techniques. Bonding through the
vulcanization method is a form of hot bonding.?” The
surface treatment of metals is a crucial step to achieving
a quality bonding connection. Prior to the bonding pro-
cess, oxide layers and contaminants (such as oil and
grease) on the metal surface should be removed through
physical, chemical, electrochemical, etc., methods or
various combinations of these methods. This enhances
the surface properties and enables the attainment of high
mechanical strength joints.?’-?* Sandblasting, sandpaper
roughening, plasma treatment, sol-gel process, laser
treatment, acid etching, and anodization methods are sur-
face treatment techniques applied to different metals.?$-30

Within this study, comprehensive literature reviews
were conducted, delving into the factors that influence
the bonds established via vulcanization between rubbers
and metals treated with diverse surface-treatment meth-
odologies. Moreover, included were investigations exam-
ining the effects of modifying various vulcanization pa-
rameters on the bonding between metal and rubber.

2 RUBBER-METAL ADHESION MECHANISM
AND THE IMPORTANCE OF SURFACE
TREATMENTS FOR ADHESION

An adhesive enables the joining of multiple materi-
als, and adhesion and cohesion events occur during the

684

bonding process. Cohesion denotes the internal bonding
within the adhesive substance, while adhesion describes
the bonding interaction between the adhesive and the
adherend material.3! Numerous theories exist on the
mechanisms of adhesion, synergistically contributing to
the adhesive bonding process. These theories are catego-
rized based on their operative scale: atomic scale, char-
acterized by chemical bonding; molecular scale, encom-
passing diffusion, wettability, weak boundary layer, and
acid-base interactions; microscopic scale, involving me-
chanical interlocking; and macroscopic scale, which en-
compasses electrostatic interactions.*?

When bonding rubber and metal, two approaches are
commonly employed: using only adhesive, which must
react with both the metal and the rubber, or employing
both adhesive and primer simultaneously.**** A primer is
frequently used for purposes of protecting the applied
surface, promoting adhesion, facilitating wetting of the
applied surface, and resisting corrosion, while adhesive
provides adhesion of rubber and metal materials by
physical and/or chemical bonds.333%3¢ Additionally,
primers are utilized to augment the bond strength.3® Nev-
ertheless, in certain instances, the application of primer
may result in weaker bond formation. One study reports
that in composites made by bonding nylon 6,6 and rub-
ber, the absence of a primer improves the bond
strength.?

In products made with rubber and metal, it is often
preferred to bond rubber and pre-treated metal by vulca-
nization.’” The formulations of primers and adhesives
utilized for creating rubber-metal composite materials
typically consist of proprietary mixtures of various sub-
stances.** However, there is a lack of comprehensive un-
derstanding regarding the effect of the variables in the
composite-production process and the components in the
adhesive on the bond to be formed.* The selection of ad-
hesive is typically determined through an experimental
investigation, and it should possess the capability to
withstand temperatures similar to those encountered dur-
ing the vulcanization process.%

Emphasizing the importance of the filler content in
rubber, one study highlights the significance of a high
filler content, identifying carbon black as the best filler.*
Adhesives contain polymeric materials, often halo-
genated, which facilitate the wetting on metal surfaces.
These materials contribute to adhesive bond maintenance
while remaining compatible with the primer and rubber.
Throughout the rubber-metal bonding process, interac-
tions occur among the rubber, primer, and adhesive ma-
terials, both internally and with the materials they en-
counter. Primers typically incorporate organic resins,
forming robust chemical bonds through chemisorption
with metals and facilitating surface adhesion.’* Adsorp-
tion and interdiffusion mechanisms operate between the
adhesive and the primer.* The curative in the adhesive
establishes chemical bonds with both the primer and the
rubber. Also, additional cross-links form between the
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rubber and the adhesive, facilitated by sulfur in the rub-
ber.3*

There is also an alternative joining technique, which
saw growing use in the 1970s and early 1980s for bond-
ing metal and vulcanized rubber, known as post-vulcani-
zation.*** In this approach, the adhesive application oc-
curs directly onto the metal surface according to one
source,** while another study suggests that adhesive ap-
plication may be onto either the primed metal or the rub-
ber.* Despite its benefits, such as reduced mold costs
and the ability to perform the process at lower tempera-
tures, this method presents drawbacks, including addi-
tional production steps and a limited rubber-adhesive in-
terface.™

In an investigation concerning metals treated via shot
blasting, two bonding methodologies were employed:
one conducted during vulcanization and the other
post-vulcanization. The research revealed that bonding
during vulcanization yielded superior adhesion on rough
metal surfaces. This superiority stems from the more ef-
fective filling of voids on metal surfaces by rubber dur-
ing the vulcanization process.*!

In the formation of composite materials through
bonding, the strength of the rubber plays a pivotal role.
Moreover, the rubber utilized must meet specific criteria,
including high tensile strength, good heat resistance, be
free from grit, have compatibility with the intended ad-
hesive, filler content, and compatibility with softening or
processing oils.*%*2 Among general-purpose rubbers,
nitrile rubber (NBR) is identified as the most readily
bondable, whereas isobutylene-isoprene rubber (IIR) is
the most difficult.?* Effective rubber adhesion, character-
ized by a high bondability index, diminishes the neces-
sity for employing a two-coat bonding system.* Addi-
tionally, curing rubber without sulfur or with peroxide
complicates the bonding process.**

Surface cleaning is required for the substrate materi-
als to be bonded. Corrosion-preventive oils, silicone sub-

o Induction, Curing
35 Scorch Delay (Second Region)
o (First Region)
O
-
190
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Vulcanization Time
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stances, oils used in the manufacturing process, mold-re-
lease agents, atmospheric contaminants, oxide and scale
layers formed on metal surfaces, etc., both organic and
inorganic layers, should be removed from the surface.’*
In the process of bonding the rubber, the surface energy
of the counter material should be increased, and the
weak oxide layer on the metal surface should be re-
moved. This facilitates the creation of an active surface,
allowing the liquid adhesive to spread more effectively.
Furthermore, because the primer interacts with the ox-
ides present on the metal surface, the removal of the
weak oxide layer prevents damage to the bonds being
formed.?*3¢ The methods used for the surface treatment
of metals are fundamentally grouped into mechanical
and chemical methods. For mechanical methods,
degreasing and blasting, and for chemical methods,
phosphate coating, galvanizing, and anodizing can be
given as examples.’* The critical aspect lies in selecting
the appropriate method tailored to the specific metal be-
ing utilized.

3 VULCANIZATION

Latex-derived natural rubber initially exhibits poor
properties such as strength and elasticity, as well as be-
ing sticky and soft.* It partially returns to its former di-
mensions when the applied force is removed and has a
thermoplastic structure.** During the vulcanization pro-
cess, uncrosslinked chains are crosslinked, leading to the
formation of a three-dimensional network structure. This
transformation represents a pivotal stage in acquiring
elastomeric characteristics, as it alters the initial rubber
structure and enhances its physical attributes. Further-
more, these modified properties exhibit applicability
across a broader temperature range.*#%47 Increasing the
crosslink density results in the augmentation of certain
properties such as elastic recovery, hardness, stiffness,
and resilience, while others, including hysteresis, perma-
nent set, heat build-up, solvent swelling, and creep, dem-

Overcuring
(Third Region)

T
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Figure 1: Typical vulcanization curve
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onstrate a decline. Additionally, some properties exhibit
an initial increment followed by a subsequent decrease,
such as fatigue life, toughness, tensile strength, and tear
strength.**4° When cross-linking occurs within the range
of 2-3 %, it results in the formation of a non-brittle and
soft rubber, whereas cross-linking between 25-35 %
yields a harder rubber.*> This cross-linking process is
typically facilitated using sulfur and stands as one of the
most prevalent techniques in contemporary rubber manu-
facturing.*+>° Various additives are incorporated to
achieve the desired rubber properties.** Additionally, the
employment of accelerators in sulfur vulcanization con-
fers a notable advantage by reducing the vulcanization
time from hours to minutes.*’

The process steps are listed below according to the
sequence of events and the different reactions occurring
in the third region.!'! A typical curve indicating these
steps and highlighting some key points is presented in
Figure 1.

Process steps:

1. Scorch delay, induction
2. Curing
3. Overcure

a) Increase, Marching

b) Equilibrium, Plateau

¢) Reversion

Table 1: Standards related to rubber

The scorch times are referred to as #,1 and 7,2, respec-
tively, corresponding to the time it takes to reach above
1 dN'm and 2 dN-m of minimum torque (Figure 1).%
The initial region of the curing process is known as the
induction region, during which the rubber is transferred
from the extruder to the mold for shaping. In this region,
the rubber is in a fluid state, and the chemical reactions
between the rubber and additives occur at a slow rate.
The region’s duration should be at specific intervals to
prevent premature vulcanization, which can cause sur-
face roughness and shape distortion.''#+33 The crucial
point in the curing region where the network structures
are formed is the optimum curing time, expressed as fop,
which determines the residence time of the vulcanized
rubber in the curing line and thus ensures that the rubber
has optimum properties. If the dough leaves the curing
line before the optimum time, it does not achieve the de-
sired shape and physical properties, whereas exceeding
this time results in a hard and brittle rubber. Due to the
reasons mentioned, it is desired that the rubber cures in a
time equivalent to 90 % of the time required to obtain
maximum torque.'!33 Although this time provides maxi-
mum tensile strength for certain rubber compositions, its
applicability is not universal across all rubber types.> In
the third region, depending on the rubber, the materials
used, and the process parameters, the torque value may
increase due to the formation of additional cross-links,

Standard Number

Standard Name

Classification

ASTM D1566-21a

Standard Terminology Relating to Rubber

ASTM D6085-97

Standard Practice for Sampling in Rubber Testing Terminology and Basic Concepts

Terminology

Rubber And Plastics Test Equipment — Tensile, Flexural and Compression (Con-

Oscillating Disc Curemeter

1S0 5893 stant Rate of Traverse) — Specification Test Equipment

ASTM E4-21 Standard Practices for Force Calibration and Verification of Testing Machines Calibration
Rubber — Measurement of Vulcanization Characteristics Using Curemeters — Part 1:| Vulcanization (In-

ISO 6502-1 . .
Introduction troduction)

ISO 6502-2 Rubber — Measurement of Vulcanization Characteristics Using Curemeters — Part 2: Vulcanization (Os-

Standard Test Method for Rubber Property—Vulcanization Using Oscillating Disk

cillating Disc

ters

ASTM D2084-19a C Curemeter)
ure Meter
Rubber — Measurement of Vulcanization Characteristics Using Curemeters — Part 3: .
IS0 65023 Rotorless Curemeter ?ﬁ%ﬁgﬁg&non
ASTM D5289-19a Standard Test Method for Rubber Property Vulcanization Using Rotorless Cure Me- Curemeter)

ASTM D413-98

Standard Test Methods for Rubber Property Adhesion to Flexible Substrate

Determination of

Rubber, Vulcanized or Thermoplastic — Determination of Adhesion to Textile Fab-

Bond Strength

ISO 36 rics (Flexible Materials)
ASTM D429-14 Standard Test Methods for Rubber Property Adhesion to Rigid Substrates
1SO 813 Rubber, Vulcanized or Thermoplastic — Determination of Adhesion to A Rigid Sub-
strate — 90-Degree Peel Method
Rubber, Vulcanized or Thermoplastic — Determination of Adhesion to Metal — L
1SO 814 - Determination of
Two-Plate Method Bond Streneth
ISO 5600 g;rl:;)er — Determination of Adhesion to Rigid Materials Using Conical Shaped (Rigid Matgrials)
ISO 1827 Rubber, Vulcanized or Thermoplastic — Determination of Shear Modulus and Adhe-
sion to Rigid Plates — Quadruple — Shear Methods
I1SO 5603 Rubber, Vulcanized — Determination of Adhesion to Wire Cord
Rubber And Plastics — Analysis of Multi-Peak Traces Obtained in Determinations .
IS0 6133 of Tear Strength and Adhesion Strength Analysis
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decrease due to the disintegration of the networks, or re-
main stable.!!

Torque-time curves, employed to assess vulcaniza-
tion properties, are generated via testing conducted at a
designated temperature utilizing rheometers. While os-
cillating-disc, reciprocating-paddle, and rotorless rheom-
eters are frequently utilized, the application of recipro-
cating-paddle rheometers is currently less favored.’*
Although the determination of vulcanization properties
falls beyond the purview of this study, interested readers
can consult the vulcanization-related standards refer-
enced in Section 4.

4 STANDARDS RELATED TO RUBBER

Numerous international standards have been devel-
oped by various institutions concerning rubber, including
product properties, raw-material specifications, manufac-
turing procedures, product-testing protocols, and more.
A comprehensive literature review unveiled a multitude
of standards related to these subjects. Table 1 illustrates
the standards examined in this study that remain cur-
rently applicable.

When we examine the standards used in terminology
first, we encounter the ASTM D1566-21a:2021° and
ASTM D6085-97:2022% standards. ASTM D1566-21a:
2021% includes terminology related to rubber, while
ASTM D6085-97:20225 includes terminology related to
testing and sampling.

To perform R&D studies, it is imperative to conduct
tests of rubber specimens or bonding processes. The ISO
5893:2019%7 standard provides comprehensive guidance
about the design specifications, force-measurement sys-
tems, accuracy, precision, and deviations associated with
the constant rate of traverse tensile testing systems uti-
lized for these evaluations. Moreover, ensuring the accu-
racy of data obtained from such tests is pivotal for re-
search and development activities. Consequently,
calibration of force measurement systems within the test-
ing apparatus is deemed necessary. The ASTM
E4-21:2021%® standard includes information concerning
calibration and verification procedures, outlining three
distinct methods for verification. These methods can be
utilized individually or in combination to verify the effi-
cacy of test machines.

Information is required during the vulcanization pro-
cess of vulcanizable rubbers, acquired through torque-

time curves derived from conducted tests. These curves
are generated using curemeters. The ISO 6502-1:2018%
standard elucidates the insights attainable via curemeters
regarding the vulcanization process. It offers clarification
concerning the typical configuration of a vulcanization
curve, its acquisition methodology, termination patterns
of the curves, interpretations of the data extractable from
the curves, mathematical computations associated with
this data, and fundamental operational principles govern-
ing curemeters. Moreover, the standard addresses cure-
meters, which are extensively utilized, with oscillating
disk and rotorless curemeters retaining their popularity.
These curemeters constitute the second and third sec-
tions of the ISO 6502 standard. ISO 6502-2:2018% and
ASTM D2084-19a:20193? standards offer insights into
oscillating-disk curing meters. Additionally, the ASTM
D2084-19a:2019%2 standard defines four distinct configu-
rations for obtaining the curves. ISO 6502-3:2023% and
ASTM D5289-19a:2019°" stand as standards for
rotorless curing meters, which conduct torque measure-
ment within cavities either entirely enclosed or non-en-
closed. As per ASTM D5289-19a:2019¢' and ISO
6502-1:2018%* standards, rotorless curing systems
achieve superior temperature distribution compared to
oscillating disk curing systems by eliminating the un-
heated rotor from the setup.

Various standards exist for measuring the bond
strength between rubber and the material to be bonded,
facilitating an evaluation of the adhesion properties
across different rubber formulations, adhesive types, pro-
duction parameters (e.g., temperature, duration), and sur-
face treatments (e.g., acid etching, phosphating, sand-
blasting). One such standard is ASTM D413-98:2017,%
which assesses bond strength between flexible materials
(e.g., fabric, wire, sheet metal) and rubber, providing
methods applicable to planar or smooth circular surfaces.

ASTM D429-14:2023% provides guidelines for eval-
uating the bond strength between rigid materials, pre-
dominantly metals, and the rubber bonded to them. This
standard defines eight distinct measurement methodolo-
gies, including approaches like between two parallel
metals measurement, 90° stripping, conical specimen as-
sessment, and post-vulcanization bond adhesion testing.
Within this standard, Figure 2 shows surface images of
failed specimens following testing conducted in accor-
dance with Method C of ASTM D429-14:2023.

Figure 2: Surface images of the specimens tested by Method C of ASTM D429-14 standard
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The ISO 813:2019% standard is utilized to determine
the bond strength between a rigid plate and rubber using
the 90° peeling method. The standard specifically notes
that this method is not suitable for rubbers with a hard-
ness greater than 85 IRHD. A measurement according to
ISO 814:2017% involves using two parallel metal plates
with rubber bonded between them. The force is applied
perpendicular to the bond surface to measure the bond
strength. The test is terminated when the specimen fails.
To prepare samples according to the ISO 5600:202466
standard measurement procedures, two rigid materials
with conical shapes, whose dimensions are provided in
the standard, are used. After the materials are positioned
facing each other with their ends on the same axis and at
the distance specified in the standard, they are bonded
with rubber using a suitable adhesive system.

ISO 1827:2022%7 is one of the standards also used to
measure the bond strength. The four rigid or metal paral-
lel plates are used for the samples. Tests are conducted
by adhering rubber to metal plates. This standard is also
used to determine the shear modulus. In assessing adhe-
sion between wire cord and rubber, ISO 5603:2024% out-
lines methods applicable to where the exterior surface of
the rubber is unreinforced or is reinforced. Specimens
are prepared via vulcanization, followed by testing in-
volving the pulling of the cord embedded within the rub-
ber.

An accurate evaluation of the experimental data and
the corresponding graphical representations is crucial.
Force-time graphs, derived from tear and bond strength
measurements may exhibit multiple peaks, introducing
complexity to the analysis. ISO 6133:2015% offers guid-
ance on five distinct methods for strength calculation, ac-
counting for the number and shape of these peaks, aim-
ing to enhance consistency and comparability. An
example force-strain graph with multiple peaks obtained
from an experiment to measure adhesion strength is
shown in Figure 3.

b
+=+

5 FAILURE TERMINOLOGY

Many rubber composites are formed by bonding
metal and rubber. The bonding process involves the use
of primer and adhesive. The primer is often used in the
bonding process to ensure corrosion resistance, while the
adhesive bonds the rubber and the metal materials.?>"
The vulcanization method is commonly preferred for this
bonding process.*’

These products have a wide range of applications and
operate in various environments and under different
stress conditions. Therefore, many factors can cause
damage to metal and rubber structures, including over-
loading, corrosion, and vibration.”=”* Testing the reliabil-
ity of the products is essential due to their impact on
product performance and the potential hazards to em-
ployee safety.”>’* In most methods, the failure of pre-
pared specimens is used to calculate the tensile force
generated during the test.”* Although peel testing is com-
monly used, other tests, such as shear (pure, simple),
compression, etc., are also conducted.’”’> Static tests can
be used to estimate the service life of products. However,
these predictions often do not align with the service life
of the products as they operate most of the time under
dynamic loads.”®

It is necessary to analyze the failures and their causes
using analysis methods that have different advantages
over each other. The Scanning Electron Microscope
(SEM), Energy-Dispersive X-ray Spectroscopy (EDS),
Electrochemical Impedance Spectroscopy (EILS), Second-
ary-Ion Mass Spectrometry (SIMS (Dynamic SIMS and
Static SIMS)), Ion Scattering Spectroscopy (ISS), Fou-
rier-Transform Infrared Spectroscopy (FTIR), X-ray Dif-
fraction (XRD), Nuclear Magnetic Resonance (NMR),
and X-ray Photoelectron Spectroscopy (XPS) are among
these analysis methods.””-7° These methods allow a de-
tailed assessment of failure and can be used alone or in
combination.”!

The rubber composite may fail either individually or
in combination, either within the rubber or at the inter-
faces. The ASTM D429-14:2023% standard defines these

//‘V/ A
/W

Vv

;m.; 5 8
\

o
L

Strain in mm

Figure 3: Force-strain graph with multiple peaks
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RUBBER

CEMENT

PRIMER

METAL

Figure 4: Rubber failure

RUBBER
RC
CEMENT

PRIMER

METAL

Figure 5: Rubber-Cover Cement interface failure

failures. Figures 4 to 8 shows the failure patterns based
on the failure location.

1-Failure of the rubber is indicated by R (Figure 4).
2-Failure of the rubber-cover cement interface is indi-

cated by RC (Figure 5).
3-Failure of the cover cement-primer interface is indi-

cated by CP (Figure 6).
4-Failure of the primer-metal interface is indicated by M

or CM (Figure 7).

Although the relevant standard does not specify a
separate item for it, it is stated that in the case of multi-
ple failures, a definition can be made based on the per-
centages of failure. By the example from the standard,
Figure 8 shows an example where 50 % of the failure is
to the rubber and 50 % to the rubber-cover cement inter-

RUBBER

CEMENT

CP
PRIMER

METAL

Figure 6: Cover Cement-Primer interface failure

RUBBER

CEMENT

PRIMER

MorCM
METAL

Figure 7: Primer-Metal interface failure
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CEMENT

PRIMER
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Figure 8: Multiple failures

face. In this case, all the failure is written according to
the rules in the relevant terminology. The failure in the
given figure is indicated as R-50, RC-50.

6 REVIEW OF SOME EXPERIMENTAL
STUDIES

Ting®® bonded neoprene rubber and steel (AIST 4130)
using seven different adhesives and examined the sam-
ples using two different testing methods. Moreover, the
samples were subjected to different aging conditions.
Following the conducted tests, a notable finding was the
adequacy of most employed adhesives concerning the
dry bond strength. Furthermore, it was observed that
thermal aging exhibited negligible impact, while the
bond strength exhibited a decline when subjected to
stress in a saltwater environment. In addition, it was de-
termined that degradation levels escalated in correlation
with elevated oxygen concentrations within the water
medium.

Bjork and Stenberg®' employed three distinct tech-
niques, i.e., grit-blasting, centrifugal blasting, and deter-
gent washing, to treat the surface of soft carbon steel.
Subsequently, experimental samples were fabricated by
bonding the treated steel with natural rubber using
Chemosil 2114+231. Evaluation of the resulting bonds
was carried out via peel tests conducted under varying
procedures and temperatures in an aqueous environment.
The conducted analyses have conclusively identified
grit-blasting as the most efficacious surface treatment
method.

Ostman and Persson®? indicated that the conventional
peel test lacked adequacy and thus explored the charac-
teristics of rubber-metal bonds through a novel approach
termed peel-creep. Their investigation involved the utili-
zation of natural rubber and steel materials to fabricate
specimens subjected to accelerated aging. The surface
treatment of the metals was executed via two distinct
methods, i.e., air-blast tumbling, and grit-blasting. The
study outlined an augmentation in effective surface adhe-
sion facilitated by the grit-blasting process, attributable
to the heightened particle velocity. Moreover, a longitu-
dinal comparison indicated a sustained enhancement in
adhesive properties relative to the alternative method.
Furthermore, the presence of residual dust was noted to
detrimentally impact the bond longevity, with the
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grit-blasting method being identified as a superior
cleaner owing to its elevated air velocity.

Aktepe®® investigated the bonding between NBR rub-
ber and steel material, employing the vulcanization
method. Three distinct recipes were employed in the
preparation of NBR rubber, while Chemosil 211 and
Chemosil 220 were selected for rubber-to-steel bonding
purposes. The experimental setup involved the creation
of eight sample groups, distinguished by the utilization
or non-utilization of the shot-blasting process (incorpo-
rating hard casting residues) or adhesive, as well as the
adoption of different rubber formulations. Notably, in in-
stances where adhesive application was omitted, the ab-
sence of adhesion was observed. Moreover, analysis of
the peel test outcomes revealed a notable enhancement in
bond strength for samples subjected to shot blasting.

Boulos and Petschel®* conducted an analysis of sam-
ples employing various methodologies. These samples
were derived from the bonding of natural rubber to met-
als coated with four distinct types of phosphate coatings,
i.e., heavy zinc phosphates, calcium-modified zinc phos-
phates, polycrystalline zinc phosphates, and non-heavy
metal (amorphous) phosphates, utilizing either sol-
vent-based or water-based adhesives. Their investigation
revealed that polycrystalline and amorphous transforma-
tion coatings contributed to enhanced adhesion, whereas
coatings characterized by large crystal formations exhib-
ited inferior performance, attributed to crystal damage
upon impact exposure. Additionally, in the study where
appropriate coating weights were specified, it was con-
cluded that a polycrystalline phosphate coating should be
prioritized for both adhesion improvement and corrosion
protection.

Cook et al.® utilized the vulcanization method to
bond steel materials (B.S. 6323, pt. 6 CEW 2BK) treated
with two distinct phosphating techniques and an
acid-etching method to natural rubber (SMR L). Adhe-
sives Chemlok 205 and Chemlok 220 were employed in
the process. The study revealed that respectively Phos-
phate-2 > Acid Etching > Phosphate-1 regarding peel en-
ergy. Notably, it was asserted that surface roughness does
not play a crucial role in achieving optimal rubber-steel
adhesion. Additionally, the research highlighted that the
formation of crystals in the Phosphate-2 method, particu-
larly at low coating weights, resulted in rubber damage
by redistributing stresses away from the surface.

Ansarifar et al.% conducted investigations by bonding
natural rubber (SMRL) to different materials such as
steel (BS 6323 CEW 2 BK), nylon 6,6 (Dupont’s Zytel
70G30 HSL), and aluminum (LM6)) using Megum 3276
and Megum 101. The steel and certain aluminum materi-
als were grit blasted with 30/40 brown alumina grit,
while nylon 6,6 and the remaining aluminum materials
were not grit blasted. The empirical investigations re-
vealed the feasibility of employing water-based sub-
stances for cleansing purposes. Furthermore, varying de-
grees of surface roughness demonstrated minimal to no
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impact on the peel energy. Additionally, substituting
steel with nylon 6,6 and aluminum was deemed viable.
Notably, the constant load-peel test emerged as superior
in yielding precise outcomes compared to the constant
rate peel test, attributed to its capacity for precise assess-
ment of the crack-propagation rates.

Jeon and Seo®’ investigated the effect of curing tem-
perature on the adhesion between brass-plated steel cord
and rubber (natural+butadiene rubber). T bonding speci-
mens were prepared with curing times of #o+5 min after
calculating to times every 15 °C between 130 °C and
190 °C. Furthermore, the samples underwent thermal
and humidity aging processes for (5, 10, and 15) d. The
research revealed a consistent decrease in pull-out force
with escalating curing temperatures across both unaged
and thermally aged specimens. Additionally, a notewor-
thy observation was made regarding the elevated rubber
coverage in thermally aged samples, particularly outside
of 190 °C. Furthermore, the analyses of specimens sub-
jected to humidity aging revealed a pattern where the
pull-out force exhibited an initial increase up to 160 °C
followed by a subsequent decline, and a low coverage
occurred in samples cured at 190 °C.

Jeon and Seo®® examined the impact of curing time
on the adhesion between natural rubber and brass-plated
steel cord. At a temperature of 160 °C, T adhesive speci-
mens were prepared with curing times of 0.25, 0.50, 1, 2,
and 4-times the too duration. Furthermore, the samples
underwent thermal and humidity aging processes for (5,
10, and 15) d. An increase in the pull-out force was
noted as the curing time extended up to the ty duration in
both unaged and thermally aged specimens, followed by
a subsequent decrease. Additionally, it was noted that the
rubber coverage exhibited high levels in both the opti-
mally and over-cured unaged samples, as well as in the
under-cured thermally aged samples. Throughout humid-
ity aging, the pull-out force increased to 0.5 times the tog
duration, followed by a subsequent decline, and the di-
minishing of rubber coverage with increasing duration.

Ansarifar et al.»® conducted a study investigating the
influence of primer application on the bond strength be-
tween rubber (SMRL) and nylon 6,6 (Dupont’s Zytel
70G30 HSL). Two bonding systems, MEGUM 3276+
MEGUM 101 or MEGUM W23501+MEGUM 23126,
were employed in the bonding procedures. The speci-
mens were divided into four groups based on whether
they were primed or unprimed. Alkaline solution
degreasing was employed, followed by the vulcanization
method for bonding. Results from the constant-load peel
test in solvent-based systems indicated a notable increase
in the bond strength in the unprimed group. Conversely,
in waterborne systems, a marginal enhancement in bond
strength was observed in the unprimed group under ei-
ther constant load or constant-rate peel tests. Compara-
tive analysis of the unprimed groups revealed nearly
identical strengths between the two systems, also sug-
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gesting that primer application did not confer any dis-
cernible benefits.

Jeon and Seo® investigated the impact of curing lev-
els on the adhesion between natural rubber and brass-
plated steel cord. Five types of T adhesive specimens
were prepared, including under-cured (130 °C for 20 min
and 150 °C for 5 min), optimally cured (150 °C for
20 min), and over-cured (150 °C for 80 min and 170 °C
for 20 min). The samples underwent humidity aging for
15 d. As a result of the tests, the highest pull-out force
was obtained in the optimum curing condition in unaged
and aged samples. In the unaged specimens, a low level
of rubber coverage was observed in the case of under
curing, whereas this ratio increased under over curing
conditions. With aging, an increase in rubber coverage
was observed in the case of under curing, along with an
increase in pull-out force. Additionally, it was found that
pull-out force decreased under over-curing conditions
while the rubber coverage remained constant.

Durmus et al.*! investigated the bond strength be-
tween the 7132-grade sheet material and EPDM rubber.
The surface of the sheet materials underwent treatment
via shot blasting using S-330 steel balls for varying dura-
tions. Bonding procedures were conducted through two
methods: during vulcanization and post-vulcanization.
Chemosil adhesives (211 and 411) were employed dur-
ing vulcanization, whereas Rite-Lok EC-5 and Loctite
480 adhesives were utilized post-vulcanization. Tensile
testing revealed that the highest bond strength was at-
tained in samples subjected to 6 minutes of shot blasting
during vulcanization and 3 minutes of shot blasting
post-vulcanization.

Delattre et al.”® investigated samples comprising
plasma-polymerized thiophene (PPTh) coated SAE 1010
steel bonded with synthetic rubber. Additionally, brass
materials (63 % Cu and 37 % Zn) were incorporated for
comparative analysis. Pre-treatment involved the use of
argon, hydrogen, and oxygen gases while cleaning pro-
cedures encompassed either alkaline cleaner or acid
etching. Following the peeling tests conducted across
eight distinct sample groups, it was noted that samples
subjected to acid etching and pre-treated with Ho/Ar
plasma had the highest adhesion force, closely approach-
ing that of polished brass samples. Optimal adhesion re-
sults were achieved at a film thickness of 5 nm, with an
observed decrease in adhesion force with increasing film
thickness.

Yeoh®! investigated utilizing finite-element analysis
to examine the A, C, and F methods outlined in ASTM D
429. The study defined the radius of the metal material
as "a" and the shortest distance between the rub-
ber-bonded metals as "h". The analysis yielded a recom-
mended //a ratio of 2 for the test samples because of fa-
cilitated easier comparison as the height increased.
Additionally, a novel method was proposed, wherein one
of the metals composing the test sample would feature a
spherical tip, while the other would possess a conical tip.
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Del Vecchio and Ernest Ferro®? examined samples
prepared using eight different metal surface treatment
methods (primed or unprimed (solvent wipe, grit blast,
phosphatize) methods and MetalJacket, Phosphatize +
MetallJacket methods), three different adhesives
(Chemlok 252X, Chemlok 6108, and Chemlok 8560S),
and two different rubber components. The samples were
prepared following ASTM D429 Method F, and
forty-eight different working groups were created. The
experimental findings revealed that surfaces treated with
grit blasting displayed enhanced strength, contingent
upon the adhesive type, whereas solvent wiping rendered
them susceptible to corrosive attacks. Moreover, it was
established that all MetalJacket combinations attained
high levels of environmental resistance.

Zhang et al.”® bonded NBR rubber to anodized LD7
aluminum alloys using Chemlok 250 adhesive. Basically,
five distinct working processes were created for the treat-
ments using two different anodization methods (180 g/L
sulfuric acid and 100 g/L phosphoric acid). Furthermore,
a comparison was conducted between the anodization
process and the processes of burnishing and sandblast-
ing. In addition, two different drying methods (vacuum
and air drying) were also employed. Based on the find-
ings of the peel-test analysis, it was noted that a phos-
phoric acid treatment yielded greater strength in compar-
ison to a sulfuric acid treatment. Additionally, it was
observed that augmenting film thickness and employing
vacuum drying enhanced the strength of the anodized
samples. Notably, anodized samples outperformed bur-
nished and sandblasted samples in terms of strength.

Wang et al.** undertook investigations involving the
bonding of liquid silicone rubber (LSR) to various sub-
strates (aluminum, polyethylene, polypropylene, glass,
and epoxy resin) after surface modification. In the exper-
iments involving aluminum, the aluminum surface un-
derwent pretreatment via corona discharge, followed by
immersion in vinyltrimethoxysilane (VMS) solution and
platinum (Pt) catalyst solution. Subsequently, the LSR
coating was applied, and the curing process was exe-
cuted. Results from the T peel test indicated optimal pa-
rameters for the connection between aluminum and LSR,
with a VMS concentration of 5 g/L., immersion time of
5 min, and Pt catalyst concentration of 100 ppm, immer-
sion time of 3 min. Furthermore, it was noted that the
peel strength experienced a significant increase because
of experiments conducted with other materials.

Latifi et al.>> researched plasma surface oxidation
treatment for better adhesion of silicone rubber coating
to the surface after electropolishing and acid etching pro-
cesses applied to 316L stainless steel. Investigations on
seven different groups of samples revealed that the
roughness of the plasma surface oxidation-treated sam-
ples was higher than the electropolished + acid-etched
samples. On the other hand, it was observed that the
roughness remained low compared to the electropolished
surfaces. In terms of surface activity, empirical observa-
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tions revealed a notable reduction in the water contact
angle consequent to the plasma surface oxidation pro-
cess. Based on the findings of the tensile tests, the oxi-
dized samples had the highest bond strength, whereas the
untreated samples had the lowest.

Renner® investigated the relationship between the pa-
rameters obtained by treating the surface of cold-formed
or cold-rolled steel using EKF-24 corundum with a jet
blasting device and using a GN-50 steel shot with a
wheel blasting device and bond strength. Chemosil (211
and 411) were used as adhesives. According to the re-
sults obtained from both methods in the study, no corre-
lation between rubber-metal bond strength and R, values
was shown, while a correlation between strength and S,
was noted.

Souid et al.”” conducted research on specimens pre-
pared by bonding steel and natural rubber by vulcaniza-
tion method using a primer (Chemosil 211) and adhesive
(Chemosil 425) at four different temperatures (120 °C,
140 °C, 150 °C, and 170 °C). The peel tests conducted
revealed a noticeable trend wherein heightened vulcani-
zation temperatures correlated with diminished peel re-
sistance, especially evident beyond the threshold of
150 °C, alongside a decrease in peel energy.

Vandenabeele et al.”® investigated a plasma treatment
to improve the adhesion between filament and rubber by
depositing an organo-chlorinated thin film on zinc-plated
steel monofilament. Force measurement was performed
by removing the embedded monofilament from the rub-
ber patented by Goodyear. Upon comparing the pre-
treatments administered to filaments, encompassing un-
treated, acetone + ethanol cleaning, Ar plasma cleaning,
and Ar/O; plasma cleaning, it was discerned that Ar/O,
plasma cleaning exhibited superior efficacy. Addi-
tionally, within the context of adhesion strength assess-
ments performed on plasma layers of diverse thicknesses
deposited at varying power levels (10 W, 30 W, and
50 W), optimal adhesion was consistently attained at a
thickness of 75 nm across all power settings.

Pradhan et al.”” examined the influence of elec-
tro-cleaning current density on the surface roughness of
steel wire and the adhesion strength of the wire to rubber
through the utilization of both the COMSOL Multi-
Physics program and practical experiments. The findings
from the examination suggest a decrease in the R, value
with escalating current density, while R, demonstrates a
comparable trend. In the pull-out experiments, an aug-
mentation in force was noted alongside increasing cur-
rent density up to 600 A/m?, followed by a subsequent
decline in force with further increases in density.

Giinsoy'® conducted studies on the adhesion of poly-
acrylic rubber and EN10130 DCO1 steel using six dis-
tinct surface treatment groups. The bonding process uti-
lized Chemosil 360 adhesive, and adhesion was attained
via the vulcanization method. The results of the peel test
suggest that the sandblasting (F54 SiC) + zinc phosph-
ating and shot peening (S60 SS) + zinc phosphating
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methods yield the highest strength. It was noted that the
strength increased by over two times solely with the
phosphating method. Despite the shot-peening and sand-
blasting procedures yielding comparable levels of sur-
face roughness, the peel test revealed discoloration in the
sandblasted specimens, which was attributed to corro-
sion. Furthermore, deep cracks were formed as a result
of the sandblasting technique.

Mih¢1'%! conducted research on the bonding of
EPDM rubber to 5754 aluminum alloy. In experiments
involving Chemosil-coated aluminum specimens sub-
jected to varying aging durations and temperatures, it
was noted that the highest adhesion levels were attained
within the temperature range of up to 150 °C. Based on
the results obtained from six experimental groups that
differed in terms of coating status, geometric shape, and
surface treatments, it was discerned that cold plasma
treatment elicited enhancements in surface adhesion
properties among coated materials. Assessing the peel
test outcomes across ten experimental groups, formed
through the combination of diverse coating materials, it
was determined that the Chemosil brand coating material
showcased the most elevated peel strength. Moreover, it
was uncovered that identical coating materials displayed
differing peel strengths upon the coating application
methodologies employed.

Ahsan et al.' investigated the correlation between
surface roughness and damping characteristics by con-
ducting analyses utilizing the Obers Beam Method
(OBM) subsequent to employing various surface treat-
ments on A6061 aluminum alloys. Specifically, the
damping properties at the interface of the rubber bonding
were examined. A solvent-based adhesive was utilized
for bonding the rubber, involving primer application fol-
lowed by topcoat adhesive application. Following experi-
ments conducted after roughness measurements of five
distinct treated surfaces (namely untreated, sandblasting,
blasting+graphene, phosphate anodizing, and graphene),
it was established that damping behavior depends on sur-
face roughness, with superior damping characteristics
observed in samples subjected to sandblasting and blast-
ing+graphene, which exhibited the highest roughness.

Gong et al.'” examined the factors affecting interfa-
cial strength in the bonding of 6063 aluminum alloys
with nitrile butadiene rubber (NBR-80A) employing an-
odization and silane coupling agent (y-aminopropyl-
triethoxy). Due to the elevation in the electrolyte temper-
ature employed during the anodization process, the rate
of formation of the oxide film was observed to escalate.
However, an initial rise followed by a decline in bonding
strength was noted. Similarly, it was observed that bond-
ing strength exhibited an initial ascent then, a descent
with increasing solution concentration of the coupling
agent. Moreover, it has been established that with rising
mold temperature, there is an initial increment followed
by a decrement in bonding strength, coupled with a re-
duction in rubber tensile strength.
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Grard et al.' investigated different experimental
groups consisting of three different formulations of prim-
ers used in bonding AA6061 aluminum alloy and sili-
cone rubber (HCR). The aluminum surface underwent
five treatments, including sandblasting (corundum F36)
or polishing (various degrees), resulting in different lev-
els of surface roughness. Furthermore, it was determined
that increasing roughness negatively affects adhesion on
primed surfaces.

Sarlin et al.'® prepared samples by bonding stainless
steel materials (EN 1.4432 and EN 1.4410) with rubber
(BIIR) using two different primers (PR500-1 and
S500-2) and adhesive (TC5000) through vulcanization.
The prepared samples were examined using different
corrosive environments (at 95 °C), i.e., air, 95 % humid
environment, and deionized water) and H,SO, solution
(at 25 °C, 80 °C, and 95 °C). Based on the peel tests con-
ducted on super duplex stainless-steel samples, a slight
enhancement in bonding in a hot-air environment was
observed. Additionally, it was reported that the peel
strength exhibited a declining trend over time in alterna-
tive environments, while superior resistance against sul-
furic acid was attained at ambient temperature. Concern-
ing the resistance to aging, it was noted that the
stainless-steel variant did not induce noteworthy alter-
ations, whereas degradation in rubber linings was attrib-
uted to polymeric constituents. Moreover, it was deter-
mined that primer failure occurred initially in pure water,
whereas adhesive failure predominated in acidic solu-
tions.

In another study, Sarlin et al.!® fabricated specimens
by bonding stainless steel materials (EN 1.4432 and EN
1.4410) with rubber (BIIR) employing two distinct prim-
ers (PR500-1 and S500-2) and adhesive (TC5000) via
the vulcanization process. Four different grits (steel grit,
feldspar, corundum F20, and F24) were used to treat the
steel. An increasing trend was observed in austenitic
stainless steel regarding the relationship between sand-
blasting media hardness and S,, while this phenomenon
was not observed in super duplex stainless steel. Accord-
ing to the relationship between sandblasting media hard-
ness and Sg, almost identical results were obtained in
both steels, with an increase in hardness and roughness.
There was no interaction between surface roughness and
grit size. Based on the peel tests conducted prior to ag-
ing, it was seen that the surface roughness did not affect
the peel strength. Following immersion in 95 °C water
for durations of 4 weeks and 12 weeks, the specimens
treated with steel grit exhibited the lowest peel strength.
Additionally, it was observed that while the peel strength
of austenitic stainless steels showed a positive correla-
tion with increasing roughness, this phenomenon was not
evident in super duplex steels.

Abdullah and Essa'’’ conducted investigations on the
adhesion of EPDM rubber and low-density polyethylene
(LDPE) materials to brass material. The brass surfaces
underwent treatment via either chemical or thermal oxi-
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dation, where the thermal oxidation process was con-
ducted at three distinct temperatures (100 °C, 200 °C,
and 300 °C). Following the peel tests, the highest adhe-
sive strength was achieved in both materials through the
chemical oxidation process. Additionally, it was noted
that the bonding strength of EPDM to brass surpassed
that of LDPE to brass.

Andreikova et al.'®® treated titanium-alloy (Lider de-
tergent degreasing, VPF-T paste processing, DChK
cast-iron shot treatment) and stainless-steel (Nefras
degreasing) surfaces in different ways. Then, preliminary
chemically modified rubbers (SBR (water resistant),
SBR+EPDM (heat resistant), NBR+PCP (oil resistant))
were bonded to these surfaces using Chemosil 211 and
51-K-10V adhesives, followed by examination under ag-
ing conditions. Titanium alloys bonded with water-resis-
tant rubber and treated with either DChK shot or VPE-T
paste are reported to exhibit adequate bond strength. The
bond strength of stainless steel bonded with heat- or
oil-resistant rubbers remained virtually unchanged.

Kuteneva et al.'® bonded rubber (V-14-1NTA) with
three distinct metals (Fe-2Mn-1Si, Fe-1AI-Ti, Al-Mg3)
via hot-hardening glue and conducted various tests to in-
vestigate the bond. With the materials available, five-lay-
ered and nine different composites were formed. As a re-
sult of the peel tests, it was observed that the steel/rubber
joint (due to the oxides on the steel surface activating the
surface) exhibited higher bond strength than the alumi-
num/rubber joint (due to the presence of passivating ox-
ide layers on the aluminum surface). The impact test re-
sults indicated an augmentation in impact strength
alongside a reduction in weight at lower temperatures
within the steel/aluminum/steel configuration. Further-
more, it was noted that enhancing impact strength in the
aluminum/steel/aluminum structure could be attained
with minimal weight increment. The fatigue test indi-
cated that due to the inconsistent metal/rubber interface
in the steel/aluminum/steel structure, excessive stress
was generated in the outer steel layer, resulting in prema-
ture damage.

7 CONCLUSIONS AND RECOMMENDATIONS

Within the scope of this study, information related to
rubber-metal adhesion (adhesion mechanism, factors af-
fecting adhesion), vulcanization (operation mode and
key parameters), bonding processes during/after vulcani-
zation, rubber-related standards (terminology, test equip-
ment, calibration, vulcanization, determination of bond
strength of flexible and rigid materials, evaluation of test
results), and bond failures (causes, analysis, and termi-
nology) is provided. Initially, the factors influencing the
interfacial strength of metal-rubber joints bonded
through vulcanization were investigated. In addition, an
archive of about 40 years has been reviewed about other
factors affecting bond strength.
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From the conducted investigations, the utilization of
adhesives is essential for establishing adhesive bonds,
with many of these adhesives offering adequate dry bond
strength. Nevertheless, detrimental effects induced by
saltwater and heightened oxygen concentrations within
water present challenges to the integrity of the bond. The
use of primer is also recommended, although it is not al-
ways valid. Furthermore, it has been determined that the
primer primarily fails in pure water, while the adhesive
primarily fails in a H,SO, solution. Moreover, bonding
during vulcanization exhibits superior efficacy compared
to post-vulcanization bonding, owing to rubber better
fills of surface cavities on the metal substrate. Opti-
mizing the duration and temperature during the vulcani-
zation process augments bond strength in adhesive bond-
ing procedures.

There are varying perspectives on surface roughness.
Observations during the vulcanization process indicate a
positive correlation between increased surface area and
bond strength, while a reduction in S,, value detrimen-
tally affects adhesion post-vulcanization. Furthermore,
an alternative perspective proposes that the bond strength
correlates with S, rather than R,. In the process of bond-
ing aluminum and silicone rubber, a rougher surface re-
sults in weaker adhesion on primed surfaces. On the
other hand, it is worth noting that an increase in rough-
ness contributes to damping. Some studies suggest that
surface roughness has minimal or no effect on bond
strength. Dynamic tests carried out in this domain may
enrich existing literature.

Contaminants present on surfaces pose a hindrance to
adhesion, necessitating their removal. In addition to sol-
vent-based cleaning materials, water-based cleaning ma-
terials are also used in this process, and water-based
cleaning materials also appear to be effective. There are
also cases where solvent cleaning alone is insufficient in
corrosive environments. The pre-treatment of metal sur-
faces is imperative to prime and activate them prior to
bonding. It is emphasized that surface treatments tailored
to the material and environmental conditions, along with
active oxide layers, positively impact bond strength.
Among physical surface treatment methods, grit-blasting
offers advantages over centrifugal blasting and air-blast
tumbling. The selection of grit compatible with metal
substrates and operating environments is paramount.
Grits possessing corrosion resistance exhibit advantages
in humid and elevated temperature conditions compared
to steel shot. Additionally, the application of zinc phos-
phate coating following the blasting process enhances
durability. However, it is noted that deep surface cracks
induced by grit-blasting can detrimentally affect fatigue
life.

Phosphating, a chemical surface treatment method,
stands out as a preferred choice due to its dual benefits of
enhancing both metal-rubber bond strength and corro-
sion resistance of metal substrates. Given the damping
properties inherent in rubber, metal-rubber components
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are favored in applications involving dynamic and im-
pact loads. The formation of large crystals in the
phosphating process and inappropriately high coating
weights were found to be detrimental to the joint under
impact loading. Comparative evaluations of various oxi-
dation methods on brass surfaces reveal superior bond
strength with the chemical oxidation method over the
thermal oxidation method. The application of Metal-
Jacket has also been found to increase resistance to cor-
rosive environments. Additionally, it has been observed
that the results of different chemical surface treatments
vary depending on the process parameters, usage envi-
ronment, and system components. Among these, the op-
timal selection of gas and film thickness in the PPTH
method has been identified as a positive contributor to
bond performance. Furthermore, research has been car-
ried out to establish the most effective process parame-
ters for various chemical methods, including anodiza-
tion, immersion in different solutions, etching with
various acids, surface modification with plasma, and oth-
ers, based on the materials used. The literature also in-
cludes comparative assessments of physical and chemi-
cal methodologies. Studies have shown that the
anodization of aluminum materials yields superior out-
comes compared to burnishing and sandblasting pro-
cesses.

The selection and application of suitable surface
treatments for both rubber and metal materials are cru-
cial. Applying identical surface treatment techniques
across diverse materials may yield disparate results.
Within the existing literature, limited comparative analy-
ses between physical and chemical surface treatments
have been documented. Expanding the scope of such
studies would offer valuable insights for researchers and
users. Additionally, there is a pronounced need for fur-
ther investigation to identify surface treatment methodol-
ogies and optimal parameters tailored to the specific
components of adhesive systems.

Literature on resistance to corrosive environments in-
cludes studies predominantly focusing on stainless steel
due to its renowned corrosion resistance. Despite this
reputation, stainless steel is susceptible to corrosion. It is
important to select the appropriate stainless steel for the
working environment and to apply the correct surface
treatment to this steel. Extensive aging tests have indi-
cated that the bond strength remains relatively stable
when the metal substrate, surface treatment technique,
adhesive system, and rubber material are correctly se-
lected.

Mechanical analysis of metal-rubber bonds predomi-
nantly occurs within laboratory settings through static
and peel tests. Researchers often subject test specimens
to various assessments, including thermal aging, acidic
solution immersion, salt-spray exposure, and hot tearing,
aimed at replicating real-life conditions. There are also
studies on updating existing test methods or proposing
novel ones. Notably, dynamic testing for metal-rubber
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joints appears to be infrequent. To enhance efficiency
and realism, parts should undergo dynamic tests tailored
to their intended usage and environment. Ideally, the part
itself should be used during testing; otherwise, it is im-
portant to apply standard test methods that are compati-
ble with the shape of the part. Moreover, computational
analyses should complement experimental efforts. Uti-
lizing test models developed in a computerized environ-
ment, alongside collected data, can furnish valuable in-
sights into diverse operating conditions of the parts and
aid in cost reduction.

Upon analysis of the study results, it is evident that
few issues have been agreed upon, and many remain sub-
ject to differing opinions. This disparity arises due to the
utilization of diverse materials and parameters in bond-
ing metal and rubber components. Conceptually, the
metal-rubber system can be likened to a table supported
by four legs: metal, rubber, adhesive-primer, and surface
treatment. The surface of the table represents the envi-
ronment in which the metal-rubber part will operate, and
it is in contact with each foot. The incompatibility of any
of these four legs with the working environment disrupts
the equilibrium of the table, ultimately leading to its col-
lapse or system damage. Furthermore, incompatibility of
any leg within the system itself can also result in dam-
age.
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