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Elastomer–metal interfaces find applications in the automotive, aerospace,
and biomedical industries, and are affected by environmental degradation,
which is mainly corrosion, wear, and adhesion failure. Harsh service condi-
tions, such as wet conditions, changes in temperatures, chemicals, mechanical
forces contribute to the interfacial weakening process due to electrochemical
reactions, crack propagation, and delamination, eventually cause a failure of
the system. This review highlights the fundamental pathways of interfacial
degradation and the interaction effect that occur between chemical, mechan-
ical, and environmental stressors. An integrated system of chemo-mechani-
cal–environmental degradation is considered, whereby corrosion, wear, loss of
adhesion, and mechanical fatigue are not considered independent processes
but rather they interact. This model emphasizes the acceleration of other
stressors, which is caused by the damage of one stressor and by the feedback of
other stressors at the elastomer–metal interface. The methods of mitigation
are discussed, as well as surface treatment, incorporation of nanoparticles to
strengthen the composite, the application of special adhesives, and bioinspired
alternatives, such as sacrificial bonding and self-healing. Recent development
of multifunctional elastomer–metal composites exhibit toughness and damp-
ing, corrosion resistance, and bond durability. Other issues highlight the
importance of additional studies to solve the complexity of synergistic degra-
dation in real-life scenarios. Smart coatings, predictive modeling, and re-
silient, sustainable, and adaptive materials are some of the future
opportunities.

INTRODUCTION

Nature has the prototype of materials which have
tribologically and environmentally resilient designs.
The hierarchical microstructuring of the biological
microstructures of the bio-inspired teeth, nails, and(Received December 4, 2025; accepted March 2, 2026)
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soft pads is designed to optimize wear resistance,
flexibility, and energy absorption, and to reduce
weight, which allows repetitive loading. The phe-
nomenon of nature is that stiffness and toughness
are balanced to increase the contact duration
between two metals, and man has employed rigid
materials; therefore, material selection and
microstructural design play a vital role in reducing
the impact of environmental degradation and tribo-
logical wear.1 The severe conditions that are expe-
rienced in the industry when dealing with
elastomer–metal interfaces are harsh chemical and
mechanical. Seals and packers are exposed to
pressure, temperature, and abrasive fluids in the
oil and gas industry which contribute 31% and 21%
of the overall global oil and gas production, respec-
tively. Polymer structure, crystallinity, cross-link
density, and elastomer–fluid polarity, which are
determined to a large extent by the solubility
parameters (d), are the factors that determine
failures, such as seal hardening, swelling, chemical
attack, and fragmentation.2

Bio-based alternatives made of cellulose, lignin,
and oleaginous (plant-based) have a more reason-
able sustainability or performance trade-off. Inter-
ventions to overcome these failures are strain-
induced crystallization, hierarchical hydrogen bond-
ing, and dynamic hard domains, which will guar-
antee that increased durability does not lead to
reduced end-of-life recyclability.3 The application of
polydimethylsiloxane (PDMS) is extensive because
of its malleability, spotting, and biocompatibility,
although oxygen and moisture can flow through the
polymers and corrode the metal films laid by plasma
oxidation or physical vapor deposition. Integrated
concepts, such as moisture-impermeable network
elastomer (MINE), involve the utilization of PDMS
and elastomers of low permeability, including IIR,
which are necessary to address the impact of
moisture-induced degradation without compromis-
ing stretchiness.4 The appearance of new types of
degradable and self-healing elastomers also extend
the life of devices and decrease the waste. Polyur-
ethane is made of reversible cross-linked networks
that are based on lignin and has a tensile strength
(2.72 MPa), elongation (712%), self-healing proper-
ties, and degradability, which allows its use in
stretchable substrates.5 Hydraulic and reciprocat-
ing seals have been life-tested in service to inves-
tigate their tribological performance, which is
reminiscent of the significance of the accelerated
life testing which scaled the number of adhesive
wear test coupons completed between 2008 and
2018 in many other published literature studies on
hydraulic seals and reciprocating seal service.6 The
copper employed in biomedical devices is tough even
at fatigue, but porous structures may cause weak-
ening of materials under the effect of stress
concentration.7

Permittivity and electromechanical coupling is
increased by elastomer–metal composites (e.g., liq-
uid metal-embedded elastomers), but the dielectric
breakdown strength decreases due to the presence
of very large metal droplets. The submicron inclu-
sions are not so degrading to the durability.8

Hierarchically or re-entrant-structured non-fric-
tional elastomeric surfaces are superhydrophobic
and self-healing, but also weak. UV-responsive self-
healing elastomer–metal surfaces9 are tough and
self-healing, and the wettability of the sample is
dynamically controllable on top of sacrificial alu-
minum templates that are further improved with
titania through atomic layer deposition (ALD).
There are also improvements in elastomer blending
and compatibility to improve the performance of the
elastomers with metals. Thermoplastic poly(ether–
ester) elastomers also have mixtures of hard
domains and soft elastic blocks and are also oil-
and abrasion-resistant in their use as automotive
seals.10 Another dominant cause of swelling, shrink-
age, and chemical degradation is the effect of
elastomer–fluid interactions which are controlled
by the terms of polarity, crystallinity, and the
density of cross-links.2 Interfaces preferred in cor-
rosion resistance are widened by the development of
ionic conducting elastomers and biodegradable 2-
pyrone-4,6-dicarboxylic acids, the expanded polyte-
trafluoroethylene (ePTFE) grafts that are coated
with poly(1,8-octanediol citrate) are hemocompati-
ble, and the ePTFE materials have desired com-
bined properties, as envisioned by CsE, of
stretchability, transparency, and temperature resis-
tance.11 Polyurethanes (PU) incorporated in the
PDMS (e.g., Elast-Eon E2A, PurSil 35) have good
durability and biostability, but are subject to
hydrolytic degradation, which modulates the
remaining strength.12

Polysiloxane elastomers are the most flexible
materials and yet biocompatible, but the increased
toughness, along with the increased recyclability,
can only be realized by the application of sacrificial
bonds or dynamic covalent chemistry at the cost of
strength.13 Block copolymer elastomers (SBS—Styr-
ene Butadiene Styrene, SEBS—Styrene Ethylene
Butylene Styrene, SIBS—Styrene Isobutylene Styr-
ene, SIS—Styrene Isoprene Styrene) are rigid
polystyrene domains and flexible chains which
provide elasticity, adhesion, and mechanical
strength, and which find application in electronics
and in elastomer–metal systems.14 Tribological
extremes cannot be reached in all conditions. PU,
made by using polytetramethylene ether glycol, is
resistant to oil and hydrolysis, but, when the sliding
velocity is high, when they are under tribological
extremes and frictional heat, the molecular struc-
ture of PU will be changed, and this will influence
its performance in the long-term.15

In this review, the nature of environmental
degradation at elastomer–metal interfaces will be
thoroughly explored with special attention to
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corrosion, wear, and adhesion failures. The current
study is based on a coupled chemo-mechanical–
environmental model, unlike previous reviews,
which tend to consider these modes of degradation
individually; chemical aging, mechanical loading,
and environmental exposure are regarded as
dynamically coupled processes. Corrosion, wear,
and loss of adhesion in the real-life service environ-
ment evolve in a synergistic manner, with interfa-
cial chemical response shifting mechanical response
and mechanical damage accelerating electrochemi-
cal reaction and transport. The purpose of this
framework is to go beyond a list of degradation
mechanisms and to instead synthesize the interac-
tion between stressors and interfacial stability, life,
and failure. Based on this, this review is a synthesis
of the experimental observations, characterization
methods, modeling methods, and mitigation mea-
sures to elucidate the causes of synergistic degra-
dation and the rational design of durable, versatile,
and sustainable elastomer–metal systems in indus-
trial, biomedical, and electrical applications.

FUNDAMENTALS OF ELASTOMER–METAL
INTERFACES

Interfacial Structure and Bonding
Mechanisms

Elastomer–metal hybrid systems are becoming
increasingly common in soft robotics, flexible elec-
tronics, and vibration-damping devices, where soft,
large, elastic deformations must be combined with
hardness and heat dissipation. However, elastomers
are not tough and possess low thermal conductivity,
which prevents their use in harsh environments
subject to wear, corrosion, and adhesion, thereby
hampering their durability. Enhancing conductivity
and strength with typical filler reinforcements can
compromise softness, making the optimization of
multifunctional properties challenging. Recent
studies have critically examined how interfacial
coordination interactions help mitigate such trade-
offs. Increasing toughness, stretchability, and con-
ductivity (2.35 W m�1 K�1, 3496 J m�2, � 450%
elongation) are observed when silver-coated alu-
minum fillers and poly(lipoic acid)-based elastomers
form AgS cross-links that create cross-linked
networks.

Time-domain thermoreflectance demonstrated
the mitigation of thermal resistance at the AgS
interface, enhancing phonon transfer and energy
dissipation under mechanical loading.16 As an
example of such dynamic coordination bonds,
inspired by mussel adhesion, reversible stress
redistribution is shown, which outperforms rigid
covalent cross-links in measures of crack resistance
and adhesion degradation under cyclic or corrosive
loading.17,18 In addition to nanocomposites, poly-
mer–metal laminates combine the corrosive resis-
tance and weight benefits of multi-purpose

laminates, yet adhesion tends to be flawed in
corrosive applications. Hot roll-bonding to fabricate
Cr-coated steel–ethylene acrylic acid laminates has
been shown to provide micromechanical interlock-
ing, hydrogen bonding, and covalent bonding (–(O=)
C–O–Cr, –C–(O–Cr)2 between carboxyl (-COOH)
and Cr2O3, by SEM, TEM, EDX, and ToF-SIMS.
These powerful interactions strengthen bonding
and are more resistant to corrosion and wear,
thereby reducing the risk of delamination.19 XPS
also aids in explaining buried interface chemistry
with spectroscopic techniques. Researchers have
observed Al-O-C links in the Al/PMMA-b-P3HT
interface, which reduced the mobility and nucle-
ation bands on the surface.20,21

Adhesion Promoters and Coupling Agents

The permanent bonding of elastomers to metals
has eluded coating, packaging, and structural com-
posites because environmental conditions enhance
failures through corrosion, delamination, and wear.
Adhesion promoters and coupling agents provide
stability to these interfaces by modifying chemical
bonding, enhancing wetting, and increasing stress
transfer. Promoters based on silane have also been
investigated due to their capacity to covalently and
hydrogen-bond-interconnect both elastomers and
metallic oxidations. More advanced spectroscopy
(including SFG-VS) demonstrated that 3-glyci-
doxypropyl trimethoxysilane and 3-GPS/MVS mix-
tures promote ordered methoxy orientation to enable
silicone–metal adhesion, whereas non-promoting
silanes (OTMS, TDFTMS) increase disordered struc-
tures, yielding no adhesion.22 This molecular orien-
tation is also essential in preventing moisture-
assisted corrosion and delamination. The optimiza-
tion of addition-cure liquid silicone rubber also accen-
tuates the importance of functional silanes. Epoxy-,
ester-, and urethane-silanes exhibited substrate
dependence in their adhesion properties. EH-PHMS
showed better results on aluminum and polycarbon-
ate, while EP-PHMS demonstrated superior bond
strength on glass, with a strength of over 1000%.
N-PHMS, on the other hand, showed improved
adhesion across all types of materials at ambient
curing times. Improvements were connected to inter-
facial reactions, wetting, and molecular interac-
tions.23 In addition to functional silanes, primer
systems are also widely used. 7-OTMS has been
proven to bond silicone–aluminum, and cyanoacry-
lates improve the overall adhesion of elastomers.
Nevertheless, primers have the disadvantages of
solvent emissions and complicated processing. Silane
promoters provide solvent-free versatility with
improved adhesion to most polymers and metals
(PE, PET, Cu, nylon, and epoxy), where they form
stable molecular interactions with oxide surfaces,
providing corrosion resistance (epoxy, ester, vinyl,
phenyl, titanate, allyl, and boron silanes).24–27
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In filler-reinforced elastomers, the coupling
agents are also vital. In silica–polymer composites,
silane treatment is observed to reduce the size of the
silica network and alter particle dynamics, as
evidenced by USAXS and XPCS, thereby decreasing
hysteresis and increasing fatigue wear resistance.28

The findings on vulcanized styrene–butadiene rub-
ber (SBR) were corroborated by the study of similar
anisotropic fillers, specifically silanes tuned to offer
a reinforcement-damping trade-off in silane-rein-
forced rubber.29 Silane-modified nanoparticles are
also advantageous with polyurethane-based elas-
tomers (PUEs). KH550-treated SiO2, TiO2, and
Al2O3 nanoparticles enhanced dispensability,
strength, and stability. The PUE arrives at Al2O3/
PUE composites with tensile properties of
20.9 MPa, 1759% elongation, and thermal stability
of 278�C.30 These improvements reduce thermome-
chanical deterioration in damping and thermal
protection.

Thermo-Mechanical Mismatch and Stress
Accumulation

Elastomer–metal interfaces are prone to stress
accumulation due to thermo-mechanical mismatch,
which can enhance wear, impair adhesion, and
propagate fatigue delamination, as shown in Fig. 1.
The phenomenon has been of special concern in
applications involving combined mechanical and
thermal loading, such as seismic isolation systems,
thermal interface materials (TIMs), and flexible or
stretchable electronics. In structural isolation, as
found in buildings and bridges, seismic loads are
dissipated by utilizing elastomeric bearings.
Depending on nominal elastomer properties, these
devices are typical in design; however, important
system parameters such as stiffness and damping
vary with temperature. It is crucial to obtain an
accurate measurement of the coupled thermo-

mechanical behavior. Techniques to experimentally
test this response, called real-time hybrid simula-
tion (RTHS) methodologies, have been developed. In
these arrangements, the elastomeric isolator is
tested under direct conditions, and electromagnetic
shakers are used to simulate the dynamic behavior
of the superstructure. Environmental temperatures
are precisely controlled using radiation heaters.

Experiments and simulations performed with
RTHS demonstrated that temperature changes
can have a profound effect on the dynamic response
of the elastomeric system, and that thermo-me-
chanical mismatch contributes significantly to
potential degradation pathways, including stress
build-up at the interface and material fatigue.31

Also, TIM performance under strain is highly
dependent on compressive and tensile thermo-me-
chanical behavior. In stretchable and bendable
devices, TIMs are often subject to large strain
tension, although little has been done to determine
how environmental conditions, including the level of
strain, temperature, and cyclic fatigue, impact their
structural integrity. Modifications in the thermo-
mechanical behavior at operating temperatures
may lead to local stress accumulations that can
cause delamination, cracking, or thermal contact
loss, which adversely affect long-term reliability.32

The effect of stress accumulation is also of
paramount importance in the assembly of micro-
and nanoparticles on flexible surfaces. Forced
assembly methods, such as dry powder rubbing on
elastic templates, enable the exploitation of the
compliance of elastomers to alleviate stress concen-
tration between particles in intimate contact. The
compliance of the elastic substrates allows for wall
deflection and bending around the particles, which
minimizes local stress build-up and the develop-
ment of defects during the assembly of large areas.
The particle monolayers so assembled can

Fig. 1. Thermo-mechanical mismatch framework illustrating how coupled temperature and mechanical loading generate interfacial stress
accumulation, fatigue damage, and crack growth, enabling lifetime prediction of elastomer–metal interfaces through experiment–simulation
integration. Reproduced from Ref. 35 under the Creative Commons CC BY 4.0 license.
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subsequently be transferred to flexible substrates,
where they retain mechanical stability during
deformation. This demonstrates that elastomer
compliance can be designed to reduce stress-related
failures at interfaces, which is crucial for maintain-
ing adhesion and functional stability in pho-
tomasks, coatings, or hybrid electronic
systems.33,34 Unlike rigid templates, it is possible
to cause excessive stress during the assembly of
particles that are unequally sized or shaped due to
overly rigid geometric constraints. Local wall defor-
mation in elastomeric templates can absorb
mechanical stress, resulting in defect-minimized
monolayers formed even with industrial powder
possessing large size and shape variations. These
stress-relieving strategies are directly transferable
to the elastomer–metal interface, as they demon-
strate how compliance and elasticity at the interface
can mitigate mechanical degradation and promote
adhesion durability under cyclic or thermo-mechan-
ical loading.34

ENVIRONMENTAL STRESSORS
AND DEGRADATION PATHWAYS

Corrosive Medium in Salt Spray, Acids,
and Industrial Pollutants

Exposure to corrosive environments is a leading
contributor to the degradation of elastomer–metal
interfaces, including loss of adhesion, wear, and
mechanical failure. Investigations of weathering
steel–elastomer joints revealed that a lot of the
degradation in the hybrid is a result of exposure to
the environment. Thirty samples of weathering
(Cor-Ten), stainless steel (Inox), and carbon steel
(S355) with varied rubber shapes were subjected to
neutral salt spray, cyclic corrosion, and thermal
aging. Force tests revealed that corrosion and age-
related changes resulted in a decrease in both
strength and deformation capacity, highlighting
these aspects as important considerations for inter-
facial durability.36 Polymers also degrade more
rapidly in marine and saline environments, partic-
ularly in polymer–metal and composite systems.
Salt spray decreased Mode I interlaminar fracture
toughness (GIC) in CFRP composites to 0.61 kJ/m2

(SiO2-CFRP) and 0.72 kJ/m2 (PDA-SiO2-CFRP)
after 1 week, and to 0.5868 kJ/m2 and 0.68 kJ/m2

after 3 weeks in SiO2-CFRP and PDA-SiO2-CFRP,
respectively. This was degradation by absorption of
water, swelling, hydrolysis, and chain scission.

Hybrid reinforcements attenuated the damage:
nanosilica and PDA-nanosilica retained 7% and 26%
more GIC, respectively, than did neat CFRP.37 FPU
coatings were sensitive to accelerated aging, as
confirmed by UVA irradiation and salt spray.
Spectral measurements demonstrated that samples
exposed to 5 wt% NaCl under UVA exposure only
experienced chemical and thermo-mechanical alter-
ations, which could be detected by spectroscopic
methods.38 The effect of saline fog on dielectric

properties and conductive properties has also been
investigated. Under a conductivity fog condition (3
mS/cm), samples exposed at 0�, 10�, and 20� incli-
nation angles experienced a change in electrical
conduction pathways, which aggravated localized
degradation due to the increase in moisture.39

Other abuses to elastomers include chemical
attacks that deteriorate the durability of the elas-
tomers even further. Hydrogenated nitrile–butadi-
ene rubber (HNBR) was reacted under aqueous H2S
and HCl, and chemical changes were determined
using 13C NMR, XPS, and FTIR. New entities
(C(=O) NH2, C–S-C, C=S) appeared, and the H2S
exposure resulted in the most intensive mechanical
destruction. The molecular degradation pathways
were explained by radical-promoted C–S–C forma-
tion and a nucleophilic addition to C=S.40 So, salt,
acidic media, and industrial pollutants synergisti-
cally degrade elastomer–metal interfaces by corrod-
ing the metals, chemically aging the elastomers,
and weakening interfacial adhesion. A mechanistic
understanding of these stressors is vital for design-
ing durable systems that can maintain long-term
performance.

UV Radiation, Ozone, and Oxidative
Weathering

Elastomer–metal connections in outdoor or high-
performance systems, including but not limited to
concentrator photovoltaic modules, are exposed to
harsh conditions such as solar radiation, thermal
cycles, oxygen, and moisture. These contributors
compromise the adhesion, cohesion, and mechanical
stability of the encapsulants, which influence the
optical and thermal integrity over lifetimes exceed-
ing 25 years.41,42 Fracture mechanics-based meth-
ods are used to measure variations in
adhesion/cohesion due to UV weathering. The
short-term irradiation enhances adhesion energy
due to the formation of new interfacial bonds,
whereas long-term irradiation has the effect of
embrittlement, resulting in loss of adhesion through
photochemical cross-linking. High temperatures
will enhance such effects. Coupled spectroscopic
and mechanical characterization (XPS, FTIR, DMA)
reveals that UV-assisted oxidative degradation is
the dominant effect, allowing for predictive model-
ing of adhesion behavior as a function of UV dose
and temperature.43 Data obtained in the field
support these findings: compared to UV-shielded
modules, sun-exposed concentrated photovoltaic
modules exhibit nearly half the adhesion energy.
In contrast, dark thermal aging decreases adhesion
energy through different pathways.44

Ozone and ultraviolet technology have added
impacts on interfacial chemistry. Afterward, open
visualization environment of PDMS generates a
silica-like surface that improves wettability, electro-
osmotic consistency, and binding in microfluidics;
the optimal parameters depend on the diffusion
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length and ozone concentration.45,46 Just the same,
thermoplastic olefins (TPOs) exposed to ozone,
particularly to acrylic acid-grafted forms, acquire
adhesion as a result of the introduction of polar
functionalities. These enhancements are dictated by
a combination of initiator type, exposure time, and
surface chemistry, as revealed by attenuated total
reflection (ATR), lap shear, and contact angle
measurements.47–49 PU films are microdomain
structure-sensitive to both oxidative and enzymatic
degradation in an oxidant environment, as well as
to water permeability and oxygen diffusion. Ester
linkages degrade more rapidly than urethane link-
ages, decreasing strain, tensile strength, and mod-
ulus.50 At the nanoscale, magneto-rheological
elastomers show time-dependent weathering.
Atomic force microscopy (AFM) data taken over
9 months indicate that they initially gain adhesion/
elasticity, then lose them, and continuously gain
roughness.51–53 Comprehensively, UV radiation,
ozone, and oxidation processes interact with and
contribute to the embrittlement of elastomers, as
well as changes in interfacial chemistry and loos-
ening of adhesion. Insights into both fast and
natural weathering are crucial in the design of
elastomer–metal systems intended for outdoor use
and high-performance applications.

Temperature Cycling and Humidity Effects

In soft robotics, flexible electronics, and outdoor
polymer systems, temperature fluctuations are cru-
cial factors in determining the performance of
elastomer-based metal interfaces and humidity.
Elastomers such as EcoFlex 00-30, Dragon Skin
10, Smooth-Sil 950, and Sylgard 184 exhibit tem-
perature- and humidity-dependent characteristics
that can affect stressed capacitive sensors. Mechan-
ical testing was carried out between � 40�C and
80�C and 5–95% relative humidity (RH), whereby
high temperatures make it more rigid and decrease
the strain at breakage. Humidity is less determi-
nant in altering bulk mechanics, whereas electrical
properties change, and need to be considered on a
component-by-component basis.54 TIMs applied to
reduce interfacial resistance are also sensitive.
Laser flash and sandwich-structure experiments
indicate that most filled polymer TIMs maintain
their conductivity during cycling, in contrast to gap
pads and putties, which degrade around a transition
temperature.55 Combining mechanical/electro-me-
chanical characterization, Al-on-PI interfaces exhi-
bit electromechanical fatigue, as in situ resistance
tests reveal embrittlement due to grain growth,
residual stresses, and poor adhesion.56–58

Structurally sound adhesively bonded joints are
susceptible to thermal and humidity degradation
due to residual stresses, curing shrinkage, and
moisture absorption, and the consequent premature
degradation in an adhesively bonded seat due to
initiation of failure within the adhesive joint.

Plasma treatments also improve adhesion through
increased surface energy, but, again, the results
vary depending on the substrate and the environ-
ment.59 Silicone rubber used in outdoor/space appli-
cations deteriorates due to the combined effects of
heat and humidity, resulting in oxidation, loss of
hydrophobicity, and irradiation-induced cracking,
which reduces insulation. Density and atomic oxy-
gen resistance are optimized to enhance durability,
and an accelerated aging process combining tem-
perature, humidity, UV, and pollutants is related to
natural aging.60 Microscale measurements reveal
that hygrothermal aging leads to the formation of
pits, filler movement, and chain detachment, with
the moisture content favoring hydrolysis and filler
solvation.61 Dielectric breakdown is also affected by
environmental factors: increased moisture reduces
the dielectric strength, and, in composites, the
distribution and diffusion of stress, as well as the
presence of elastomeric inclusions, compromise
compressive integrity.62,63 Dielectric elastomers
exhibit shear modulus, damping, and permittivity
that are influenced by humidity, with consequences
for their long-term creep mechanism, vibration
stability, and resonant frequency. Therefore, pro-
portional ones should take into account humidity-
dependent properties.63 In general, elastomers sub-
jected to thermal cycling and humidity have a
higher stiffness, fewer failures at the point of
failure, and system-specific electrical, thermal, and
mechanical differences. Holistic characterization of
coupled effects is necessary to facilitate the robust
design of soft robots, electronics, and high-perfor-
mance elastomer–metal systems.64

Synergistic Stressor Effects
in Chemo-Mechanical Coupling

Elastomer–metal interface environmental stres-
sors do not usually work singly. Corrosion, wear,
loss of adhesion, and mechanical fatigue, in their
turn, develop considering the chemo-mechanical
coupling, when chemical reactions change interfa-
cial bonding, transport, and mechanical properties,
and deformation and wear of surfaces reveal new
surfaces and increase the electrochemical activity.
In the conceptual framework used in this review,
interfacial degradation is considered to be a self-
perpetuated mechanism: chemical aging and corro-
sion decrease adhesion and stiffness; mechanical
deformation and wear enhance the formation and
movement of defects; and thermo-mechanical mis-
match increases further concentration of stress,
facilitating crack initiation and propagation.

Elastomer–metal interfaces are also well-docu-
mented areas in which the interaction between
chemical reactions and wear occurs. The combina-
tion of oxidative aging of elastomers with deforma-
tion accelerates fracture and wear, where oxidation
of the material causes hydro-/chemo-mechanical
interactions, leading to simultaneous interfacial
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welding and topological entanglement, which cause
increased toughness and self-healing through bond–
exchange reactions, as summarized in Table I. An
example of this is the responsive covalent networks
found in epoxy-based systems, whereby hydro-
chemo-mechanical interaction triggers concomitant
interfacial welding and topological entanglement.
Such multiphysical behavior has been modeled
using constitutive models with the free-volume
theory and rubber elasticity, which was verified by
finite-element (FE) simulation and experiments.65

Polymer electrolyte membranes can also be said to
undergo coupled degradation, with cyclic stress and
chemically driven aging (e.g., Fenton reactions)
being explained by J2 plasticity models, with void
growth being modeled as void growth under humid-
ity cycling.66 In this regard, bio-based nanofillers

like cellulose nanofibers and chitin nanowhiskers
provide viable solutions to reinforcement pathways
that are sustainable, improving the fracture
strength and adhesive power between surfaces
without necessarily modifying surfaces.67

Chemical–mechanical coupling is also observed in
electrochemically active systems. An example of the
application of phase-field models to lithium metal
anodes is the explicit treatment of stress-assisted
ion transport and interphase evolution with modi-
fied Butler–Volker equations.68,69 The modulus and
conductivity of the solid electrolyte interphase
determine the uniformity of deposition and the
direct correlation between electrochemical stability
and mechanical properties. Another such example is
in Vitrimer welding, which is a diffusion-controlled
transesterification reaction dominating the fracture

Table I. Chemo-mechanical coupling in elastomer–metal interfaces

Methods Materials Stressor coupling Mechanisms References

Covalent
adaptable networks
and constitutive
modeling

Epoxy ther-
mosets

Hydro-/chemo-mechanical
interactions

Interfacial welding via entangle-
ment and bond exchange; self-

toughening and self-healing pre-
dicted accurately under multi-

physical stressors

65

Constitutive
plasticity model

Polymer elec-
trolyte mem-

branes

Mechanical cycling + chemi-
cal aging

Void evolution models lifetime;
coupled degradation predicts

durability of PEMs

66

Bio-based
reinforcement

CNF- and
chitin-rein-

forced natural
rubber

Mechanical + interfacial
chemistry

High-aspect-ratio CNFs enhance
fracture toughness and covalent

interactions without heavy surface
treatment.

67

Phase-field
modeling + modified
Butler–Volmer
kinetics

Lithium metal
anodes

Electrochemical + chemo-me-
chanical stress

Ionic conductivity and SEI modu-
lus govern uniform Li deposition;

artificial SEIs designed for
stable interfaces.

68, 69

Vitrimer welding
and fracture
modeling

Vitrimer
interfaces

Chemo-mechanical diffu-
sion + transesterification

Welding temperature, time, and
cohesive region length control

fracture and toughness evolution

70

Diffusion modeling
in FE frameworks

Polymers un-
der large

deformations

Stress–diffusion–environ-
ment coupling

Both deformation-dependent and
independent diffusion models cap-
ture multi-field coupling at large

strains.

71

Viscoelastic/chemo-
rheological analysis

Rubbers and
liquid silicone

rubbers

Vulcanization + chemical
reactions

Viscous-to-elastic transition af-
fects modulus and damping; foun-

dation for chemo-thermo-
mechanical load models

72

Tobolsky’s extended
two-network theory

Elastomers
above � 100�C

Thermo-chemo-mechanical
aging

Chain scission + re-cross-linking
drive creep, relaxation and per-

manent deformation

73

Functionalization
strategies

Modified elas-
tomers

Chemical tailoring + mechan-
ical cross-linking

Tailored elasticity and toughness
for high-performance silicone/rub-

ber

74

Bergström–Boyce
viscoelastic–chemo-
mechanical
framework

Liquid silicone
rubbers

Large-strain viscoelas-
tic + chemo-mechanical

Predictive accuracy up to 96%
under temperature/stress; reliable

lifetime prediction

75, 76

Multiphase contin-
uum chemo-thermo-
mechanical models

Polymer solids Diffusion-driven aging + vis-
coelastic network reformation

Predicts long-term interface per-
formance under service conditions

77
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and healing behavior; microstructure-based models
measure the effects of the cohesive-zone length on
interfacial strength and welding kinetics.70 Diffu-
sion and the kinetics of the reaction are made even
more difficult by large deformations, leading to the
use of FE formulations that combine the deforma-
tion-dependent transport with boundary effects.71

Viscoelastic responses in both rubbers and liquid
silicone elastomers are highly dependant on envi-
ronmental exposure, cross-link density, and vulcan-
ization conditions, and transitions in loss factor and
modulus control long-term durability.72 At temper-
atures that are higher than chemorheological (i.e.,
above 100�C), the prevailing and effectively modeled
processes include stress relaxation, creep, and net-
work scission reformation.73 Elasticity, as well as
durability, can be tuned using functionalization by
incorporation of monomers, post-modification, or
mechanical cross-linking.74 Multiphase continuum
models that combine degradation and network
reformation have also been shown to exhibit pre-
dictive accuracies of 96%, similar to those of mul-
tiscale large-strain viscoelastic models (e.g., the
Bergström–Boyce formulations),75,76 whereas
delayed chemo-/thermo-mechanical aging effects
are also predicted by multiphase continuum
models.77

Even though interfacial fracture energy (G- or J-
integral) offers a strict measure of adhesion-domi-
nated debonding in settings where degradation is
caused by controlled loads, it is not universal
between coupled degradation modes. Most of the
environmentally-initiated failures, including corro-
sion-aided delamination, chemical, and abrasive or
adhesive wear, do not creep through a single, clearly
defined crack front. Rather, the degradation occurs
by distributed damage, material removal, interfa-
cial roughening, and progressive loss in cohesive
strength, of which wear rates, friction coefficients,
electrochemical impedance, or strength retention
are more experimentally available. Fracture energy
is time- and history-dependent in coupled chemo-
mechanical conditions with reactions, diffusion, and
viscoelastic dissipation permanently altering inter-
facial toughness. It can therefore be concluded that
G-based metrics can be best applied when used with
tribological, electrochemical, and aging descriptors
and not as a universal parameter.

Combined, the discussed mechanisms in sections
‘‘Environmental Stressors and Degradation Path-
ways’’, ‘‘Corrosion Mechanisms’’, and ‘‘Tribological
Degradation and Wear-Facilitated Corrosion’’ can
be viewed in a single chemo-mechanical–electro-
chemical degradation map where environmental
exposure triggers chemical and electrochemical
reaction at the elastomer–metal interface, and
mechanical loading and wear enhance the damage
by creating local stress and heating the material
through friction, respectively, and these two

processes in combination, causing macroscopic fail-
ure in the form of delamination, material loss, and
functional degradation. This unified system, which
directly connects corrosion, wear, loss of adhesion,
and mechanics via feedback relationships, is more
rigorous than earlier reviews which considered each
phenomenon separately, and offers a mechanistic
foundation of lifetime prediction as well as the
rational design of elastomer–metal interfaces able
to survive multiple interacting stressors at the same
time.

CORROSION MECHANISMS

Electrochemical Reactions in the Presence
of Elastomers

Elastomeric matrices control the interfacial elec-
trochemical reactions and so increase the mechan-
ical strength and corrosion resistance of polymers
and metals. Polymer electrolytes networks are
elastomeric networks to improve their performance
by using sodium complexation (lithium perchlorate)
and branched ether terpolymers. Stoichiometry is
able to increase the stiffness and temperature of
glass transition and retain ionic conductivity
through cross-linking via allyl glycidyl ether, which
offers a 3- to 5-V electrochemical window.78 In
lithium metal anodes, chemically shielded inter-
phases (ICE-SEI) on Li can be maintained at 40-mV
overpotential over 10,000 cycles versus 400-mV bare
Li in 750 h. The EIS shows reduced resistance, and
pouch cells have 87% compared to 29% capacity
retention, which depict elastomeric interfacial sta-
bilization.79 Electrochemical and dynamic-bond
approaches can then result in tunable interfaces.
Electric welding of polymer–metal composites is
used to attain polymer–metal adhesion in a rever-
sible way.80 With the aid of triboelectric nanogen-
erators, electrolysis of seawater can be performed
with cathodic protection, resulting in H2, Cl2, and
NaOH, and the corrosion is also reduced (Tafel and
EIS measurements).81–83 The anti-corrosion behav-
ior of dual-dynamic chemistries in the form of
polymeric coating materials containing UPy and
disulfide components is better. Added porosity and
degradation of coating is associated with the
decreased relaxation times (tau1, tau2) in the EIS-
DRT analysis and can be used to provide mechanis-
tic understanding.84 Three-electrode EIS and neu-
tral salt spray, which are classical methods, are still
applicable to coating evaluation.85,86

The effects of real-time measurement of anionic
contaminants are separated using membranes in
ion-exchange and sensors, creating the interface
capabilities of elastomers.87 In wearables and flex-
ibles, compliance and electrochemical stability are
combined with conductive elastomers. The NBR-
PANI composites provide reversible conductivity,
toughness and processability to SSLMBs and
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biotechnology electronics. Elastomeric electrolytes
conductivity is higher than 10�4 S cm�1 and stabil-
ity is 4–5 V or more, which means that they are safe
to use with deformation.88,89 Generally, elastomers
can be successfully used in electrochemical, inter-
face, and mechanical stability, leading to the cre-
ation of flexible electronics, energy storage, and
bioelectronic corrosion-resistant, high-performance
systems.88

This section does not contain lithium metal
anodes or triboelectric nanogenerator (TENG) sys-
tems as application-specific digressions, but as
model electrochemical interfaces explaining general
principles that can be directly applied to elastomer–
metal systems. Highly reactive metal surfaces in
lithium metal anodes are stabilized by polymeric or
elastomeric interphases, which mediate ion trans-
port, inhibit local electrochemical reactions, and
handle mechanical deformation; functions that are
closely related to those of elastomers in both
corrosion-resistant metal bonding and sealing. Like-
wise, TENG-based cathodic protection demon-
strates the dynamic control of electrochemical
reactions by mechanically active polymer–metal
interfaces, providing design opportunities of self-
powered corrosion inhibition and mechanically
responsive protective coatings.

Collectively, the examples show that elastomeric
materials can be used to offer mechanical compli-
ance, electrochemical control, and interfacial stabil-
ity simultaneously, which supports their
applicability to the design of robust elastomer–
metal interfaces in corrosive and mechanically
aggressive conditions.

Electrolyte Percolation Through Elastomer
Matrix

Elastomeric and polymeric coating barriers pre-
vent corrosion due to their insulating and chemical
protective capacities, but water movement through
polymer films continues to be the main cause of
delamination and interfacial deterioration.90 Recent
developments in self-healing, low-weight polymers,
as well as graphene-based layers, demonstrate that
understanding water diffusion is crucial for sus-
tained protection.91 High-temperature vulcanized
silicone rubber, a typical material used in composite
insulators, is prone to corona-induced degrada-
tion.91,92 SR can be diffusion-controlled and is
influenced by various factors, including humidity,
temperature, filler content, tensile stress, thickness,
and electric fields. High temperatures enhance its
uptake, whereas hydrophobization and higher
thickness impede it.92,93 In nanocomposites, water
transport occurs through the polymer matrix or
filler conduits (hydrophilic). Hydrophobic systems
(SBR/TW, PBD/TW) prefer diffusion through filler
networks, and uptake and swelling will increase
with an increase in filler loading.94 Cellulose
nanocrystals enhance permeability, making their

percolating networks raise diffusion coefficients by
an order of magnitude at high loadings.95

Kinetics are temperature and solution concentra-
tion-dependent. Higher solution concentrations
decrease concentration differences, and hotter solu-
tions increase ingress velocity. Filler leaching (ATH,
fumed silica) changes the weight and permeabil-
ity.96 Langmuir-based models exhibit a dependence
of permeation time on the sheath thickness, and
adding moderate amounts of filler or treating the
surface efficiently eliminates the transport. Nano-
fillers like graphene nanoplatelets and organo-clays
stiffen the material but impede diffusion at perco-
lation thresholds.97–99 Examples of stretchable elas-
tomer models include conductive aerogels in PDMS,
such as PEDOT and PSS aerogels in PDMS (an
elastomer stretches when in the non-conducting
state).100 The architecture phase, as in immiscible
blends (ENR/PEO, ENR/PVdF), and ionic transport
are determined by the phase architecture, which
reduces percolation thresholds without sacrificing
mechanical properties.101,102 High-aspect-ratio
whiskers (such as tunicate and ramie) strengthen
matrices through hydrogen-bonded networks, which
also regulate water transport.103 Consequently,
controlling electrolyte percolation and water diffu-
sion through elastomeric matrices is fundamental to
achieving corrosion resistance and prolonging life.
The stabilization of polymer–metal dimensions with
nanofillers, hydrophobic surface modifications, and
designed percolation channels, along with regulated
transport, provide routes to simultaneous strength
and coordinated transport at the polymer–metal
interfaces.

Galvanic Corrosion Triggered by Disbonding

Galvanic corrosion is one of the major degradation
processes at metal–metal and metal–polymer inter-
faces, particularly under existing heterogeneities or
disbonding. In Al/Cu systems, pitting on bond pads
locally forms after the wafer saw, but untreated
wafers are not affected; such is essential for Cu-
containing Al alloys, such as PL455, in automotive
applications due to their reliability.104 Galvanic
couples form at Al grain boundaries by Cu precip-
itation, thus creating pit nuclei. Exposure to deion-
ized water at low temperatures, as well as nitrogen
saturation, inhibits initiation, but halogen residuals
left by CF4 plasma enhance corrosion processes by
promoting nucleation on Cu deposit crystals.104 In
fiber cross-over laminates, galvanic action between
CFRP and steel in NaCl solutions causes production
of ferric oxides and mass loss at the interphase.
Debonding is the dominant mechanism of failure
and can be modeled using a probabilistic fracture
energy-based approach.105 Fuel makeup also affects
behavior: biodiesel is more conductive than gasoline
or diesel, which accelerates steel pipeline corrosion.
Using optical, SEM, and AFM, it has been found
that soybean and sunflower biodiesel decrease the
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weight and damage the surface of carbon steel and
HDPE.106,107

Cross-sectional influence-averaged steel with 0.1-
mm-based FML exhibits galvanic susceptibility in
aerospace and automotive FMLs, such as GLARE
and CARALL, due to electrochemical potential
differences and CTE mismatch. The use of carbon
fibers instead of glass fibers makes the parts
stronger but corrosion-prone. Mitigation also decou-
ples the components through the use of insulating
layers (glass fibers, elastomers), relieving thermal
strains, as well as increasing damping.108,109 Elas-
tomer filler in CARALL adds electrical resistant and
flexibility that limits corrosion and maintains the
bond. Mechanical testing and salt spray testing
show a huge improvement compared to laminates
without interlayers.110 At the nanoscale, Cu/Ag
nanoparticle-silicone extracts Cu ions via a redox
mechanism, whereas Ag/Au systems are inactive
due to the stability of gold.111 In a biomedical
interface, stainless-steel or NiTi orthodontic brack-
ets undergoing the action of artificial saliva in
stainless steel–NiTi or stainless steel–Shinye
demonstrate preferential ion release. Stainless steel
releases high levels of Ni and is localized in attack,
posing a particular problem of galvanic effects in
physiological media.112 Galvanic corrosion of elas-
tomer–metal interfaces is the result of electrochem-
ical potential differences, electrical contact with an
electrolyte, and interfacial inhomogeneity. Mitiga-
tion is based on the use of elastomeric laminates,
insulating layers, and the selection of materials, as
well as structural design to limit coupling layers
and to provide robustness across the automotive,
aerospace, energy, and biomedical sectors.

Time-Resolved In Situ Corrosion Studies

In situ characterization tools and real-time anal-
ysis are important for examining the phenomena of
corrosion and interfacial reactions between an elas-
tomer and a metal, offering information about
molecular dynamics, corrosion, and degradation of
polymer and nanoparticle kinetics. The primers
play an important role in PU potting compounds
that are used to shield the encapsulation. The
interfacial signals of isocyanates have demonstrated
that they disappear after 16 h of curing, therefore
providing evidence of the formation of covalent
bonds as the exclusive adhesion mechanism, which
is in accordance with ATR-FTIR and peel tests.113

SFG is a nonlinear optical process which provides
structural specificity at submonolayers, enabling
the optical interrogation of interfacial molecules by
overlaying both visible and infrared lasers, which
provides the chemical investigation of buried inter-
faces with subwavelength dimensions.114 When
NBR was subjected to 28 Mpa of hydrogen in a
tribometer at high pressures, friction and wear were
higher than in air or in argon, which has raised a
concern about the compatibility of a hydrogen

infrastructure.115 The changes in nanostructures
during corrosion, loading, or heating are monitored
by small- and wide-angle X-ray scattering (SAXS/
WAXS). SAXS allows the time resolution of nucle-
ation to about milliseconds and, more recently, the
strain on a polymer at the nanoscale would furnish
real-time data on phase transitions that can influ-
ence interfacial performance.116,117 Tension loading
with Kevlar fibers entails fibril reorientation and
lamellar domain transformation (SAXS) and by
WAXS, and amorphous–crystalline transitions were
detected at large straina to connect the nanostruc-
ture and macrostructure behavior.118

The SAXS and DLS of the geothermal waters
have shown that the nucleation of nanoparticles
(� 3 nm) and their growth (� 7 nm) occurs first-
order kinetics irrespective of the ionic strength and
temperature.119 In situ absorption spectroscopy and
GIXRD were used to explain the degradation path-
way of CH3NH3PbI3 perovskites under different
humidity levels in thin films. The reaction with the
proton transfer at the interface and the reduction of
the reaction by hydrophobic coating mediated the
ZnO/perovskite decomposition at the inter-
face.120,121 Time-resolved in situ methods, ATR-
FTIR, SAXS/WAXS, and GIXRD, can be combined
to clarify dynamic interfacial chemistry and nanos-
tructural evolution, which will be beneficial in the
rational design of advanced bearing-relevant coat-
ings with enhanced adhesion, corrosion resistance,
and long-term stability.

Perovskite thin films and lithium-based inter-
faces are mentioned as well-controlled model sys-
tems to investigate interfacial degradation under
coupled chemical, mechanical, and environmental
stressors on an interface in real time. Although the
materials are not the traditional ones used in
elastomer-based assemblies with metal, the degra-
dation mechanisms, moisture-induced interfacial
reaction, ion migration, phase decomposition, and
stress-induced chemical transformation are directly
comparable.

TRIBOLOGICAL DEGRADATION
AND WEAR-FACILITATED CORROSION

Frictional Heating and Elastomer Breakdown

Frictional heating is a significant contributor to
tribological losses in the contact between elastomers
and metals. During sliding, increasing energy losses
raise interfacial temperatures, which in turn influ-
ence friction and wear, especially on rough surfaces
or when metals are textured and sliding velocities
exceed 1 mm s�1. Such solid models, including those
with a viscoelastic dissipative mechanism and heat-
ing within nanometer-thin surfaces that can gener-
ate heat, demonstrate that heating results in an
orientation-dependent tangential friction, which
violates classical laws. Phase changes and tribo-
chemical reactions can occur, for example, frictional
melting produces lubricating films that reduce
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friction on ice and snow. Massively influential
analyses by Jaeger, Archard, and others developed
models of moving heat sources, which were later
applied to viscoelastic friction and finite substrate
conductivity.122–124 These predictions are supported
by experiments, where a 2-mm-radius rubber ball
sliding up on a smooth substrate resulted in tem-
perature increases of � 10�C after 25 s and 20�C
after 900 s, indicating flash temperature
effects.122,123 Seals manufactured from thermoplas-
tic PU and nitrile butadiene rubber also demon-
strate velocity-dependent characteristics. NBR
exhibits lower surface temperatures and friction
stability compared to TPU. The coefficient of friction
is determined by the frictional-heating energy bal-
ance, modulus reduction, and shear strength, which
are competing processes.125–127

Wear resistance is more than hardness. Reports
on PU grades indicate that the tensile strength,
elongation, and cyclic loading determine the erosion
resistance. Residual strain and hysteretic behavior
generated by plastic deformation and microstruc-
tural change under repetitive impact load are the
same.128 Thermal effects also influence dielectric
failure. Silicone-based dielectrics in stretchable
electronics exhibit temperature-responsive dielec-
tric constants, conductivities, and breakdown
strengths. Adding TiO2 fillers enhances dissipation
of heat and electrical stability by carrier trapping,
but high temperatures may decrease homogene-
ity.129 Generally, frictional heating couples mechan-
ical, thermal, and chemical processes that
determine wear and degradation of elastomers.
These mechanisms are crucial in predicting tribo-
logical performance and maximizing the service life
of elastomer–metal systems.

Abrasive and Adhesive Wear

Abrasive and adhesive wear are the primary
dissolution mechanisms in elastomer–metal bound-
aries used in seals, tribological apparatus, and
flexible systems, as described in Table II. The
diversity of their development is linked to the
nature of the lubricant, the material, and the
topography of the surface. Block-on-ring tests
demonstrate that under dry conditions, NBR,
acrylic rubber, and fluoro-rubber exhibit different
morphologies. The NBR has both scratches and
ridges, whereas acrylic rubber and fluoro-rubber
have almost exclusively scratches. Lubrication
decreases ridge formation and debris agglomera-
tion, most notably in acrylic rubber, but usually
raises wear rates and also lowers peak friction
coefficients.130 Wear mechanisms that operate in
elastomers include abrasive wear, fatigue wear, and
roll-induced wear. Abrasive wear is caused by
tearing on sharp asperities; fatigue wear is loaded
on sharp asperities and deformation on smooth
surfaces; and roll wear is loaded on smooth surfaces.

The coefficient of local friction determines domi-
nance and is a reason that usually involves more
than one mechanism.131 This is demonstrated with
PU elastomers; sliding contacts involving cast PU
display a tensile-tear abrasive wear regime,
whereas fretting is dominated by adhesive fatigue.
Wear response is also varied due to stress, due to a
combination of frictional heating.132 Icephobic rub-
ber and PU-based materials exhibit plasticizer-
dependent durability; hard rubber is subject to
greater wear loss, whereas 20–30% plasticizer as
mass compromise provides both resistance to wear
and ice adhesion.132 Wear in composite elastomers
exhibits a filler and particle dependency. Higher
fiber loading contributed to increased wear in
thermoplastic copolyesters reinforced with short
fibers (carbon, PTFE, SiC, alumina) at high filler
loadings, whereas lower wear was observed with
large abrasives. Response surface methodology pre-
dictive modeling aids in the introduction to compos-
ite optimization.133 PDMS wear in soft robotics is
relative to the base–binder ratio and load. Moderate
ratios (10:1) maximize resistance due to about equal
microplowing/microcutting, whereas lower ratios
reflect softer formulations that exhibit fatigue–
abrasive wear under uniform stresses.134 The par-
ticle size has been found to significantly influence
NBR seals’ transition from abrasive wear of the
seals against SiC sandpapers to adhesive wear
occurring with decreasing particle size, accompa-
nied by a positive change in the friction
coefficient.135

Niche applications include gecko-inspired adhe-
sives and PDMS gel pads, which utilize both elastic
modulus and solvent-mediated detachment to
enable frictional control, albeit with minimal degra-
dation at the nanoscale. In general, abrasive and
adhesive wear are the combined (causative) influ-
ences of material, structure, and lubricant. Proce-
dures focused on the specific selection of materials,
reinforcement of composites, and surface engineer-
ing are needed to enhance the lifetime of the
interface between the elastomer and metal.136,137

Synergistic Wear–Corrosion in Marine
and Industrial

Tribocorrosion, or the combination of wear and
corrosion, is an important issue that has severely
constrained elastomer–metal contacts in marine
and industrial machinery (bearings, gears, pro-
pellers, hydraulic assemblies, etc.),138,139 as seen
in Fig. 2. Austenitic stainless steels, such as 316SS,
exhibit strength and resistance to chloride corro-
sion, but are susceptible to abrasive wear. BJP316
exhibited enhanced wear resistance due to the
formation of a bronze phase as a solid bearing layer,
as well as tribofilm formation by oxides, but at
seawater corrosion rates up to 10 times higher
than conventional 316SS.140 Additionally, the
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CoCrFeMnNi and Al0.1CoCrFeNi high-entropy
alloys exhibit better tribocorrosion properties in
seawater sliding. The alloy containing aluminum
has proven to have a stable passive layer and
increased pitting resistance, which demonstrates
electrochemical passivation as a promising way to
mitigate corrosion.141,142

The kinetics of tribocorrosion are governed by
environmental factors, including salinity, velocity,
pH, and temperature. Potentiodynamic polarization
with a factorial design substantiated that the
synergy between corrosion and wear tends to dom-
inate any other expected tendencies in material
design.143 Wear- and corrosion-compromising sys-
tems, such as FGMs and MMCs, have been engi-
neered. Multi-layered Cr/WC/amorphous carbon
coatings can be applied to offer stiffness, adhesion,
and protection, leading to a positive wear–corrosion
synergy.144 The Mo2NiB2 hard-phase cermets
enhance hardness and corrosion resistance, with
the content in hard phases determining erosion–
corrosion performance.145 In H2SO4, carbon and
stainless steels have been tested with corundum
particles, and the material loss was found to be

greater than the sum of erosion and corrosion
losses, the synergy contributing between 32% and
99% of the damage.146,147 Overall, tribocorrosion is
an interdependent phenomenon involving both
mechanical and electrochemical processes. Innova-
tion of elastomer–metal interfaces, therefore,
demands protection through coatings, composites,
and interlayers that are capable of withstanding
wear and corrosion in hostile environments.

ADHESION FAILURES: CAUSES
AND CHARACTERIZATION

Environmental Aging and Interface
Debonding

The fiber morphology of elastomer–metal bonding
is a key factor in deciding the system-level durabil-
ity of systems as large as a photovoltaic module or
as small as co-molded polymer and metal assem-
blies. Interfacial structures are weakened in aging
environments, cyclic loading, and exposure to high-
temperature water, resulting in debonding and
structural and functional performance corrosion.
Recent studies by Fernandez and Spach have shown

Table II. Abrasive and adhesive wear mechanisms in elastomer–metal interfaces

Methods Materials Wear mechanism Key factors References

Block-on-ring
wear tests

NBR, acrylic rub-
ber, fluoro- rubber

Abrasive wear with
ridge/scratch mor-

phologies

Dry NBR: scratches + ridges; acrylic/fluoro:
mainly scratches; lubrication reduced ridge
formation, dispersed debris, lowered peak

friction, but increased overall wear

130

Mechanistic
classification

General elastomer
wear

Abrasive, fatigue,
and roll-induced

wear

The local friction coefficient dictates the
dominant mechanism; mechanisms often

coexist, complicating their isolation.

131

Sliding and
fretting wear
analysis

Polyurethane Sliding to abrasive
wear; Fretting to
adhesive-fatigue

Scratch resistance is not directly predictive;
frictional heating influenced wear behavior

132

Coating wear
study

PU icephobic coat-
ings

Two-body abrasion Plasticizer levels (20–30%) optimized: softer
PU lost more weight under abrasion; balanced

wear resistance with reduced ice adhesion

133

Composite
reinforcement
and predictive
modeling

Thermoplastic co-
polyester elas-
tomers + fibers

Abrasive wear Higher filler loadings increased wear; larger
abrasive particles reduced wear; response

surface models predict performance.

133

Wear in soft
robotics
elastomers.

PDMS (binder ra-
tios)

Abrasive + fatigue
wear

Moderate ratio (10:1) balanced microplowing
vs. microcutting to higher wear resistance;
softer PDMS to uniform wear, fatigue-abra-

sive mix

134

Particle-size
controlled
wear

NBR seals sliding
against SiC sand-

paper

Abrasive reversible
adhesive transition

Smaller abrasive particle sizes led to adhesive
wear; the friction coefficient varied with par-

ticle size.

135

Bio-inspired
adhesion and
solvent
transfer

Microstructured
adhesives, PDMS

gel pads

Adhesive wear and
controlled detach-

ment

Elastic modulus and interfacial work of sep-
aration tuned frictional performance; solvent-

assisted detachment preserved nanoscale
structures.

136

Integrative
strategies

General elas-
tomer–metal sys-

tems

Abrasive + adhesive Judicious elastomer selection, reinforcement,
lubrication, and microstructuring mitigate
wear while preserving interface durability.

137
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that temperature cycling and moisture as well as
applied stress considerably decrease the interfacial
debond energy of PV backsheets. Debond energy
reduced to 27 J m�2 in 750 h under solid-vapor
aging conditions (85�C/85% RH), compared to an
initial value of about 1000, and, under cyclic
variations (±10�C, ± 20% RH), increased growth
rates of debonds more than 500 times.149

Fracture kinetics models also associate debond
propagation with the molecular relaxation process
and are used to create accelerated aging experi-
ments.150 Water transport polymer relaxation, as
well as interfacial chemical reactions, facilitates
failures which are below the intrinsic fracture
energy.151,152 Test peels and overlap shear and
rotary shear tests are commonly used to determine
adhesion loss in damp-heat or UV conditions, but
mixed-mode loading makes interpretation more
difficult. Also, elastomeric systems such as silicone
foams and TPU–metal structures fail at high tem-
peratures and at temperatures below � 20�C
because of creep, hardening, or loss of extensibil-
ity.153 The infiltration of water and bond quality
have a serious impact on the behavior of hydrother-
mal aging in fiber-reinforced elastomers and TPU–
metal interfaces, and can be reduced by optimal
deposition conditions and the application of silane
coupling agents like c-APS.154 It has been reported

that, in T700/HT280C/BMI polymer composites
aged at 80�C/85% RH, debonding and delamination
causes a reduction in stiffness and hysteretic energy
loss through cyclic loading, resulting from debond-
ing and delamination.155 On a microscopic level,
electrode–elastomer interfaces undergo staged frac-
ture with crack nucleation, growth, and debonding
controlled by the rate of energy release.156 Simi-
larly, elastomer–hydrogel hybrid functionalized sur-
faces are also vulnerable to oxygen permeability,
surface aging, and infiltration effects which inval-
idate microstructured adhesion.157

Comparative evaluation of interface engineering
strategies in reveals obvious trade-offs of durability,
manufacturability, and environmental stability,
where debond energies are reported to decrease by
orders of magnitude during exposure to damp-heat
conditions, as summarized in Table III. A more
stable and industrializable solution with better
retention of adhesion and protection against corro-
sion in cyclical environmental loading is provided by
silane coupling agents that establish covalent bonds
with metal oxides and chains of elastomers. Filler-
based strategies, especially those using functional-
ized or dynamically interacting fillers, provide the
largest benefit to long-term durability through
improvements in interfacial toughness, fatigue
resistance, and wear performance although at the

Fig. 2. Schematic of synergistic wear–corrosion mechanisms demonstrating how mechanical wear accelerates oxide film rupture, pitting, and
brittle flaking, and explaining why corrosion rates and material loss exceed additive wear or corrosion effects in elastomer–metal systems.
Reproduced from Ref. 148 under the Creative Commons CC BY 4.0 license.
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price of a more complex formulation and processing.
Self-healing and vitrimer-based interfaces are supe-
rior to damage tolerance to repeated and coupled
chemo-mechanical damage via reversible bond-ex-
change reactions, but their broad use in industry is
limited by processing temperature and healing rate.

Failure Modes: Cohesive Versus Adhesive
Versus Mixed

Elastomer–metal interfaces bonded adhesively
are appreciated for their high load-transfer effi-
ciency, weight reduction, and ability to link dissim-
ilar materials. Their failure can be classified as
adhesive (at the interface), cohesive (within the
adhesive), and mixed-mode.158 Joint geometry,
adhesive thickness, and mode of loading have
significant effects on failure; e.g., mixed-mode cohe-
sive zone models (CZM) of double scarf joints
indicate that strength and energy vary with mode
I and II parameters, as well as joint thickness and
scarf angle.159 CZM identifies adhesive behavior in
terms of traction–separation laws that have param-
eters determined using load–displacement data.160

Single leg bending tests yield mode-specific param-
eters in mixed-mode simulation. In asphalt and
composite–metal joints, CZM in XFEM reflects the
simultaneous occurrence of adhesive and cohesive
cracks, with failure behavior controlled by loading
rate, modulus, and fracture properties.161

Experimental studies validate the adhesive type,
surface treatment, fillets and thickness as impor-
tant factors. Standard fracture tests, such as the
tapered double cantilever beam (mode I) and mixed
mode bending (MMB, mode I/II), are used to
determine strain energy release rates (G_I, G_II),
and the applications of the Benzeggagh–Kenane
criterion can be utilized.162 Finite fracture mechan-
ics theories predict the initiation of cracks in single-
lap joints by using the tensile strength and fracture
toughness, verifying the impact of adhesive thick-
ness.163 Film adhesives possess fracture toughness
30–60% higher than paste types; CZM also essen-
tially reproduces mode I, but modifications are
needed in mode II/mixed-mode.164 These authors

found that, on dissimilar substrates (e.g., steel/-
glass), CZM laws in DCB/ENF, which are validated
on lap shear, predict traction separation in modes I/
II.165 Prediction of the fatigue life is obtained in the
form of triangular CZM laws that have been cali-
brated by DCB fatigue data.166 Standard protocols
(ASTM D5528-01 for DCB, ASTM D6671/D6671M-
06 for MMB, and ENF tests) can be used to reliably
characterize materials.167 Inverse methods have
been applied to adhesives bonded to aluminum,
using CZM laws derived from materials such as
Araldite AV138, Araldite 2015, and Sikaforce
7752.168 The fracture toughness and interfacial
bonding are enhanced in polymeric systems (PLA-
TPU-PUEP blends), as verified by SEM and impact
tests, due to the formation of PU-PLA copoly-
mers.169 In bioelectronics, interlocked hybrid elec-
trodes (EMG/ECG recording) exhibit low interfacial
impedance, a good signal-to-noise ratio, and robust-
ness with TPU/Au electrodes.170 Adhesive, cohesive,
and mixed-mode failures depend on geometry,
materials, and loading. Measurements and models,
such as CZM, standardized tests, and interfacial
engineering contributions, provide predictive meth-
ods for durably enhancing the elastomer–metal
interface under stresses of both mechanical and
environmental nature.

Interfacial Toughness Measurement
Techniques

The mechanical integrity of elastomer–metal con-
tacts is dictated by interfacial toughness and thus
governs crack initiation, propagation, and adhesion
life. Thermoplastics used (polypropylene; PP) are
brittle at low temperatures; however, they can be
made tougher with the addition of EPDM, EPR,
PEO, SBS, or SEBS, but this modification results in
a loss of tensile strength. Simultaneous improve-
ment of tensile and flexural properties can be
achieved through photo-cross-linking of PP/maleic
anhydride-grafted SEBS (mSEBS) under UV irra-
diation, which provides a low-temperature interfa-
cial strengthening route.171 The incorporation of
nanoparticles additionally improves the fracture

Table III. Comparative performance of elastomer–metal interface engineering strategies

Strategy Durability Manufacturability Environmental stability References

Surface treat-
ments/primers

High initially; degrades under
moisture and thermal aging

Moderate Limited (humidity, UV
sensitivity)

19, 113, 149, 154

Silane coupling
agents

Good long-term adhesion
retention

High (industrial
scalability)

Good (moisture and
corrosion resistance)

22–27, 154

Functional
fillers

Excellent fatigue, wear, and
toughness enhancement

Moderate (dispersion-
sensitive)

High (thermal and
chemical stability)

16–18, 28–30, 67

Self-healing/
vitrimers

Damage-tolerant under
cyclic and

coupled stressors

Currently limited (pro-
cessing/healing

kinetics)

Excellent (adaptive
bond exchange)

65, 70, 73, 77

Bhuvanesh et al.



toughness. Amino-modified clays in an HNBR can
enhance crack resistance over carbon black/gra-
phite, highlighting the importance of filler geometry
and interfacial chemistry.172 Nanoclay/carbon black
composites demonstrated that filler connectivity
and entanglement were predictive of tensile
strength,173 as verified by TEM and electrical
characterization. In engineering plastics, grafting
functionalized elastomers with maleic anhydride or
epoxy functional groups can be used to enhance
adhesion/dispersion in PBT, thereby improving
toughness.174

SBS blending with PA12/nanoclay enhanced
adhesion and intercalate structures, and twin-screw
extrusion enhanced adhesion and shear straining to
generate toughening by cavitation and shear yield-
ing.175 Anhydride-modified PA6/CNF formulation
was utilized in interfacial welding to enhance
fracture toughness and electrical conductivity as
well as thermal transport.176 J-integral fracture
mechanics assessed supramolecular self-healing
elastomers and demonstrated a higher healing
efficiency than tensile tests.177 The addition of
compatibilizers (MA-g-PP) reinforced olefin block
copolymers with Kevlar fibers, oriented the fibers,
and treated the surface, thereby increasing interfa-
cial bonding and further enhancing tensile
strength.178 In PLLA/plasticizer blends, impact
improvements were observed using zinc-catalyzed
reactions at EBA-GMA phases, resulting in a dra-
matic enhancement of impact while maintaining
crystallinity.179 Selective concentration of nanopar-
ticles at immiscible polymer interfaces, such as
PLLA/EGD/MWCNT, resulted in enhanced adhe-
sion and provided conductivity at low filler load-
ing.180 PDMS–hydrogel systems indicated that the
cross-link density and secondary cross-linkers
(TMSPMA) can control interfacial dissipation and
peeling forces.181 Hence, interfacial engineering
through compatibilization, nanoparticle design and
modification, and interfacial photo-cross-linking
enables significant enhancements in failure tough-
ness, strength, and adhesive durability in elas-
tomer–metal systems.

AFM-Based Adhesion Mapping

Degradation under environmental and mechani-
cal stresses, as well as nanoscale mechanical char-
acterization of elastomer–metal interfaces, is a
prerequisite for this study. Using AFM and nanoin-
dentation probes, adhesion, stiffness, and viscoelas-
ticity are measured with high resolution. PeakForce
quantitative nanomechanical mapping quantita-
tively determines modulus and adhesion over inter-
facial zones. Dynamic vulcanization played a crucial
role in enhancing the modulus and adhesion of
thermoplastic elastomers and vulcanizates with
fluoroelastomer phases (60–80 nm) in a polyamide
matrix. In this system, interconnected rubber liga-
ments (4–12 nm) provided elasticity despite the

presence of a plastic matrix.182 Nanoindentation is
used to measure the surface modulus (E) and
surface hardness (H) based on contact mechanics.
AFM-based mapping is used to measure the hetero-
geneity of nanofibers, composites, or PDMS
films.183–185 Higher orders of AFM, such as PF-
QNM and FastForceMapping, can be used, which
measure force–distance curves at each pixel, allow-
ing nano-DMA experiments with frequency sweeps
(10–2000 Hz) and bulk-compatible temperatures,
offering a range of nano- to macro-mechanics.186

Vice versa, in silica-reinforced rubbers (SBR,
EPDM), HarmoniX AFM mapping provided evi-
dence of filler effects, with local moduli of approx-
imately 2 GPa, compared to 30–300 MPa in rubber
matrices, showing nanoscale-bulk contrasts.187

The measurement of 3D modulus and roughness
of a Sylgard 184 coating using the DMT modeling
model complemented DMA values of storage/loss
moduli, as well as tand.188–190 AFM nanoindenta-
tion measured Young’s modulus (3–4 GPa), hard-
ness, adhesion energy, and interfacial fracture
strength in porous crystalline materials like ZIF-8
nanocrystals using cube-corner indents at shallow
depth.191 So, AFM and nanoindentation provide
qualitatively different information on adhesion,
modulus, and energy dissipation of nanoscale elas-
tomer–metal interfaces, which can be used to
develop new, more form-permanent elastomer–
metal interfaces and complement bulk
measurements.

High-Resolution Synchrotron
and Tomography

New synchrotron techniques enable the high-
resolution probing of elastomer–metal interfaces,
capturing structural, chemical, and mechanical
properties across different length scales. Near-edge
X-ray absorption fine structure, resonant scatter-
ing, and reflectivity can now provide moiety-specific
contrast with � 30-nm real-space imaging and sub-
5-nm chemically sensitive scattering, which can be
used to complement microscopy in examining inter-
facial organization.192 X-ray computed tomography
can provide non-destructive 3D imaging of delam-
ination and impact damage in composites, which
can be used to develop FE models for these mate-
rials. XCT imaging provides similar functionality to
CT scans in metals.193 Laboratory XCT is a fast-
imaging method that can be subject to divergence
artifacts.194 Synchrotron-enhanced X-ray scanning
tunneling microscopy can provide an atomic-scale
view with chemical, electronic, and magnetic con-
trast through the precise alignment of the tip,
sample, and beam.195 Synchrotron-based scattering
methods (SAXS/WAXS) enable the in situ observa-
tion of structure–property relationships under ther-
momechanical loadings, allowing for the connection
of nanoscale strain deformations to polymer
softening (temperature swings of � 10–0�C and
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60–70�C).196 Xene/rubber interfacial studies reveal
that interfacial bonding can dynamically regulate
self-healable strain-sensing behavior.197 XRR,
GIXRD, GIXF, and XPCS can additionally charac-
terize flat interfaces and colloids.198

Synchrotron nano-CT has validated regular fill-
ing of MXene–elastomer fillers, mechanical stability
(� 4.93 MPa), and self-healing (� 98%).199 Neutron
imaging and synchrotron X-ray computed tomogra-
phy can help elucidate syringe fluid flow, including
needle plugging.200 Additionally, hard X-ray phase-
contrast imaging can be used to image low-contrast
structures, such as vertebral bodies.201 Synchrotron
radiation CT (SR-CT) provides a resolution of � 0.7
lm, which enables the characterization of fractures
in short carbon fiber epoxy composites and the
evaluation of treatment processes.202 Combinations
of synchrotron and tomography techniques deliver
unparalleled insight into interfacial structure, dam-
age evolution, and mechanics, providing a comple-
mentary relationship between nanoscale
characterization and the macroscopic performance
of durable elastomer–metal systems.

PREDICTIVE MODELING AND LIFE
ESTIMATION

Finite-Element (FE) Models for Interface
Stress Evolution

To study stress changes at elastomer–metal
boundaries and to determine the behavior under
complex loads and conditions, FE modeling is a
requirement. It measures deformation, debonding,
and degradation, providing insights into corrosion,
wear, and adhesion failures, as shown in Table IV.
Weak formulation-based FE has also been used to
predict stress-driven dissolution,203 and stress-dri-
ven interface migration can be used to model
intragranular void evolution,203 although aspects
of including migration within interconnect lines
suffer.203 In soft elastomers, constitutive models are
essential for actuators, haptics, and robotics, where
viscous loss can occur due to both mechanical
deformation and electrical polarization. The tradi-
tional FE considers only the mechanical actions,
although coupled 3D electro-mechanical models
have now become available to give accurate predic-
tions in the case of alternating fields.204 In the case
of adhesive interfaces, cohesive failure, inelasticity,

Table IV. Finite element models for stress evolution and degradation at elastomer–metal interfaces

Modeling
framework Materials Mechanism Key outcomes References

Weak formulation-
based FE

Metal inter-
faces (dissolu-
tion studies)

Stress-driven dissolution Predicted interface stress effects on
dissolution; limitations in simulating

inclusion migration

203

Stress-induced void
evolution FE

Metallic inter-
connect lines

Intragranular void migra-
tion

Modeled stress-driven interface
migration; challenges in inclusion

evolution.

203

Coupled 3D electro-
mechanical FE

Soft elastomers
(actuators, ro-

botics)

Deformation + polarization
losses

Accurate prediction under alternat-
ing electric fields; surpasses purely

mechanical FE.

204

Generalized
cohesive FE with
anisotropy

Adhesive
interfaces

Cohesive failure, inelastic-
ity, deformation jumps

Cohesive laws with coupled damage
simulate adhesive layers under

complex loads

205

Cohesive
contact + Mooney–
Rivlin
hyperelasticity

Hyperelastic
elastomers

Cyclic bonding–debonding Predicted adhesion degradation,
stiffness loss, and energy dissipation

under cycling

206

Cohesive FE
machining models

SiCp/Al com-
posites

Matrix–reinforcement-tool
interactions

Reproduced cutting forces, surface
morphology in machining

207

Representative
volume elements
(RVE) FE

Multiphase
polyureas

(elastomer–
glassy)

Strain-rate-dependent re-
sponse

Captured glassy breakdown into mi-
crophases; predicted strain-rate ef-

fects on performance

208

Multiscale FE
(maximum
entropy + atomistic)

Irregular poly-
mer–metal
interfaces

Multiscale stress analysis Enabled accurate analysis beyond
the Cauchy–Born assumption; local-

ized severe stress modeling.

209

FE for progressive
cavity pumps

Elastomer-me-
tal stator-
cylinder

Adhesive failure and shear
stress

Linked adhesion ratio, modulus, and
pressure difference to interface fail-

ure; guided pump design

210

Plane strain
FE + Newton–
Raphson

Multilayer
elastomeric

bearings

Stress distribution and
crack initiation

Predicted stress fields and crack
initiation in laminated rubber-metal

systems

211
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and deformation jumps are described within a
generalized FE framework, as shown in Fig. 3.

Damage variables that depend on each other,
such as anisotropic cohesive laws, which are incor-
porated as Abaqus user elements, are applied to
study an adhesive layer under complex loading and
to reveal damage interactions.205 A model of cyclic
bonding–debonding in hyperelastic elastomers has
been developed using recovery interface frame-
works combined with bipotential contact and
Mooney–Rivlin laws. These forecasts continued to
deteriorate in terms of adhesion, energy dissipation,
and stiffness decline, as well as broken cycles.206 In
composite materials like SiCp/Al, cohesive models
can simulate the interactions between the matrix,
reinforcement, and tool, as well as cutting forces,
successfully modeling the tool morphology created
during machining.207 FE multiphase polymers take
representative volume elements to model strain-
rate effects in elastomeric–glassy segregated poly-
ureas, and in the resultant plasticity-driven glassy
fragmentation into new microphases and their
effects on performance.208 Multiscale FE is based
on maximum entropy and discretizes moderate
regions atomistically, treating severe zones with
an FE method, thereby allowing the analysis of
irregular interfaces that fall outside the framework
of Cauchy–Born assumptions.209 FE attributed
adhesive rupture at stator–cylinder interfaces to
shear strain, adhesion ratio, modulus, and pressure
difference in pumps, helping to optimize the design
of progressive cavity pumps.210 In multilayer sys-
tems, the stress distributions can be predicted using
FE (e.g., with plane strain elements and Newton–
Raphson solutions), leading to the initiation of
cracks in laminated rubber–metal structures.211

All these studies highlight the predictive capabili-
ties of FE modeling in predicting interfacial stress,
multiphase system response, as well as the design of
robust elastomer–metal components that are less

susceptible to corrosion, wear, and adhesion
degradation.

Digital Twins for Elastomer-Metal Interface
Systems

Digital twins (DTs), virtual replicas of physical
systems, can be a formidable tool in simulation,
monitoring, and predictive evaluation of elastomer–
metal interfaces. DTs have seen wide application in
the aerospace industry by NASA and the USAF
with the aim of using them as model-based multi-
physics simulations to encourage proactive mainte-
nance and to mitigate failure.213 In production, DTs
come together with IoT, cloud, big data, and artifi-
cial intelligence to facilitate smart processes. Unlike
the cyberphysical systems, DTs can effectively
translate physical processes into a high-accuracy
representation and forecast the degradation of
interfaces and detachment rates in the presence of
operational environments.214 In combination with
machine learning, DTs enhance the optimization,
accuracy, and sustainability of additive manufac-
turing and materials processing.215 In addition to
production, DTs aid in civil infrastructure and
sustainable energy. As another example, TENGs
coupled with DT-enabled structures can achieve
self-powered sensing over time, continuously mon-
itoring the wear of elastomeric elements.216 In
bioengineering-related matrices, DTs predict
delamination and corrosion of implantable devices,
including cochlear implants, where coupled diffu-
sion interface models are used to model in COMSOL
with high experimental agreement.217

The ML-enhanced DTs support physics-informed
computational optimization of energy and hydrogen
infrastructures, predicting the failure in metallic,
ceramic, and elastomeric interfaces.218,219 At the
lower levels of the homogenization–localization
multiscale DT frameworks (calibrated against
experimental data), hierarchical predictions of

Fig. 3. Finite-element representation of a fiber–matrix system with an explicit interphase: (a) schematic geometry showing the matrix, fiber, and
interphase regions; (b) discretized finite-element mesh highlighting the interphase zone and its local refinement used to resolve stress gradients
and interfacial damage evolution. Reproduced from Ref. 212 under the Creative Commons CC BY 4.0 license.
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mechanical behavior, wear, and sticky film degra-
dation can be made.220 The DTs can be further
extended to structural health monitoring, health-
care, and smart environments through AI-enabled
sensors connected to edge and cloud computing,
allowing for the predictive detection of corrosion or
debonding.221 One way in which DTs can address
the evolving state of the interface is through hybrid
DTs with parameter sharing and transfer learning,
which have been applied to resilient infrastructure
monitoring, as exemplified by localized degradation
setting and adhesion failure prediction.222 On the
whole, DTs offer real-time tracking, simulation, and
dynamic control of the e–m operational interfaces,
thereby achieving durability in industrial, biomed-
ical, and structural systems.

MITIGATION STRATEGIES AND SURFACE
ENGINEERING

Surface Pretreatments and Primer
Technologies

Strong elastomer–to-metal adhesion is condi-
tional upon good surface preparation and the use
of primers. There are two outcomes resulting from
the interfacial bonding between the primer and the
surface chemical bonding and mechanical stabiliza-
tion. The composition plays a significant role in
determining the performance. The VTMS/TPOS/
TTB primer formed a robust metal bond but com-
promised cohesion due to adhesion to silicone
(AA6061), whereas an SiH oligosiloxane/vinyl–
PDMS/platinum/silica system exhibited greater
cohesive strength at the primer/elastomer interface,
with weaker metal attachment. The most effective
formulation combination of silanes, vinyl silicone
gum, hydroxy-PDMS, and silica fillers, when used
together, yields the highest strength with cohesive
elastomer failure. Silica fillers reinforce the silane/
vinyl silicone gum matrix and also enhance adhe-
sion.223 The roughness of the substrate and the
chemistry of the primer governs adhesion. AA6061
can be hydrolyzed and condensed by silane-based
systems to achieve very high levels of cross-link
density, resulting in cohesive failure, except that an
overly rough surface interferes with adhesion. This
is achieved through a two-component approach,
utilizing active silanes and reactive silicone chains,
which deliver predictable adhesion over a range of
surfaces.224

Cyanoacrylate-based precursors produced nanos-
tructured coatings, which were thin and porous on
silicone rubber, with porosity and secondary bond-
ing dependent on the solvent used.26 Flexibility
during forming operations was provided by auto-
motive primers that utilized high-molecular-weight,
low-cross-link-density elastomeric polyester
resins.225 In magnetorheological elastomers,
silane-modified iron particles were able to enhance
the particle–matrix bond, thereby increasing stiff-
ness and inhibiting debonding.226 Cycloaliphatic di-

epoxide primers were superior to silane primers in
metal wire bonding to TPU, and were faster to
process, while also showing improved hydrothermal
stability.227 Surface pretreatments also eliminate
contaminants and oxides, as well as modify surface
chemistry, as shown in Fig. 4. Abrasion and blasting
are inexpensive, but can cause damage. Lasers
provide selective cleaning, but are still expensive.
Plasma exposes the surface to oxygen groups, which
enhance surface energy, wettability, and adhe-
sion.228 In polymers such as polypropylene, abrasion
enhances surface polarization and energy; however,
pretreatment of the samples with air plasma can
further increase surface energy and the fracture of
polar bonds, resulting in enhanced adhesion.229–231

Combining plasma- or mechanically-treated alu-
minum with sol–gel coats, primers, and regulated
adhesive curing (as in the FM 300 K films) yields
reproducible adhesions under known thermal and
pressure conditions.232 Industrial coatings are used
that include multi-coatings (two-coat epoxy primers
and weather-resistant topcoats), as well as PU
topcoats for corrosion resistance. Solvent-based
systems are also being replaced by waterborne PU
in an effort to reduce VOCs and comply with
environmental regulations.233

Nanostructured Barrier Coatings
and Functional Interfaces

The innovation of nanostructured barrier coat-
ings and functional interfaces is critical to improv-
ing the durability and environmental resistance of
elastomer–metal systems. Nanostructured net-
works in elastomer composites enhance the electri-
cal, mechanical, and adhesion characteristics, while
also acting as a barrier against corrosive media. In
natural rubber with segregated graphene networks,
fabricated by ice-templating, very low electrical
percolation thresholds (0.4 vol%) were achieved,
compared to those of homogeneous NR/graphene
(3.6 vol%). These composites demonstrated out-
standing sensing (� 6700 liquid responsiv-
ity, � 114 s response), reproducibility and stability
under 60% strain in 400 active–active bending
cycles.235 Segregated networks also eliminate stress
at interfaces, which can lead to mechanical and
environmental denaturation. Superhydrophobic
and hydrophobic nanostructured coatings prevent
the occurrence of corrosion and protect metals from
exposure to moisture.

Nano-sized particles of alumina or silica enhance
scratching resistance, titania and ZnO provide UV-
blocking and anti-microbial effects. Nano-ZnO-mod-
ified PDMS showed low sliding angles and water
contact angles around 168� and effectively repelled
water and oils at the junction of elastomers and
metals.236 Nanostructured polymer composites pro-
vide enhanced gas and dielectric barriers, which are
crucial in automotive and packaging applications.
The long-term stability is ensured through fillers
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like POSS and clays uniformly dispersed therein.
For example, VA–polyamide nanoblends exhibited
substantially improved barrier and dielectric resis-
tance.237 The fabrication procedures reinforce inter-
faces. Micro-/nano-textured molds used in injection
molding yielded superhydrophobic finishes (contact
angles> 150�), and were less prone to wetting and
corrosion.238 Hierarchical lotus-like textured mate-
rials were created by laser-ablated geometries that
adhered and were anti-delaminating under
strain.239 In conductive elastomer composites, 3D
carbon nanostructure networks afforded enhanced
conductivity compared to composites with the same
loading, but offered high elongation that facilitated
piezoresistive sensing to detect early onset inter-
phase degradation.240 Conductivity and impedance
were strongly dependent on dispersion and orienta-
tion of the GN nanoplatelets.241,242

Conformal thin-film nanocoatings released with
ALD inhibit moisture and/or electrolyte reactions,
are stress-resistant and can accommodate volumet-
ric changes. These types of ALD barriers directly
translate to the mitigation of corrosion, wear, and
interfacial degradation in a manner similar to that
found in elastomer–metal cases.243 In total, nanos-
tructured coatings and functionalized interfaces
contribute to enhanced levels of fracture resistance
to corrosion, wear, and mechanical strain, thereby
prolonging the service life of elastomer–metal
systems.

Elastomer Formulation for Enhanced
Compatibility and Durability

Formulation governing corrosion resistance,
wear, and stability of adhesion at elastomer–metal
interfaces are decisively decided by elastomer for-
mulation by coupled mechanical and environment
stressors. Natural rubber has been used due to good
elasticity and damping, although constraints in
supply and environmental resistance have
prompted the introduction of synthetic and bio-
based elastomers based on the butadiene, styrene,
isoprene, chloroprene, and ethylenepropylene che-
mistries, and in which interfacial life is regulated by
polymer chemistry, network structure, and filler–
matrix interactions.244 Compatibilization tech-
niques, e.g., LA/TPU blends, PU-PLA copolymers
and SR/EPDM formulations enhance phase mor-
phology and interfacial bonding, minimizing de-
lamination and degradation in aging during cyclic
loading.169,245 Likewise, silicone elastomers can be
cured under control to allow network integrity to be
balanced with the long-term performance of
adhesion.246

Filling systems and novel processing directions
also increase the resistance to coupled wear and
chemical degradation. Graphene-reinforcing and
carbon nanotube (CNT)-based materials could
enhance the thermo-oxidative stability, cohesion,
and stress transfer when uniformly spread
using a solvent-casting method or freeze-drying

Fig. 4. Surface pretreatment and plasma-assisted modification strategies for elastomer–metal adhesion. Reproduced from Ref. 234 under the
Creative Commons CC BY 4.0 license.
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method.247–250 Stress relaxation and damage toler-
ance can be achieved through dynamic network
designs, such as vitrimer-like systems with epoxy-
functionalized fillers, which allow crack formation
to be alleviated during repeated loading and envi-
ronmental exposure in the environment.251 The
examples of shape-memory and biodegradable elas-
tomers also show that network design can be used
at the same time to promote the durability of
adhesion, mechanical recovery, and biocompatibil-
ity in the challenging service environments.252–254

An example of the success of the formulation-based

durability improvement is highlighted in the case of
phyllosilicate-filled butyl rubber compounds that
have higher barrier capacity, hydrophobicity, and
chemical degradation resistance. SEM analysis
prior and subsequent to the abrasion testing process
as illustrated in Fig. 5 shows that phyllosilicate-
filled vulcanizates have a more coherent surface
morphology than unfilled systems, implying that
they are more resistant to decomposition by abra-
sion damage.255 The resulting polymer–filler inter-
actions that lead to the increase in the hardness and
density of cross-linking, without excluding,

Fig. 5. SEM images of phyllosilicate-filled butyl rubber before and after abrasion, showing filler-dependent surface damage and improved
abrasion resistance due to polymer–filler interactions. Reproduced from Ref. 255 under the Creative Commons CC BY 4.0 license.
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improves the performance of the barrier but can
also result in an increase of mass loss due to
abrasion with increased filler loadings, thereby
emphasizing the trade-off between stiffness and
wear resistance. The findings highlight the signif-
icance of elastomer formulation optimization, i.e.,
balancing the content, dispersion and network
formation of the filler to provide durable elas-
tomer–metal interfaces, which can prevent corro-
sion, wear, and adhesion degradation all at the
same time.

Green and Sustainable Anti-corrosive Systems

Green and sustainable anti-corrosive measures
are becoming relevant towards improving the life of
elastomer–metal interface subjected to coupled cor-
rosion and wear and adhesion stressors. Traditional
Cr- and Zn-based finishes or biocide finishes are
more based on traditional barrier protection and
high initial adhesion, yet they have environmental
issues and tend to become irreversible upon micro-
cracking, plastic deformation, or chemical corrosion.
Conversely, novel sustainable systems that are
grounded in carbon nanomaterials, bio-based poly-
mers, and adaptive chemistries provide multifunc-
tional protection, as they enhance all aspects of
corrosion protection, mechanical strength, and
interfacial stability under service-relevant
conditions.

Graphene oxide and carbon nanotubes are the
examples of carbon nanomaterials that were added
to PU, epoxy, and elastomeric matrices to confer
chemical inertness, mechanical reinforcement, UV
resistance, and antibacterial properties. Hierarchi-
cal networks made of conductive TPU/CNT/PDMS
composites, can protect elastomer–metal interfaces
against moisture and acidic and alkaline conditions
through cyclic loading without compromising mod-
ulus, elongation, and electrical conductivity.256

Nitrogen-doped CNT derivatives and graphene fur-
ther increase the coating stability and corrosion
mitigation by improving interfacial bonding and
continuity of barriers.257 Such versatile nanocom-
posites are thus better than traditional stiffer
coatings in combination mechanical and chemical
stressor conditions. Bio-based polymer systems
have built-in hydrophobicity, corrosion inhibition,
and adaptive-damage tolerance. PDMS-modified
acetylated starch-based PUs enhance transparency,
liquid resistance, and anti-smudge effects, coupled
with reducing corrosion reactions.258 Sustainable
cashew nut shell liquid-derived PUs and other
plant-oil-based systems have high contact angles
(112–121�), biodegradability, and microwave-acti-
vated self-healing (some cases) which allows recov-
ery of protective functions following mechanical
damage and orders of magnitude reduction in the
rate of corrosion in steel.259 Further enhancement of
interfacial film stability and wear resistance with
hydrogen bonding and boundary lubrication

mechanisms is achieved with sustainable tribolog-
ical approaches, such as the use of lignin-containing
ionic liquids as lubricants and vegetable-oil-based
machining fluids.260,261 Thiol-, wax-, oxide-, and
polysiloxane-based fluorine-free superhydrophobic
coatings also offer anti-biofouling, self-cleaning and
anti-icing functionality and do not have environ-
mental persistence issues.262–264

Bio-based and self-healing systems are found to
be more resilient to long-term coupled stressors
such as corrosion, wear, mechanical cycling, and
exposure to the environment compared to conven-
tional ones. Whereas conventional coating schemes
degrade gradually as defects are created, dynamic
bonding schemes, reversible covalent networks, or
self-healing mechanisms are able to partially re-
establish mechanical integrity and interfacial bond-
ing during service. It has been experimentally
demonstrated that bio-derived PUs, lignin-, starch-
, and carbon nanomaterial-reinforced elastomers
maintain mechanical properties, conductivity, and
corrosion resistance under cyclic loading, humidity,
and chemical exposure, and, at the same time, they
lower wear and frictional damage.256–260 These
systems have definite advantages over their non-
dynamic barrier-based counterparts, despite the
fact that there are still challenges associated with
healing kinetics, scalability, and complexity in
processing.

The efficacy of sustainable coatings in corrosive
environments is also supported by the electrochem-
ical evidence. As shown in Fig. 6, when using ELO-
LnK composite coatings, they show a distinct shift
of the open-circuit potential (OCP) towards most
positive values in a 3.5-wt% NaCl solution, i.e., it
also has an enhanced corrosion resistance compared
to unmodified coatings.265 LnK-based coatings

Fig. 6. Open circuit potential (OCP) evolution of ELO-LnK composite
coatings on carbon steel in 3.5-wt% NaCl, showing a positive
potential shift and faster stabilization with increasing LnK content,
indicative of reduced porosity and enhanced corrosion resistance
compared to the unmodified coating. The results demonstrate the
effectiveness of bio-based modifiers in stabilizing elastomer–metal
interfaces under corrosive conditions. Reproduced from Ref. 265
under the Creative Commons CC BY 4.0 license.
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containing higher LnK contents exhibit more
stable potentials and faster reaching of the poten-
tials, i.e., less porous and better barrier properties
in the presence of prolonged exposure to the elec-
trolytes. Cumulatively, carbon nanomaterials, bio-
based polymers, and ionic liquid-based systems are
all environmentally friendly, mechanically stable,
and electrochemically active materials to reduce
corrosion, wear, and adhesion degradation of elas-
tomer–metal interfaces under realistic and multi-
stressor service environments.256–265

APPLICATION-SPECIFIC CASE STUDIES

Automotive Mounts and Seals

Automotive mounts, seals, and gaskets featuring
elastomer–metal interfaces are subjected to harsh
conditions, where environmental stress affects their
long-term reliability, as illustrated in Fig. 7. Such
parts achieve vibration isolation, acoustic damping,
and protection against contaminants, but are easily
affected by fatigue, temperature variations, and
corrosion. Vehicle door seals have a direct impact on
acoustic comfort, as sound transmission loss is
influenced by the viscoelasticity of the elastomers
and their structural adhesive behavior; a study
found that hyperelastic and viscoelastic material
properties relate to sound transmission loss and
that a scale of degradation suggests a reduction in
sealing efficiency.266 Liner hanger assemblies in
oilfields are supported as examples of industrial
seals that fail. EPDM and NBR show good resis-
tance to pressure testing, but CO2 exposure causes
severe degradation and leakage.267 HNBR in
hydraulic fluids, when subjected to high

temperatures and compression, exhibits cross-link-
ing, oxidative embrittlement, and adhesion loss.268

Failure tests based on pressure–extrusion curves
and transparent chamber tests can be used to
correlate pressure drop and extrusion with the
initiation of cracks and energy release rates in
fractures, allowing the prediction of adhesion loss
under cycling.269 The potential weakness of conven-
tional elastomers are compounded by their intrinsic
weakness. Degradation exposure to high tempera-
tures or excessive rigidity results in loss of strength,
leading to wear, brittleness, and delamination.

Bone-like materials and conductive, biodegrad-
able elastomers can expand biomedical applications
to electronics, although bonding is sensitive to
oxidizing, thermal, and hydrolytic environ-
ments.270,271 The thermal transitions also regulate
durability: by hardening (above room temperature),
the chain flexibility permits recovery to take place;
however, when below room temperature, stiffening
and microcracking result, leading to bond degrada-
tion. To monitor such effects, DMA and compression
set studies are conducted.272,273 To combat these
losses, thermoplastic vulcanizates possess melt-pro-
cessability with elastic restoring behavior, oil resis-
tance, and stability at thermal extremes, providing
greater adhesion durability in car seals and isola-
tors.274,275 Despite optimistic statements about tri-
bological degradation, in the case of seals contacting
metals or glass, vibrations are likely to accelerate
wear, noise, and microcracking, a reason to focus on
advanced material and surface engineering.276

Overall, elastomer–metal interfaces fail due to
coupled mechanical, thermal, and environmental
processes. Corrosion, oxidative aging, wear, and

Fig. 7. Geometrical models of automotive elastomer–metal mounts and seals. Reproduced from Ref. 277 under the Creative Commons CC BY
4.0 license.
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adhesion loss are closely related to operational
stresses. Geometrical optimization, modeling, and
diagnostics, as well as new formulations, are still
enhancing the seal durability in harsh conditions.

Aerospace Vibration Isolation Systems

In aerospace systems, vibration isolation is cru-
cial to ensure a particular system remains stable un-
der extreme conditions. Metal-bonded elastomer
isolators are commonly deployed due to their effi-
ciency and flexibility, but are constrained by the
effects of environmental factors on the thermo-
mechanical robustness of the elastomer isolator,
which can lead to degradation, oxidative degrada-
tion, vacuum-induced degradation, and radiation
embrittlement. Pioneering efforts by Vaillon and
Philippe with spacecraft flywheel isolators
achieved> 40 dB at resonance and > 50 Hz; how-
ever, long-term space effects, including loss of
adhesion and radiation-induced degradation, were
concerning.278 Researchers reported cantilevered
flywheel suspension systems that rejected vibra-
tions above 100 Hz but could not withstand the low-
frequency degradation associated with elastomer
bond stiffening under vacuum and high tempera-
tures.278 Smart elastomers, particularly magneto-
rheological elastomers (MRE), enable tunable stiff-
ness and damping through the application of mag-
netic fields. MRE pads incorporating several ball
transfer units offered adjustable restoring forces in
both simulation and experiments.279 Oxidation,
fatigue, and humidity-induced swelling of the par-
ticles, however, deteriorate particle–matrix inter-
faces, decreasing controllability. A similar problem
has been observed in automotive MRE suspensions
under two such loads, thermal and cyclic.280 MRE
isolators, referred to as quasi-zero stiffness (QZS),
improve low-frequency attenuation through the use
of MRE-negative stiffness units.281 However, cyclic
shear results in interface wear and delamination, as
seen in QZS incubator systems, where nonlinear
stiffness changes were attributed to elastomer
aging.282

Complex MRE structures, such as multilayer, bi-
directional shear,283 and shear-compression hybrid
geometries,284 can provide tunable damping but
remain vulnerable to the premature onset of micro-
cracking, adhesion loss, and crack propagation
through bonded interiors. Vibration-driven motion
with regolith transport has been demonstrated in
alternative dielectric elastomer actuators
(DEAs);285 however, these actuators experience
electrochemical decomposition and interfacial fail-
ure upon exposure to radiation and repeated heat-
ing and cooling. The choice of isolator material also
offers possibilities for damping mechanisms, includ-
ing viscoelasticity and crack energy dissipation,
through the use of composite-based isolators such as
hybrid composites between elastomers and metals.
However, the interfacial bonding of elastomers and

metals still deteriorates under thermo-mechanical
stresses.286 Subtle interfacial failures degrade aero-
space isolators, regardless of whether they are
passive elastomers or MEAs (MREs, QZS systems,
and DEAs). The further development of elastomer
chemistry, protective coatings, and the optimization
of bonding are required to maintain the high
reliability of aerospace systems.

Oil and Gas Industry

Extreme coupled stressors such as high hydro-
static pressure, exposure to seawater, harsh hydro-
carbons, and high temperatures are already present
in elastomer–metal interfaces in offshore and sub-
sea oil and gas systems, and, because the interfaces
are also a critical reliability and safety risk, inter-
facial degradation becomes an important concern.
In underwater connectors, O-rings, and gaskets,
adhesion loss, wear, and chemical aging may result
in a catastrophic failure of seals with dire conse-
quences in their operations and environment.
Although optimization of mechanical design can
enhance the initial sealing performance, e.g., sus-
taining contact pressures above 361 MPa to have
leak-free operation under bending loads,287 long-
term durability is often constrained by the wear of
the elastomer–metal interface. Experiments on
hydrothermal aging of silicone rubber and epoxy
and high-performance polymers reveal significant
erosion of mechanical and dielectric properties in
combined heat and moisture environments,288

whereas reliability tests of electrical submersible
pump tubing–hanger connectors point to erosion of
elastomer oxidation, embrittlement, and incompat-
ibility of fluids as the leading failure modes in high-
pressure/high-temperature environments.289

The interfacial longevity is additionally regulated
by the compatibility of materials with fuels and
process fluids. The most-used elastomers in sealing
applications, such as EPDM, FKM, LSR, ACM, and
HNBR, have had their modulus, glass temperature,
swelling, and tensile properties drastically altered
in acidic, alkaline or biofuel-rich environments,
which directly undermines the adhesion and sealing
properties.290–292 The quantification of these effects
is carried out using immersion and tensile testing,
which is done systematically. Elastomer-based O-
rings as depicted in Fig. 8 are subjected to hook-
mounted fixtures in a universal testing machine to
avoid the surface damage during the loading pro-
cess, so that the tensile strength and elongation of
the O-rings after exposing them to fuel can be
accurately measured by standardized proce-
dures.295 It was found that swelling-induced soft-
ening and loss of strength are sensitive indicators of
fuel compatibility and interfacial degradation which
are revealed by such testing. In response to these
difficulties, materials engineering processes have
tended toward the development of multifunctional
elastomer systems, such as composite gaskets,
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carbon-filled silicone interfaces, sensor-integrated
(HM-enabled) seals that integrate mechanical resi-
lience with real-time health monitoring.293,294 In
general, the combination of optimized contact
mechanics and chemically compatible elastomer
formulations, strong elastomer–metal adhesion,
and predictive degradation monitoring under real-
istic service conditions is what is needed to produce
reliable oil and gas sealing systems in the long run.

Medical Devices with Elastomer–Metal
Interfaces

The incorporation of elastomer–metal interfaces
into healthcare equipment is of paramount impor-
tance in terms of stability, serviceability, and
patient safety, and this complexity is susceptible
to corrosion, wear, and adhesion failures. Flexible
wearable sensors are examples of cyclic loading. A
CNT-coated porous elastomer sponge was capable of
stable sensing between 10 Pa and 1.2 MPa under

bending to enable gait and tactile monitoring,296

whereas micro-porous dielectric elastomers pro-
vided reliable piezocapacitive sensing.297 Limited
to fatigue, ingress of moisture, and interfacial
degradation, biomedical metals’ adhesion is
enhanced using surface modification techniques.
Stainless-steel 316L oxidation in a plasma environ-
ment elevated surface energy (83.19 mN m�1) and
enhanced silicone rubber adhesion (0.12–0.89 MPa),
suppressing delamination and corrosion effects.298

Compared to that, GaInSn liquid metals exhibit
unstable adhesion, because of the variable oxide
skins, leading to the unpredictable performance
against physiological stresses.299 Hybrid systems,
such as biopolymer-based, e.g., bacterial cellulose
reinforced with PDMS hosting printed metal pre-
cursors, can create stretchable transistors but are
inherently unstable to high temperatures, solvents,
and UV radiation.300

Hydrogen-bonding supramolecular elastomer
healing can be small cracks, in which case the heal
speeds up, scaling with the length of the cracks and
the inverse height of the healing energy barrier.301

Analogously, PDMS-based thermoelectric genera-
tors can deliver energy harvesting, yet are subject to
fatigue when exposed to thermal cycling and body
fluid exposure.302 Elastomeric biomaterials are also
at risk of biofouling, and bacterial, protein, and lipid
protein attachment to zwitterionic sulfobetaine
silane (SBSi) coatings are inhibited, retaining bio-
inertness throughout 30 days, and preventing bio-
film-mediated corrosion.303 In the meantime, the
possibility of tissue engineering with elastomeric
biomaterials, such as thermoplastic rubbers and
elastic proteins or elastomer–ceramic composites,
continues to lag behind the natural tissues in terms
of resistance to biodegradation and fluid penetra-
tion.304 Generally, biomedical elastomer–metal
interfaces are extremely vulnerable to interfacial
wear and tear in the form of fatigue, delamination,
and biofouling, as described in Table V. Use of
advancements in surface engineering, self-healing
elastomers, and antifouling coatings lies in the
future to make the devices last longer in clinical
settings.

FUTURE OUTLOOK AND RESEARCH GAP

The potential application of hybrid interfaces and
multi-material systems have been gaining momen-
tum due to multi-functionality, long life, and sus-
tainability, but they tend to become fraught with
interfacial degradation, such as corrosion, wear,
and adhesion failures, particularly in elastomer–
metal combinations exposed to cyclic and harsh
environments. Elastomer–metal core–shell-based
liquid metal lattice materials offer shape-memory,
programmed rigidity, and energy absorption, but
exhibit interfacial instability and corrosion, which
reduce reliability. Extrusion-based additive fabrica-
tion becomes a problem as there is poor adhesion at

Fig. 8. Tensile testing setup for elastomer O-rings using hook
fixtures to prevent surface damage, enabling evaluation of
mechanical integrity and fuel compatibility under oil and gas
service conditions. Reproduced from Ref. 295 under the Creative
Commons CC BY 4.0 license.
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the polymer–polymer and polymer–metal joints
which cause premature failures, and interface opti-
mization is necessary to prevent moisture-based
delamination and stress corrosion. Similarly, 3D
lithography-based and electrodeposition-fabricated
metal–polymer hybrid microstructures can be used
to perform microrobots but delaminate during
repeated actuation, whereas DIW-printed ceramic–
metal–elastomers have bonding and durability
issues.

Hybrid laminates like FMLs and elastomer–in-
terlayer types (HyCEMLs, FMELs) will enhance
damping and help reduce thermal mismatch stress,
but still fail by adhesion under high humidity,
cycling, and corrosive environments. Wearable elec-
tronics also emphasize weak points: hydrogel–ther-
mochromic elastomer yarns and hydrogel–
elastomer TENG systems demonstrate excellent
functionality but are susceptible to hydrolysis,
peeling, and the chemical incompatibility of the
elastomer and metal. Hybrids that focus on sus-
tainability combine recyclability and self-healing,
such as elastomer–silica vitrimers, natural rubber–
silica composites and nano-chitosan-reinforced styr-
ene–butadiene rubbers. Because of the beneficial
properties of elastomers, bioinspired strategies are
being actively used to increase the wear resistance,

corrosion protection, and adhesive resistance of the
elastomer–metal interface. Mussel-inspired chem-
istry is a process that integrates ferric ions into
rubber networks with high oxygen content to form
metal–oxygen coordination cross-links and exploits
them as sacrificial bonds to enhance strength,
toughness, and damping, and to improve shape-
memory so that they can withstand more damage
under varying stresses. This is further enhanced by
sacrificial bonding that is prevalent in natural load-
bearing structures, hence increasing reliability.

Sacrificial units are covalently and non-covalently
embedded in elastomers/nanocomposites to sequen-
tial dissipation of energy to overcome crack initia-
tion and extend adhesive performance under cyclic
loading, corrosion, and wear. Skin-based nanostruc-
tured elastomer–cellulose composites mimic nonlin-
ear elasticity, providing resilience to repeated
deformation serpentine-structured deterministic
composites, which reduce stress concentrations at
elastomer–metal junctions by distributing the
strain. Nanopatterning of elastomer surfaces, such
as by nanodimpling, leads to bio-inspired surfaces
which increase adhesion and reduce friction
through the dissipation of pull-off energy, benefit-
ting interfacial stability in corrosive and abrasive
environments. Hierarchical systems also hold

Table V. Environmental degradation and reliability challenges in medical devices with elastomer–metal
interfaces

Application Materials Degradation Mechanisms References

Hybrid
elastomer–me-
tal–biopolymer
systems

Bacterial cellu-
lose + PDMS with printed

metal precursors

Heat, solvent,
and UV-induced

degradation

Preserved stretchability and microfibril
architecture for biomedical devices, but

limited long-term stability

14

Flexible and
wearable
sensors

CNT-coated porous elas-
tomer sponge

Mechanical fati-
gue, bending

stresses

Stable electromechanical response across
10–1.2 MPa range; applicable to gait and

tactile monitoring

296

Piezocapacitive
tactile sensors

Microporous dielectric
elastomers

Moisture in-
gress and struc-

tural fatigue

Reliable sensing via deformation-driven
capacitance changes

297

Surface
modification for
adhesion

Stainless-steel 316L + sil-
icone rubber

Weak adhesion,
interfacial cor-

rosion

Plasma oxidation increased surface en-
ergy (83.19 mN m�1) and pull-off adhe-

sion (0.12 fi 0.89 MPa)

298

Liquid metal
elastomer
systems

GaInSn alloys Oxide layer,
adhesion vari-

ability

Strong adhesion when oxide ruptured,
weak when intact; performance inconsis-

tent under physiological stress

299, 300

Self-healing
elastomer
networks

Supramolecular hydro-
gen-bonding polymers

Crack propaga-
tion, delamina-

tion

Autonomous self-repair under cyclic
loading; improved durability of flexible

devices

301

Flexible
thermoelectric
generators

PDMS composites for
biosensors

Interfacial fati-
gue, thermal cy-

cling

Provided energy harvesting for wear-
ables; susceptible to long-term degrada-

tion in fluids

302

Biofouling-re-
sistant coatings

Zwitterionic SBSi-modi-
fied elastomers

Biofilm forma-
tion, corrosion

Maintained superhydrophilicity and bio-
inertness for 30 days; suppressed bacte-

rial/protein adhesion

303

Tissue
engineering
biomaterials

Thermoplastic rubbers,
elastic proteins, elas-

tomer–ceramic composites

Biodegradation,
fluid infiltration

Mechanical compliance achieved, but
resilience lower than natural tissues

304
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promise: carbon nanodots in diene–rubber networks
exhibit a combination of physical/chemical cross-
links and hydrogen bonding, and give sequential
paths of dissipation and high toughness. Butadi-
ene–styrene–vinylpyridine rubbers with sacrificial
metal–ligand functions have also been shown to
enhance modulus, toughness, and resistance to
thermal degradation, avoiding adhesion degrada-
tion under excursions in the environment. Muscu-
loskeletal models have sparked the development of
flexible dielectric elastomer actuators which simu-
late actuation to an elbow joint and impose stresses
more homogeneously, making them less prone to
crack formation and debonding under repeated
applied stresses.

CONCLUSION

Environmental, chemical, mechanical, and elec-
trochemical stressors interact as couples to control
the degree of degradation of elastomer–metal inter-
faces instead of acting independently. It has always
been demonstrated in the literature that moisture,
temperature cycling, oxidative conditions, and
mechanical loading are synergistically effective at
increasing corrosion, wear, and loss of adhesion in
chemically-assisted aging of elastomers, electro-
chemical metal degradation, and mechanically-
driven crack initiation and propagation. Surface
treatments, coupling agents, multifunctional fillers,
and nanostructured or bio-inspired architectures,
have greatly contributed to interfacial durability.
Adaptive methods with dynamic bonding, sacrificial
networks, and self-healing methods will show
improved fatigue, wear, and environmental-assisted
delamination resistance copmared with standard,
similarly static, adhesive or barrier techniques.
Current models typically do not represent the
distributed damage, wear-based degradation, or
chemo-mechanical evolution with time. Scalability
limits, complexity of processing, and long-term
stability are also limitations that restrict the indus-
trial use of self-healing and bio-based systems.
Comprehensively, long-term elastomer–metal inter-
faces need multifunctional and adaptive designs
with explicit consideration of coupled chemo-me-
chanical and electrochemical processes. Combina-
tions of advanced material strategies and multiscale
experimental characterization and predictive mod-
eling will offer a route to enhanced reliability,
sustainability, and performance in challenging
engineering process conditions.
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