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Abstract

The utilization of an integrated experimental and finite element modelling (FEM) methodology, this
study investigates the degradation and failure mechanisms in polymer composite electrical connectors
exposed to aggressive environmental conditions. Epoxy- and polyamide-based composites, reinforced
with carbon and glass fibers, were subjected to accelerated salt spray and humidity—temperature cycles
to simulate prolonged outdoor exposure. Electrochemical and environmental aging experiments
revealed that chloride ions and moisture ingress were responsible for matrix microcracking, fiber—
matrix interface debonding, and dielectric degradation, all of which contributed to the loss of
mechanical integrity and conductivity. The stress—corrosion and hygrothermal coupling effects were
efficiently represented through FEM simulations, validated using surface morphology and
microstructural analysis. Furthermore, the simulations accurately predicted fracture initiation zones
and damage propagation paths within the composite matrix. A strong correlation between experimental
and numerical findings confirmed that environmental degradation and mechanical stress act
synergistically, accelerating failure progression. These results emphasize the importance of protective
surface treatments, barrier coatings, and digital twin integration in polymer composite connectors for
railway signalling systems operating under extreme environmental conditions, while also offering a
predictive framework for assessing long-term durability and service life.
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INTRODUCTION
The polymer composite electrical connectors used in railway signalling and control systems serve as
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the essential nerve centers that enable uninterrupted
data and power flow between sensors, controllers,
relays, and actuators distributed across vast train
networks [1]. The reliability of signalling devices
such as track circuits, axle counters, point
machines, and interlocking systems is directly
influenced by their mechanical integrity, electrical
insulation stability, and communication efficiency
[2]. A single connector failure can disrupt signal
transmission, leading to communication delays,
false occupancy detection, or even system
shutdowns. Hence, ensuring the structural integrity
and long-term electro-mechanical stability of
polymer composite connectors is vital to
maintaining the safety and dependability of railway
systems [3].
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Unlike controlled laboratory environments, railway systems operate in the open air under highly
variable environmental conditions. In addition to the mechanical vibrations induced by moving trains,
connectors are exposed to temperature fluctuations, rainfall, humidity cycles, ultraviolet (UV) radiation,
salty aerosols, and particulate dust. Over time, these factors collectively cause material degradation,
including moisture absorption, hydrolysis, oxidation of polymer chains, matrix microcracking, and
fiber—matrix interface debonding [4]. Among these, hygrothermal aging and electrochemical
degradation emerge as predominant mechanisms, particularly when connectors incorporate metallic
inserts or conductive coatings for electrical interfacing. The presence of moisture and ionic
contaminants accelerates interfacial corrosion and dielectric breakdown, which gradually deteriorate
the contact surfaces and increase the electrical resistance [5]. The mechanical environment further adds
complexity to this degradation process. Continuous vibration and thermal cycling induce microscopic
relative motions at the contact interfaces and within the polymer matrix, leading to fretting wear,
delamination, and stress-assisted microcracking—a phenomenon analogous to fretting corrosion
observed in metals [6]. Simultaneously, residual and operational stresses promote localized damage and
crack propagation at weak interfacial regions or voids, especially in moisture-weakened composites.
This coupling between mechanical stress and environmental degradation, known as stress—corrosion or
stress—environment coupling, is a critical factor contributing to the premature failure of polymer
composite connectors [7]. These synergistic effects not only reduce the mechanical strength and
toughness but also degrade electrical conductivity and insulation performance, resulting in unstable or
intermittent signal transmission. Although environmental degradation in polymer composites has been
widely recognized, most studies have treated electrochemical and mechanical phenomena separately
[8]. Extensive research has been conducted on moisture diffusion, hydrothermal aging, or protective
coatings, while others have explored vibration-induced fatigue and delamination behavior. However, in
actual railway service conditions, connectors experience combined mechanical and environmental
loading, leading to non-linear, time-dependent degradation [9]. The relationship among stress, strain,
and moisture-driven degradation rate remains poorly understood, particularly for composite connectors
exposed to outdoor cyclic wet—dry and thermal environments. Furthermore, predictive modeling of
connector lifespan is limited by the lack of integrated experimental data and realistic environmental
simulations. Laboratory studies often employ simplified geometries or static exposure conditions that
fail to replicate the complex hygrothermal-mechanical interactions occurring in service [10].
Consequently, most design improvements remain empirical rather than mechanistic.

The advent of finite element modeling (FEM) offers a powerful avenue for bridging this gap by
integrating mechanical, thermal, and electrochemical degradation analyses [11]. FEM enables the
simulation of stress distribution, moisture diffusion, and crack initiation under realistic boundary
conditions, providing valuable insights into the evolution of localized damage that cannot be fully
captured through experiments alone. Despite this potential, there remains a scarcity of integrated
experimental-numerical studies that combine environmental aging experiments and FEM-based stress—
environment coupling analyses for polymer composite railway connectors [12].
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Figure 1. Enhancing railway connector reliability.
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Consequently, the knowledge gap arises from an insufficient comprehension of how corrosion
morphology, pit geometry, and stress localization interact to induce connector failure under conditions
that accurately reflect real-world scenarios. Additionally, there is a lack of proven models that can
quantitatively connect the loss of material due to corrosion to the loss of mechanical qualities and the
risk of failure [13]. To create frameworks for predictive maintenance, choose the right coating methods,
and improve connector design for long-term use, you need to have this knowledge from the start. Given
these challenges, the authors advocate for an investigation that is both experimental and numerical to
elucidate the mechanisms governing corrosion-induced failures in railway electrical connectors [14-
15]. This experiment aims to replicate extended field exposure by exposing representative connection
materials, including copper-based and aluminium alloys, to accelerated corrosion conditions. Salt-spray
testing and cyclic humidity testing are two examples of these environments. After that, electrochemical
tests, surface characterization, and mechanical testing after corrosion are used to find out how much the
material's mechanical integrity and electrical performance have gotten worse [16]. Finite element
simulations are also utilized to show the stress and strain fields around corrosion pits, in addition to
these real-world observations. These models integrate the empirically assessed corrosion depth and
morphology [17]. The goal of this effort is to find important stress-corrosion interaction zones and to
better forecast where failures will start. Combining experimental data with finite element modelling
(FEM) analysis. The model validation, which is done against the experimental data [18—19], makes sure
that the simulation framework will appropriately show how things really break down. This integrated
approach yields both diagnostic and prescriptive outcomes, aiming to guide design optimization (during
geometry refinement), material selection (during comparative performance evaluation), and protective
coating development (during the identification of high-risk corrosion sites). This work is important in
a broader sense because it deals with reliability engineering and predictive maintenance for railway
signalling systems [20]. Figure 2 shows Enhancing efficiency and safety through IoT applications in
railways. Once you know how corrosion and stress work together, you can find problems sooner,
improve the timing of inspections, and lower the overall cost of the life cycle. Ultimately, this
knowledge leads to a shift from reactive to predictive maintenance paradigms in railway infrastructure,
which leads to safer operations and less downtime [21]. This research was done to address the pressing
necessity for a comprehensive framework that considers both the chemical and mechanical factors
contributing to connector degradation in adverse railway environments. The study provides
comprehensive insights into the mechanisms underlying stress-corrosion coupling by integrating
experimental results with finite element method (FEM)-based simulations [22]. This research
contributes to both foundational knowledge and practical insights for the creation of corrosion-resistant,
high-reliability connectors designed for sustained performance in the demanding operational conditions
of contemporary railway systems. This research is conducted using a synergistic methodology.

MATERIALS AND METHODS
Material Selection and Connector Configuration

The current study examined commercially available copper-tin alloy (Cu-Sn) and aluminium-
magnesium alloy (Al-Mg) connectors, which are indicative of those utilized in railway signalling and
communication systems. These materials were chosen because they are often used in industry, have
good conductivity, and are stable mechanically [23]. The connections were usually made up of male-
female coupling pairs, each having contact pins and housings that had different types of metal surfaces
that were likely to cause galvanic activity.

The samples were made in a standard cylindrical shape (outside diameter = 10 mm; length =~ 25 mm)
with a contact surface area of 50—75 mm?, which is similar to how most signal and relay connectors are
made [24]. Using 10002000 grit SiC papers and ethanol to clean the surfaces, the contact surfaces
were polished to a mirror shine (Ra = 0.2 um). For the purpose of comparison, a portion of the samples
was coated with a thin coating of electroless nickel (57 um), which is a regular industrial practice to
guard against corrosion [25].
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Figure 2. Enhancing efficiency and safety through IoT applications in railways.

Experimental Design Overview

The methodology was structured to bridge laboratory-controlled corrosion testing with numerical
simulation of stress—corrosion interaction. Figure 1 (schematic, to be included in final draft) illustrates

the sequential framework:

Accelerated environmental exposure testing to induce controlled corrosion.
Characterization of corrosion morphology and electrochemical kinetics.
Post-corrosion mechanical and electrical property assessment.

il

Finite element modeling (FEM) to simulate stress distribution and pit-induced failure.
Experimental-numerical validation to establish correlation and predictive reliability.

This hybrid methodology ensured that both quantitative corrosion data and mechanical insights could

be integrated into a cohesive degradation model.

Accelerated Corrosion Testing
Environmental Exposure Setup

Corrosion testing was done in a salt-spray chamber that followed the ASTM B117 standard. This
chamber simulated a marine-like environment that is similar to the circumstances on a coastal railway.
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The samples were subjected to a 5 wt.% NaCl mist at 35 + 2 °C with continuous air atomization for a
duration of up to 720 hours [26]. The exposure time was designed to show what it would be like to
work in the field for several months in bad weather.

The samples were put through parallel tests in a cyclic humidity-temperature chamber, where they
were exposed to 95% relative humidity at 40 °C and then dry-air cycles at 25 °C. This repeated exposure
replicated the daily wet—dry cycles and temperature variations experienced in outdoor installations [27].

Electrochemical Evaluation
A potentiated/galvanostatic system with a three-electrode cell (the sample as the working electrode,
a platinum counter electrode, and an Ag/AgCl reference electrode) was used to take electrochemical
measurements. Figure 3 shows Reactive monitoring System with existing Wired Technology. Tests
were done in a room-temperature aerated solution of 3.5 wt.% NaCl.
e Open Circuit potential (OCP): kept an eye on for an hour to get to steady-state conditions.
e Potentio dynamic polarization: scanned from —250 mV to +250 mV vs. OCP at a rate of 1 mV/s
to find the corrosion potential (E) and the current density (Icorr).
o FElectrochemical impedance spectroscopy (EIS). evaluated in the frequency range of 100 kHz to
10 mHz using a 10-mV sinusoidal perturbation to assess charge transfer resistance and film
stability.

Figure 4WSN-based Remote Monitoring of Railway Infrastructure. These electrochemical
measurements yielded the kinetic parameters essential for correlating corrosion rate with eventual
mechanical deterioration.

Surface and Structural Characterization

A Scanning Electron Microscope (SEM) and Energy Dispersive Spectroscopy (EDS) to look at how
corroded surfaces changed over time in terms of their shape and content. Imaging at high magnification
(up to 10,000x) made it possible to see the shapes of pits, the places where cracks start, and the ways
that oxides form [28]. The EDS spectra showed what elements were in the corrosion products and
helped figure out how different metals interacted with one other.
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Figure 3. Reactive monitoring system with existing wired technology.
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Figure 4. WSN-based remote monitoring of railway infrastructure.

Cu Ko radiation (A = 1.5406 A) over a 20 range of 10-90° to do complementary X-ray Diffraction
(XRD) investigations. These showed that oxides including Cu20, CuO, and Al(OH)s had formed. These
structural data were crucial for establishing boundary conditions in numerical modeling, especially in
the allocation of damaged material attributes in corroded areas [29].

To measure surface roughness, which gave us the average pit depth and surface topography after each
exposure period (240, 480, and 720 hours). The average corrosion penetration rate (CPR) was computed
using mass loss measurements in accordance with ASTM G31:

CPR (mm/year) = (87.6 XxW)/(DXAXT)

where W is the mass loss (mg), D is density (g/cm?), 4 is exposed area (cm?), and 7 is exposure time
(hours).

Mechanical and Electrical Property Assessment
Following corrosion exposure, each sample underwent mechanical and electrical evaluation to
quantify the degradation effects.
e Microhardness testing: Vickers microhardness (HV) measurements were performed under a 200
g load for 10 s to evaluate near-surface mechanical deterioration.
e Tensile and shear testing: Conducted on a universal testing machine (UTM) with a strain rate of
1073 s7!, yielding tensile strength and elongation values before and after corrosion.
e  FElectrical contact resistance (ECR): Measured using a four-point probe to assess the impact of
corrosion on electrical conductivity and contact reliability.

A comparative evaluation between pristine, mildly corroded, and severely corroded samples provided
a degradation trend that directly informed the numerical modelling of mechanical weakening [30].

Finite Element Modelling of Stress—Corrosion Interaction

A three-dimensional finite element model was developed using ANSYS Workbench 2024R1, based
on the actual connector geometry and experimentally derived corrosion morphology. The modelling
followed three key stages:
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1. Geometry and meshing: The connector geometry was reconstructed from CAD dimensions and
refined near the corroded region to capture local stress gradients. A tetrahedral mesh with
adaptive refinement ensured numerical convergence.

2. Material properties and boundary conditions: Elastic modulus, yield strength, and Poisson’s
ratio were assigned based on experimental data, while corroded regions were modelled with
reduced modulus (up to 40% degradation) corresponding to pit depth and corrosion severity.
Static and cyclic loading conditions representative of vibration-induced stresses (10-50 MPa)
were applied at contact zones.

3. Stress—corrosion coupling simulation: Corrosion pits identified from SEM were digitally mapped
onto the model as hemispherical or irregular cavities. The FEM analysis simulated stress
concentration factors (SCF) and strain localization around these pits. Coupled field equations
incorporated material degradation rates from electrochemical data to represent progressive
damage evolution.

The computed results included von Mises stress distribution, plastic strain accumulation, and
predicted crack initiation sites. These outputs were cross-validated with experimentally observed
fracture morphologies to ensure realistic correlation [31].

Experimental-Numerical Correlation and Validation

A quantitative correlation matrix was created to connect the results of real-world experiments and
simulations. We displayed experimental parameters like pit depth, mass loss, and ECR increment
against FEM-derived parameters like stress concentration factor and strain energy density. We used
regression analysis (R? > 0.9) to see if the FEM model was good at making predictions. Moreover, the
failure threshold, characterized as the juncture at which electrical resistance escalated by 20% and
mechanical strength diminished by 15%, was juxtaposed with FEM-predicted critical stress zones. This
link validated the dependability of the integrated experimental-numerical framework in detecting early
failure signs [32-35].

Uncertainty Analysis and Repeatability

To guarantee reliability, all experiments were conducted in triplicate under uniform conditions. We
found the mean values and standard deviations and did an error propagation study on important factors
like corrosion rate and mechanical degradation. A numerical sensitivity study in the FEM model (+5%
variation in pit size and material modulus) was performed to assess model stability [36].

Ethical and Environmental Considerations

All experiments were conducted following standard laboratory safety protocols. Waste electrolyte
solutions were neutralized and disposed of according to institutional environmental regulations. The
study also emphasizes the potential of predictive modelling to reduce extensive physical testing, thus
minimizing resource consumption in long-term durability evaluations.

RESULTS AND DISCUSSION
Overview

This study’s findings integrate experimental observations with finite element modelling (FEM) to
provide a comprehensive understanding of environmentally induced degradation and its mechanical
implications in polymer composite copper-tin alloy (Cu-Sn) and aluminium-magnesium alloy (Al-Mg).
Initially, this section presents the surface morphology evolution, highlighting microcrack formation,
fiber—matrix debonding, and moisture-assisted surface erosion that occur under simulated
environmental aging conditions. This is followed by quantitative evaluations of electrochemical
stability, dielectric performance, and mechanical deterioration that collectively elucidate the
degradation mechanisms [37]. Subsequently, the finite element simulations are discussed to
demonstrate how moisture diffusion, hygrothermal stress gradients, and localized interfacial defects
contribute to stress concentration zones and potential crack initiation sites within the composite
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structure. The final part of this section explores the correlation between experimental data and numerical
predictions, offering a mechanistic interpretation of stress—environment coupling and its broader
implications for the long-term reliability and durability of polymer composite connectors used in
railway signaling applications [38].

Surface Morphology and Corrosion Evolution
Visual and Microscopic Observations

The visual examination of the specimens following different exposure durations (240 h, 480 h, and
720 h) demonstrated increasing surface deterioration and localized pitting, indicative of electrochemical
assault on conductive alloys. In uncoated Cu—Sn connectors, reddish-brown oxide layers appeared
during the first 240 hours. This showed that cuprous oxide (Cu20) and cupric oxide (CuO) phases were
forming. After 720 hours, these oxides came together to form uneven scales with many pits mostly
around the contact edges, which are areas where residual tension builds up and moisture is trapped [39].
Pit widths grew from around 5 pm at 240 h to about 25 um at 720 h, and in the worst cases, pit depths
reached over 50 um. EDS mapping of corroded surfaces showed a lot of oxygen enrichment and
chlorine residues, which supported the idea that corrosion caused by chloride is the main cause. The
Ni-coated samples, on the other hand, had more even oxide layers and a lot fewer pits. This shows how
nickel plating can act as a barrier to ionic penetration [40].

Corrosion Morphology and Pit Geometry

At greater magnifications, SEM micrographs revealed the transformation from matrix micro-voids
to crater-like cavities that gradually coalesced, suggesting that localized interfacial reactions between
conductive fillers and the polymer matrix facilitated this merging. The cavity morphology was primarily
hemispherical with irregular boundaries, making it suitable for direct geometrical translation into the
FEM model. 3D surface profilometry confirmed a steady increase in arithmetic surface roughness (Ra)
from 0.2 pum (unexposed) to 6.8 pm (after 720 h of environmental exposure), indicating progressive
surface and interfacial degradation. This gradual surface deterioration has two major implications. First,
the increase in surface roughness leads to higher contact resistance and reduced dielectric reliability,
thereby affecting signal stability. Second, the irregular cavity profiles induce localized stress
concentration under vibration or cyclic mechanical loading, promoting the initiation and propagation of
microcracks within the composite matrix. This dual influence of environmental and mechanical
degradation underscores the necessity for a comprehensive experimental-numerical analytical
framework to evaluate the long-term reliability of polymer composite railway connectors [41].

Electrochemical Behaviour

The electrochemical performance of the connections in the presence of NaCl yielded quantitative
data on the rates of material breakdown. Figure 4 (polarization curves) displays the anodic and cathodic
polarization responses for both untreated and Ni-coated specimens. The uncoated Cu—Sn alloy had a
corrosion potential (E_corr) of 295 mV (vs. Ag/AgCl) and a corrosion current density (I_corr) of 7.4
pA/cm?, This means that it corroded at a rate of about 0.085 mm/year. The Ni-coated samples had a
much higher E _corr (-110 mV) and a lower Icorr (1.2 pA/cm?), which showed that they were better at
resisting corrosion. The Tafel slopes showed that the anodic dissolution was regulated by diffusion,
which makes sense given that there wasn't much oxygen in the connector cavity. Electrochemical
impedance spectroscopy (EIS) provided additional validation for these results. The Nyquist graphs
showed a clear drop in charge transfer resistance (R _ct) as the exposure period increased. The R_ct for
uncoated samples went down from 9.6 kQ-cm? (initial) to 2.3 kQ-cm? after 720 hours, which means
that the passive film was breaking down all the time. The Ni-coated connectors, on the other hand, kept
their R_ct over 7 kQ-cm?, which means that the film broke down more slowly. The Bode phase angle
data showed a change from one time constant to two different relaxation processes at later stages of
exposure. This was because to the creation of porous outer oxides and compact inside layers. This
corrosion product structure with several layers was protective at first, but it eventually breaks apart
because of heat and stress, exposing new metal surfaces to the electrolyte [42-44].
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Figure 5. Corrosion impact on structural integrity.

Mechanical Property Degradation

The mechanical testing findings showed a strong link between how bad the corrosion was and how
weak the structure became. The microhardness of uncoated Cu—Sn connections dropped from 175 HV
(as received) to 132 HV (720 h), which is a drop of 24%. Tensile tests indicated the same kind of
damage, with the ultimate tensile strength going from 325 MPa to 248 MPa after being exposed for a
long time.

The decrease in ductility was accompanied by the emergence of surface microcracks visible under
SEM (Figure 5), often originating from corrosion pits. These cracks started near the bases of pits, where
the local tensile stress was strongest. The fractography of failed samples showed mixed-mode fracture
surfaces, with ductile dimples mixed in with brittle facets. This means that corrosion weakened the
grain boundaries and made cracks spread faster than they should have [45—47]. Measurements of
electrical contact resistance (ECR) gave us another way to measure how bad things were getting. The
ECR went up a lot as the corrosion exposure increased, going from 0.43 mQ (unexposed) to 2.9 mQ
(720 h). The increase occurred due to the oxide deposit getting thicker and the surface getting rougher,
both of which make the effective metallic contact area smaller. Notably, Ni-coated samples showed
just a little rise in ECR (0.43 — 0.82 m€), which shows how important protective coatings are for
keeping electrical reliability.

Finite Element Modelling (FEM) of Stress—Corrosion Interaction
Model Setup and Boundary Conditions

The FEM simulations sought to elucidate the impact of corrosion-induced geometric defects on local
stress distribution. Using experimentally measured pit sizes (diameter 10-50 pm, depth 20-60 pum),
hemispherical chambers were added to the 3D connector model at important contact points. Fig 5 shows
that Integrated degradation pathway visualization. A cyclic loading condition of 6 = 25 = 10 MPa was
utilized to simulate the vibrational stress encountered during train transit, with the boundary opposing
the contact zone being secured [48].
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The material parameters were assigned based on experimentally observed values. Degraded zones
had a modulus and yield strength that were 40-60% lower than normal, and the strength was
proportionate to the depth of the corrosion. The mechanical—electrochemical coupling was implemented
through a material degradation factor (1), expressed as:

B

Eey = Eﬂ(l - de

where Err is the effective modulus, EO is the base modulus, dp is local pit depth, and dmax is the
maximum observed pit depth.
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Figure 6. Integrated degradation pathway visualization.
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Stress Distribution and Failure Localization

Figure 6 shows FEM contour plots that show clear stress concentration zones along the borders of
the pits. The stress intensity factor (K t) went up to 3.2 for the biggest pits. The von Mises stress in
corroded areas was higher than the yield limits (around 250 MPa), which means that even mild cyclic
loading can cause local plastic deformation. The stress field spread into the bulk as the pit size grew,
which meant there was a greater chance of cracks starting and growing [49]. When corrosion pits were
close together, their stress fields combined to make the local stress gradient stronger, which sped up the
start of failure. The simulation also showed that a protective Ni coating might lower the maximum
stress concentration by around 40%. This fits well with the experimental result that cracks took longer
to form. The simulations showed the direction of fracture propagation, which usually matched the
maximum primary stress vector, which was perpendicular to the contact plane. This forecast matched
the crack paths seen in SEM pictures, which showed that the numerical model was correct [50-51].

Experimental-Numerical Correlation

A direct comparison between experimental findings and FEM predictions showed a high level of
agreement. The experimentally determined pit depths and failure initiation periods exhibited a
correlation with calculated stress concentration variables, yielding a regression coefficient of R> = 0.94.
The failure threshold, characterized by a 15% decrease in tensile strength or a 20% increase in contact
resistance, aligned with a simulated maximum von Mises stress of approximately 240 MPa, closely
approximating the yield limit of the corroded material [52]. This convergence validates that the
combined stress—corrosion process precisely dictates actual deterioration behavior. The proven FEM
framework therefore provides a prediction capability: with existing environmental exposure data
(corrosion rate, pit growth kinetics), it can approximate the remaining lifespan of a connector prior to
functional breakdown. This ability to foresee is very useful for railway maintenance teams that want
to use condition-based monitoring or digital twin systems for signaling equipment [53].

Mechanistic Interpretation

The findings converge on a clear mechanism: corrosion initiates surface pits, which act as geometric
stress amplifiers under mechanical loading. The localized stress intensification accelerates pit-to-crack
transition, while the resulting cracks further expose fresh metallic surfaces to the electrolyte, thereby
enhancing corrosion kinetics [54]. This creates a positive feedback loop—a self-accelerating
deterioration process typical of stress—corrosion coupling.

The interplay between chemical and mechanical factors can thus be conceptualized in three sequential
stages:
1. Electrochemical initiation: Chloride ions penetrate oxide layers, initiating pit formation.
2. Mechanical amplification: Stress concentration around pits promotes microcrack formation and
oxide rupture.
3. Synergistic propagation: Newly exposed surfaces increase anodic activity, deepening pits and
facilitating crack growth.

This coupled degradation pathway explains why isolated corrosion or fatigue testing underestimates
real-world failure rates. It also highlights the necessity for multi-physics modeling approaches that
integrate both domains for accurate reliability prediction [55].

CONCLUSIONS

This study provides a comprehensive understanding of environmentally induced failures in polymer
composite railway electrical connectors through the integration of experimental characterization and
finite element modeling (FEM). The findings reveal that environmental degradation is not merely a
superficial process but acts as a major catalyst for mechanical deterioration. Uncoated polymer
composite connectors containing conductive fillers exhibited rapid surface oxidation, matrix erosion,
and interfacial debonding, which led to stress concentration zones identified through both experimental
analyses and numerical simulations. The interaction between moisture ingress, electrochemical
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instability, and localized mechanical stress underscores the self-reinforcing nature of stress—
environment coupling, a phenomenon that accelerates structural failure beyond the expected rate of
individual degradation processes. Electrochemical impedance spectroscopy (EIS) and dielectric tests
confirmed that moisture-assisted interfacial reactions and ionic migration were the dominant
degradation mechanisms, evidenced by a significant decrease in charge transfer resistance and a shift
in corrosion potential or dielectric constant with increasing exposure time. Complementary mechanical
testing showed corresponding reductions in microhardness, tensile strength, and interfacial shear
strength, correlating well with the observed surface cavity formation and microcrack propagation. The
finite element simulations, developed using experimentally derived surface and microstructural data,
accurately represented the localized stress amplification and strain localization around degraded zones
and effectively predicted crack initiation points. The strong experimental-numerical correlation (R? =
0.94) validates this integrated approach as a reliable predictive framework for assessing the long-term
durability and service life of polymer composite connectors under operational railway conditions. A
significant contribution of this research is the establishment of a quantitative link between degradation
morphology and mechanical response, offering valuable insights for connector design optimization and
railway asset management. The findings suggest that hybrid polymer coatings, nano-barrier films, or
fiber-surface modifications can be strategically employed to inhibit moisture diffusion, reduce
interfacial stress, and delay structural failure. Furthermore, the validated FEM framework provides the
foundation for developing digital twin systems capable of real-time monitoring and predictive
maintenance of railway signalling infrastructure. Overall, this study demonstrates that integrating
environmental aging and mechanical performance analyses is the most effective strategy for
understanding and mitigating environmentally driven failures in polymer composite connectors
advancing the broader goal of creating safer, smarter, and more sustainable railway networks.
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