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Abstract

Gears are important components of mechanical power transmission systems
across various industrial sectors. Despite advancements in design and material
processing, gear systems continue to experience failures primarily due to surface
wear, contact fatigue, and lubricant degradation factors that collectively account for
most gear-related breakdowns. These failures arise not only from deterministic
causes but also from complex stochastic interactions among design parameters,
surface roughness variations, manufacturing inaccuracies, and fluctuating lubrication
conditions. Among these, lubricant degradation plays a critical role, occurring
through mechanisms such as oxidation, water ingress, particle contamination, and
acidification, which progressively alter lubricant load-carrying capacity and
ultimately accelerating friction and surface wear. To address these challenges, the
present study conducts a comprehensive uncertainty analysis of spur gear contact
fatigue, integrating theoretical modeling with tribological experimentation. A unified
framework is introduced, combining nano-additive-enhanced fresh and degraded
lubricants with machine learning—based uncertainty quantification to evaluate and
predict gear wear progression under diverse lubrication conditions, thereby
advancing the reliability and predictive understanding of gear performance in real-

world applications.

To simulate accelerated lubricant degradation in controlled laboratory settings,
aqueous hydrochloric acid (HCI, 36%) was employed as a corrosive agent to induce
oxidative and acidification-based degradation in gear lubricants. This approach
enabled the systematic observation of lubricant property deterioration and its
subsequent effect on wear and surface fatigue behavior. The degraded lubricants

exhibited a substantial reduction in film-forming ability and anti-wear performance,
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replicating conditions often encountered in long-duration or high-load industrial
applications. To counteract this degradation, the study explored the incorporation of
environment friendly nanoparticle additives such as carbon-based nanomaterials,
which act as secondary lubricating agents. These nanoparticles were designed to form
protective tribofilms, and reduce frictional heating at the asperity level. The doping
of nanoparticles into the degraded lubricant demonstrated remarkable improvements
in tribological behavior, including reduced wear scar diameter, lower coefficient of
friction, and enhanced resistance to surface pitting. The tribological performance was
evaluated using multiple tribometers, including the Block-on-Disk and Four-Ball
configurations. In the Block-on-Disk setup, wear volume was determined through
precise weight loss measurements, whereas in the Four-Ball tribometer, it was
estimated using a geometry-based method.

However, the current geometry-based wear volume estimation techniques
generally assume a flat wear scar, which fails to capture the true three-dimensional
nature of wear morphology. To address this limitation, this study introduces the
development of 3D wear volume characterization using advanced surface
profilometry, thereby improving measurement accuracy and enabling a more
comprehensive uncertainty quantification in wear assessment.

In parallel, the study employed real-time wear debris monitoring techniques to
provide quantitative insights into wear severity and mechanism transitions. Debris
samples were collected at various stages of gear operation and analysed using optical
microscopy, and digital image processing methods. The morphological classification
of debris ranging from rubbing and cutting wear particles to fatigue and corrosive
debris served as a diagnostic indicator of lubrication health and gear surface

deterioration. Ferrous debris count sensors were also utilized to measure debris
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concentration dynamically, thereby linking the lubrication degradation state with
actual wear progression.

To handle the inherent uncertainties in the collected experimental data, the
research integrated machine learning (ML) and probabilistic modeling approaches.
Techniques such as Deep Learning (DL) and Non-Stationary Gaussian Process
Regression (NSGPR) were applied for feature extraction, wear prediction, and
uncertainty propagation analysis. DL models provided a nonlinear mapping between
lubricant properties, operating parameters, and wear outcomes, while NSGPR
facilitated probabilistic predictions with confidence intervals, enabling a more robust
estimation of gear life under uncertain conditions.

The outcomes of this research provide an integrated perspective on tribological
uncertainty, encompassing gear design, lubricant degradation, and real-time wear
diagnostics. The results demonstrate that adaptive lubrication strategies incorporating
nanoparticles can significantly mitigate the adverse effects of degradation, sustaining
lubrication film integrity and reducing fatigue wear even in chemically compromised
environments. Additionally, the developed uncertainty quantification model bridges
the gap between experimental observations and theoretical predictions, offering a
powerful tool for fault prognosis and predictive maintenance in gear-based

transmission systems.
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