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Abstract

Metallic components used in splash-lubricated mechanical systems can generate wear debris that
accelerates lubricant degradation and contaminates the oil. In this work, a fibre-reinforced
epoxy—glass composite splash ring was developed as a nonmetallic alternative to a conventional
brass component. The composite ring was fabricated and evaluated in a laboratory lubrication rig
operating at 3000 rpm for long-duration tests up to 1000 h. Oil samples were analysed using
atomic absorption spectrometry, total acid number measurements, and gravimetric wear analysis,

while surface morphology was examined by scanning electron microscopy. The composite

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

component eliminated detectable Cu and Zn contamination in the lubricant and reduced oil

oxidation, while increasing oil flow rate by approximately 66% compared with the brass
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reference component. The improved performance is attributed to the chemical inertness and

favourable tribological behaviour of the epoxy—glass composite, which suppresses metal-

(cc)

catalysed oxidation reactions and reduces the generation of wear particles. These results
demonstrate that fibre-reinforced polymer composites can provide an effective materials-based
strategy for mitigating lubricant contamination and improving the operational reliability of

splash-lubricated systems.

Keywords: Polymer matrix composites (PMC); epoxy-glass fibre; tribology; wear; splash

lubrication; rotating machinery; bearing reliability; and lubricant contamination.

1. Introduction

1.1. The Criticality of Bearing Lubrication in Industrial Machinery
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Bearings are fundamental components in virtually all forms of rotating machinery, including
industrial pumps, turbines, and compressors, where performance, reliability, and longevity are
paramount ®. Their primary function is to support rotating shafts, manage complex loads, and
minimise friction between moving and stationary surfaces, thereby ensuring smooth and efficient
operation 23. Bearings are crucial to the reliability and service life of any mechanical system; if
they fail, the whole system ceases to function. Nevertheless, due to the arduous conditions of
contemporary industrial applications, which feature prolonged exposure to heavy loads and high
speeds of rotation, rolling element bearings are particularly susceptible to malfunctioning and
premature failure . From research and industrial failure analysis, it appears that the main source of
the majority of mechanical failures is improper or ineffective lubrication. Therefore, this becomes
an area of paramount concern to ensure the safe, reliable, and continuous operation of critical
equipment °. Improper lubrication is said to cause 36-50% of all machine failures, according to
industry studies, which translates into a sizeable annual economic loss. alone estimated at $240

billion. For a single large company, unplanned downtime can exceed $600,000 per h.

1.2. Limitations of Conventional Splash Lubrication with Metallic Oil Rings

Splash lubrication is a widely adopted, cost-effective method for delivering lubricant to bearings in
low-to-moderate speed applications where the complexity and expense of a pressurised system are
not justified . In this arrangement, a loose-fitting oil ring hangs on the rotating shaft, dips into the
oil sump, and splashes lubricant onto the bearings as the shaft rotates 7. Despite its operational
simplicity, the method harbours a critical design flaw when implemented with conventional
metallic materials: brass and other copper-zinc alloy rings interact with the rotating shaft in an
inherently unstable manner, generating unpredictable oscillation rather than smooth rotation 8°.
These instabilities impose repeated impact and sliding contact at the ring—shaft interface, initiating
mechanical wear and corrosion of the ring itself 19, Wear then triggers a destructive failure cascade,
metallic debris enters the lubricant, where Cu?* and Zn?* ions act as catalysts for hydroperoxide
decomposition, accelerating free-radical autoxidation, raising the total acid number (TAN), and
reducing lubricity, which in turn accelerates further wear !'. Contamination levels in field-aged oils
from brass-ring systems routinely reach hundreds of ppm for both copper and zinc 123, while the
ring itself can lose up to 50% of its width in fewer than 10,000 h of service '°, reducing oil delivery

and compounding the degradation. These limitations collectively underscore the necessity for
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nonmetallic alternative materials capable of withstanding high-speed rotating conditions without

contributing metallic debris to the lubricant 4.

1.3 Material Rationale for Epoxy—Glass Composite Splash Rings

Polymer Matrix Composites (PMCs) offer a compelling alternative to conventional metallic
splash rings by combining chemical inertness, low density, and corrosion immunity with
competitive mechanical performance !>1%17. Among PMCs, epoxy—glass fibre systems are
particularly well suited to this application: the thermosetting epoxy matrix provides dimensional
stability, strong fibre—matrix adhesion, and resistance to lubricant-induced chemical attack, while
E-glass reinforcement imparts the tensile stiffness and load-bearing capacity required to sustain
dynamic shaft contact at 3000 rpm #1920, Critically, the nonmetallic composition eliminates the
source of Cu, Zn, and Fe debris that initiates lubricant degradation in brass ring systems,
breaking the failure cascade at its origin 22,%>23, Detailed mechanical, thermal, and tribological
property comparisons between the epoxy—glass composite and conventional brass are provided
in Supplementary Table S1 24252627, Predictive frameworks for estimating erosion and wear in
composite materials, including kinetic-energy-based models and Artificial Neural Network
(ANN) approaches, are reviewed in the Supplementary Information (SI Section S2) for readers
seeking a theoretical basis for quantitative wear-rate estimation 23

1.4 Application and Performance

e With friction reduced and sealing performance enhanced, the life of sealing rings is
extended, and they can be made more effective in their application, like in high-speed
rotating machines 2%-3°,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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e While electrical insulation was mentioned as one more benefit, adding an intermediate
layer and protective coating would enhance erosion resistance 3!.

(cc)

In increased erosion resistance, this should also involve trade-off considerations such as
manufacturing complexity and cost. Besides, for the full realisation of the benefits, the context of
these composites may have required adaptations to the design and maintenance of existing
systems.

1.5 Study Objectives

Despite extensive research on polymer composites for tribological applications, their use as a direct
replacement for metallic oil splash rings, specifically to suppress lubricant metal-ion contamination
and retard oxidative degradation, has not been systematically investigated '9-32-33-3435 This study
addresses that gap by fabricating a short-fibre epoxy—glass composite ring (90:10 wt% epoxy:E-

glass) and evaluating its performance against a conventional brass ring under controlled conditions

3
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(3000 rpm, ISO VG 68 mineral oil, up to 1000 h). The specific objectives are: (i) to quantify
metallic wear-debris contamination (Cu, Zn, Fe by AAS) and lubricant oxidation (TAN by ASTM
D664) as a function of ring material and test duration; (ii) to characterise composite ring wear and
surface morphology by gravimetric analysis and SEM; and (iii) to assess lubrication efficiency (oil
flow rate) and thermal loading (bearing housing temperature) to establish whether the composite

ring maintains adequate functional performance across the test duration.
2. Materials and Methods

A rigorous experimental and analytical methodology was established to fabricate and evaluate the
new composite oil splash ring against the traditional materials. The protocol design was intended to
simulate operational conditions and assess key performance indicators, including wear, lubrication,

and structural durability.
2.1 Materials and Composite Ring Fabrication

The test ring materials comprised: (A) a conventional brass ring (CuZn30, CW505L) as the
primary metallic benchmark; (B) an HDPE ring as a polymeric control; and (C) the target
composite ring (designation E1), consisting of 90 wt% Araldite LY 1564 epoxy resin cured with
Aradur 3486 polyamide hardener and 10 wt% short-cut E-glass fibres. The E1 composite ring was
fabricated by casting a homogeneous fibre—resin slurry into a custom mould dimensioned to match
the standard metallic ring geometry (OD 80 mm, ID 50.1 mm, width 15 mm), followed by
ambient-temperature cure 3¢, Benchmark brass and HDPE rings were machined to identical
dimensions by CNC turning 3’. All rings were verified to meet the dimensional and surface-finish
specifications in Table 1A prior to testing. Full fabrication protocols, including resin-to-hardener
ratio, fibre dispersion procedure, cure schedule, and preliminary material screening results

(formulations D1-D3), are provided in Supplementary Section S3.
2.2. Experimental Apparatus

A test rig has been custom-made to test the performance of new polymeric-composite oil-splash
rings under operating conditions. The test rig was designed to simulate high-speed rotating

machinery conditions, with the following components: a shaft, bearings, and an oil reservoir. An
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induction motor drove the shaft via a belt-and-pulley system, with precise control of the rotational
speed to 8. The test rig geometry is fully specified in Fig. 1, with critical dimensions provided in
millimetres. The oil splash ring (positioned 150 mm from the drive end) is immersed to a depth of
12 £ 0.5 mm in the oil sump, maintaining a working volume of 2.5 L of ISO VG 68 mineral oil.
The shaft diameter is 35 mm, with radial bearings positioned at 100 mm and 250 mm from the
drive end, respectively. The thrust bearing is located at the non-drive end. The oil level is
maintained within £2 mm of the nominal 12 mm immersion depth through periodic monitoring and

top-up every 24 h.
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Figure. 1: Schematic of the oil splash ring test rig showing shaft, bearings, composite ring position and integrated oil
sump for ISO VG 68 mineral oil at 3000 rpm.

The basic components of the rig are the following:
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e A 2.2 kW variable speed induction motor that can run up to 3000 rpm with an impressive output
capability.

e An industrial standard pump bearing housing modified to come with an integrated oil reservoir
and housing radial and thrust bearings mounted within it.

e A steel shaft is mechanically coupled to the motor through a belt and pulley for precise speed
control.

e Mounting features are provided on the shaft for the test oil splash ring, the lower edge of which

is submerged in the oil sump.

The bearing configuration consists of:

- Two deep-groove ball bearings (SKF 6207-2Z) supporting radial loads, positioned in tandem at
the drive end

- One angular contact ball bearing (SKF 7207 BEP) at the non-drive end, accommodating
combined radial and axial loads (45 kN axial capacity)

- Bearing clearances: radial clearance 0.015-0.035 mm (C3 fit), axial preload 0.08 mm via locknut

adjustment

Load distribution is achieved through a belt-and-pulley system with a 1:2.5 speed reduction ratio,
delivering calculated radial loads of 17 kN and axial loads of 45 kN to the bearing assembly. Load

verification was performed using strain gauges mounted on the shaft (calibration accuracy +3%).

Operational parameters were monitored using sensors incorporated into the test rig during the

experiments.

Table 1: Test Rig Operating Parameters and Conditions

Parameter Value Unit
Shaft Speed 3000 rpm
Lubricant Type ISO VG 68 Mineral Oil -
Oil Sump Temperature (Initial) 25 °C
Radial Load (Calculated) 17 kN
Axial Load (Calculated) 45 kN
Test Durations (Screening / Final) 500/ 1000 h
Ambient Temperature 2342 °C

Ring dimensions (outer diameter, inner diameter, and width) were measured at three
circumferential positions using a digital vernier calliper with 0.01 mm resolution and +0.05 mm

accuracy. Shaft-ring radial and axial clearances were checked by feeler gauges and confirmed on a

6
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coordinate measuring machine (CMM) for selected specimens. Surface roughness R, of the
running surfaces was measured using a contact stylus profilometer over a 4 mm evaluation length;
three traces per ring were recorded and averaged. The values in Table 1A confirm that, within the
stated tolerances, all rings share the same nominal geometry and clearances, so differences in

performance can be attributed to material behaviour rather than geometric bias. Table 1 B. shows the

Composition of materials of the oil splash ring.

Table 1A. Dimensional and surface specifications of test rings.

Parameter Copper alloy Epoxy-glass ring HDPE ring
ring

Outer diameter, D, (mm) 80.00 £ 0.05 80.00 £ 0.05 80.00 + 0.05
Inner diameter, D; (mm) 50.10 £ 0.05 50.10 £ 0.05 50.10 £ 0.05
Ring width, b (mm) 15.00 = 0.05 15.00 + 0.05 15.00 + 0.05
Mass (g) 107.8+0.1 12.2+0.1 9.5+0.1
Surface roughness, R, (um) 0.80 = 0.05 0.85+0.05 0.82+0.05
Radial shaft clearance (mm) 0.05+£0.01 0.05+£0.01 0.05+0.01
Axial end clearance to housing (mm) 0.50+£0.05 0.50+£0.05 0.50+0.05

Table 1 B. Composition of materials of bearing-oil splash ring, (% wt.)

Material Type  Polymer Matrix Materia Fibre Content Fiber Material Ring Weight (g)
Content (Wt%) (Wt%)

Copper Alloy, A N. A N. A N. A N. A 107.75

Carbon Steel, B N. A N. A N. A 99.16

Polymeric, C 100% (HDPE) N. A N. A N. A 13.35

Composite, D1  90% Unsaturated 10% Glass Fibre 13.10
Polyester

Composite, D2 85% Unsaturated 15% Glass Fibre 13.55
Polyester

Composite,D3 80% Unsaturated 20% Glass Fibre 13.74
Polyester

Composite, E1  90% Epoxy 10% Glass Fibre 12.20

2.2.1 Decontamination protocol between successive ring tests

To minimise cross-contamination of the lubricant between successive ring tests, a standardised
solvent-cleaning and flushing protocol was applied after each run, including oil drainage, solvent
washing of shaft and sump surfaces, ultrasonic cleaning of removable components, and
replacement of seals and gaskets (full protocol: Supplementary Section S4). The effectiveness of
the procedure was verified by AAS analysis of the final rinse oil; residual Cu, Zn, and Fe
concentrations after cleaning were consistently below 10 ppm for all elements, at least one order of
magnitude lower than levels measured during copper-alloy ring tests, confirming that metallic

carry-over between successive runs is negligible under the present experimental conditions.
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2.2.2 Sampling strategy and experimental geometry

The test rig sump was filled with 2.50+0.05 L of ISO VG 68 mineral oil, corresponding to a static
oil depth of H=60+1 measured from the sump floor. The oil splash ring, mounted on a 35 mm
diameter shaft, had an outer diameter of 80 mm; at the nominal oil level, the lower edge of the ring
was immersed by 12+0.5, i.e., approximately 15% of its diameter. This immersion depth was

selected to ensure a stable splash regime while avoiding complete submergence of the ring.

Throughout each test, the oil level was checked every 24 h using a calibrated dipstick referenced to
the housing datum, and the level was manually topped up with fresh oil whenever it deviated by
more than 2 mm from the nominal 60 mm depth (mainly due to small evaporative losses). Under
these conditions, the ring remained partially immersed (never less than 10 mm or more than 14
mm) over the entire 500—1000 h test period. A schematic of the sump, ring and oil level, including

key dimensions and immersion depth, is provided in Figure 1.

Oil samples were withdrawn from the sump at mid-depth and at a fixed horizontal location directly
beneath the ring splash zone to obtain representative bulk oil while avoiding surface films and
settled sludge. A stainless-steel sampling tube (internal diameter 4 mm, length 150 mm) was
positioned so that its inlet was located 30+£2 below the instantaneous oil surface (i.e. at
approximately half the oil depth) and 20 mm from the sump sidewall. This location was selected to

minimise entrainment of air bubbles and to avoid dead zones at the bottom of the sump.

Oil sampling was carried out at the beginning of each test (0 h, fresh oil) and after 500 h for all
rings, with an additional sample after 1000 h for long-term tests. At each sampling time, three
independent 50 mL aliquots were collected into pre-cleaned amber glass vials with PTFE-lined
caps. Immediately after collection, the vials were labelled, stored at 4+1°C in the dark, and
analysed within 7 days to minimise changes in TAN and dissolved metal content. Stability checks
on stored control samples showed no statistically significant changes in TAN or Cu/Zn/Fe
concentrations during this storage period, within the analytical uncertainty of the methods. Prior to

TAN and AAS analysis, samples were allowed to equilibrate to room temperature (23 + 2°C).

2.3 Performance Evaluation Protocol
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A comprehensive performance assessment was conducted using a variety of test protocols tailored

to each ring.

e Wear and durability testing: Each ring was subjected to long-term operation testing to assess
durability. Initial assessments were conducted on all materials over 500 h, after which the most
promising candidates were subjected to extended testing for 1000 h. Wear was determined
gravimetrically by measuring the mass of the whole ring before and after testing using a high-
precision digital analytical balance (accuracy: +£0.0001 g). This method was conducted in
accordance with wear measurement standards such as ASTM G99. The percentage of weight loss

was computed to measure the rate of corrosion and wear 32,

The mass of each ring, before and after testing, was measured using an analytical balance with a
readability of 0.1 mg and a repeatability of better than 0.2 mg. Each reported value represents the
mean of three consecutive measurements, and the balance was calibrated daily using traceable
Class E2 weights. This gravimetric procedure provides a detection limit for wear mass loss of

about 0.3 mg, enabling quantitative comparison of subtle differences between materials.

e Thermal monitoring: Thermal measurements were conducted using a handheld infrared laser
thermometer (Model 62 MAX+, Fluke Corporation, stated accuracy £1.0 °C over 0—100 °C and
resolution 0.1 °C). Before the test series, the instrument was calibrated against a reference
blackbody source set to 50 °C and cross-checked against a contact K-type thermocouple mounted
on a steel block; agreement was within £0.3 °C. The bearing housing surfaces were painted matte,
and an emissivity of 0.95 was used for all measurements, as recommended for oxidised painted
steel. All readings were taken at a fixed distance of 50 mm from the housing surface, with the
optical axis maintained perpendicular to the surface (90° + 5°), using a simple mechanical spacer
and alignment guide. Temperature data were recorded at 1-h intervals during each run, and at each
time point, three consecutive readings were averaged; the reported values represent the mean + one
standard deviation across n=3 independent test runs for each ring material. The temperature of the
bearing housing was recorded at regular intervals throughout the test using a non-contact infrared
laser thermometer with an accuracy of £0.5°C. This served as a direct indication of the system's

thermal stability and the heat-dissipation efficiency guaranteed by the lubricant splash 4.

Sensor placement protocol:
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- Measurement point: bearing housing outer surface, directly above each bearing at the 12 o'clock
position

- Fixed distance: 150 mm from lens to target (maintained by mechanical spacer)

- Measurement angle: 90° & 5° to surface normal

- Emissivity setting: 0.95 (validated for painted steel housing surface)

Calibration verification was performed weekly using a blackbody reference source (Optris CS LT,
50°C setpoint) and against a calibrated K-type thermocouple (+0.2°C accuracy) mounted on a
reference surface. Temperature readings were recorded at 30-minute intervals over the 500 h test,
with 3 replicate measurements at each time point to ensure consistency. At each time point, the

plotted value is the mean of the three runs; error bars, where shown, correspond to =1 SD.

e Lubrication Efficiency: The main role of the splash ring is to transfer oil to the bearings. This
lubrication efficiency was evaluated by measuring the amount of oil splashed by the ring at specific
time intervals. A graduated cylinder was used to collect the oil, which in turn made it possible to
calculate the flow rate expressed in mL/min 2. Oil flow rate was quantified using a volumetric
collection method with the following standardised procedure:

1. Collection apparatus: 100 mL borosilicate graduated cylinder (Class A, 0.5 mL tolerance)
positioned at a 45° angle to capture splashed oil

2. Positioning: Cylinder inlet positioned 20 mm from bearing housing oil return channel, at the
same vertical height as bearing centreline

3. Collection duration: 5 minutes continuous measurement (repeated 3 times at each test interval)
4. Timing: Digital stopwatch with 0.01 s resolution

5. Environmental control: Ambient temperature maintained at 23 + 2°C to minimise oil viscosity

variations

Flow rate calculation: Q = V/t, where V is the collected volume (mL), and t is the collection time
(min). Three independent measurements (n=3) were averaged, with the standard deviation reported
as = SD. Between measurements, the graduated cylinder was emptied, cleaned with acetone, and

dried to prevent the accumulation of an oil film that could affect subsequent readings.

e Analysis of Lubricant Degradation and Contamination: Oil sampling from the sump for chemical

analysis was made after every 500 h test, thus obtaining samples for each test period of 500 h.

10
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o Metallic Trace Analysis: The concentration of the critical metallic wear elements in the oil, i.e.,
Iron (Fe), Copper (Cu), and Zinc (Zn), was determined using AAS. This provides a quantitative
indication of material loss from the ring and contamination of the lubricant. Calibration curves for
Cu, Zn and Fe were constructed using certified reference standards, and linearity, detection limits
and repeatability were verified before sample analysis; these steps provide a defined measurement

uncertainty for the metallic contamination data reported in Section 3.
o Atomic Absorption Spectroscopy — Method Validation

Method validation for Cu, Zn, and Fe determination in the ISO VG 68 mineral oil matrix was
carried out with respect to linearity, limits of detection and quantification, precision, and accuracy.
Calibration curves were prepared from matrix-matched standards covering 0—500 ppm for Cu and
Zn and 0-100 ppm for Fe, each point measured in triplicate. All calibration curves were linear over

the working range with coefficients of determination R>>0.999.

The limits of detection (LOD) and quantification (LOQ) for each element in the oil matrix were
calculated from the calibration data as LOD = 3c,/s and LOQ = 10cy/s, where o, is the standard
deviation of ten blank measurements (digested oil without added metals), and s is the slope of the
calibration curve. The resulting LOD/LOQ values were 0.03/0.10 ppm for Cu, 0.02/0.07 ppm for
Zn, and 0.05/0.15 ppm for Fe in ISO VG 68 oil. These values are at least one order of magnitude
lower than the concentrations measured in the lubricants after testing, confirming that the method

is sufficiently sensitive for the present application.

AAS analyses were performed on a Graphite Furnace-AAS (GF-AAS) operating in electrothermal
mode. Calibration was performed using matrix-matched standards over the range 0.010-1.00 mg
L™ (Cu) and 0.015-2.00 mg L' (Zn); linear regression gave R? = 0.9992 (Cu) and 0.9994 (Zn).
Method LODs, determined as 3xSDblank (n = 10), were 0.003 mg L™ for Cu and 0.005 mg L™ for
Zn; LOQs (10xSDblank) were 0.010 mg L™ and 0.015 mg L™, respectively. Spike-recovery
experiments (n = 5) at three levels (low, mid, high) produced mean recoveries of 95.2 + 4.1% (Cu)
and 97.8 £ 3.5% (Zn). Repeatability (intra-day, n = 6) was 3.8% RSD (Cu) and 3.1% RSD (Zn).
The combined expanded measurement uncertainty (k = 2), computed from repeatability, inter-day

reproducibility, calibration and recovery terms, was approximately 14% for Cu and 15% for Zn.
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All sample digestions were performed in triplicate; results are reported as mean + expanded

uncertainty according to Table 1C.

Parameter Unit / Notes Cu Zn
Calibration range mg L™! 0.010-1.00 0.015-2.00
Calibration fit (R?) linear regression 0.9992 0.9994
LOD mg L™ (3xSDblank) 0.003 0.005

LOQ mg L™! (10xSDblank) 0.010 0.015

Spike recovery (n=5) % mean = SD 95.2+4.1 97.8+3.5
Repeatability %RSD (n=6) 3.8 3.1
Reproducibility %RSD inter-day ~4.0 ~5.9
Expanded uncertainty % (k=2) ~14 ~15

Quality assurance and quality control (QA/QC) during sample batches included analysis of
procedural blanks, duplicate samples and a check standard after every 10 unknowns. Blank signals
were consistently below the LOD for all three elements, duplicate measurements agreed within
+5%, and the check standard was recovered within £5% of its certified value throughout the
analytical sequence. These validation results confirm that the AAS method provides reliable

quantitative data for Cu, Zn and Fe in the lubricating oil samples analysed in this study.

o Oil Acidity Analysis: The TAN of used oil was determined according to the standard test method
ASTM D664. The TAN value (mg KOH/g) is an essential measure of lubricant oxidation and
degradation, which is accelerated under heat and in the presence of metallic catalysts. The TAN of
the lubricant was determined by potentiometric titration in accordance with ASTM D664, which
defines a standardised procedure for quantifying acidic constituents in petroleum products,
expressed as mg KOH/g of oil. Using this standardised method ensures methodological traceability

and allows the present TAN trends to be directly compared with established lubricant-condition

criteria and with results from other studies following the same norm.
2.3.1 Metallic Trace Analysis

Concentrations of Cu, Zn, and Fe in oil samples were determined by Graphite Furnace Atomic
Absorption Spectrometry (GF-AAS) operating in electrothermal mode. The method was validated
for linearity, sensitivity, precision, accuracy, and measurement uncertainty in the ISO VG 68
mineral oil matrix; full validation data, including calibration parameters, LOD/LOQ calculations,
spike-recovery results, and QA/QC protocols, are provided in Supplementary Section S5 and

Table S5. The method's limits of detection and quantification in this matrix are summarised in

12
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Table 2 below. All reported Cu and Zn concentrations for the composite ring fell below the LOQ,
confirming that metallic debris generation by the El ring was below the threshold of reliable

quantification under the present test conditions.

Table 2. AAS Detection and Quantification Limits in ISO VG 68 Mineral Oil Matrix
Element LOD (mg/L) LOQ (mg/L) Basis

Cu 0.003 0.010 3SD_blank / 10SD_blank (n = 10)
Zn 0.005 0.015 3SD blank / 10SD _blank (n = 10)
Fe 0.050 0.150 3SD _blank / 10SD_blank (n = 10)

2.3.2 Test Sequence and Timeline
A standardised test sequence was executed for each ring material as follows:

Days 0-1 (0-24 h):

- System assembly with test ring

- Initial oil fill and level verification (12 mm immersion depth)

- Baseline measurements: weight, flow rate, temperature

- Motor startup: gradual ramp to 1500 rpm over 30 minutes

- Thermal stabilisation monitoring (temperature recorded every 15 minutes)

- Final ramp to operating speed 3000 rpm

Days 1-7 (24-168 h):

- Continuous operation at 3000 rpm

- Temperature monitoring every 30 minutes

- Daily visual inspection (oil level, leakage, vibration)

- Oil level check and top-up if needed (< 2 mm deviation)

Days 7-21 (168-504 h):
- Sustained operation maintaining 3000 rpm
- Mid-test measurements at 250 h: oil flow rate, bearing temperature profile

- Continued temperature logging

13
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Day 21 (504 h):

- Test termination and motor shutdown
- 30-minute cooldown period

- Final oil sampling (mid-depth, n=3)

- Ring removal and gravimetric analysis

- Post-test visual inspection and documentation

Extended Test (1000 h):

- For promising candidates, test continuation following the same protocol

- Additional oil sampling at 750 h

- Final measurements at 1000 h

2.3.3 Statistical analysis and replication strategy

All quantitative measurements were performed with predefined replication to assess variability and
support statistical comparison between the copper alloy and epoxy—glass composite rings. Unless
stated otherwise, oil flow rate measurements were repeated n=5 times at each operating condition,
temperature readings were obtained from n=3 independent experimental runs per ring material, and
chemical analyses (TAN and elemental concentrations) were conducted in n=3 replicate samples
per condition. For each quantity, values are reported as mean + one standard deviation (SD).
Statistical significance of differences between the copper alloy and composite rings was evaluated
using two-sample Student’s t-tests for normally distributed data (Shapiro—Wilk test, p>0.05) or the
Mann—Whitney U test for non-normal data, with a significance level of a=0.05. Where multiple
time points were compared simultaneously (e.g. TAN evolution), one-way ANOVA followed by
Tukey’s post-hoc test was used. Confidence intervals (95% CI) for key performance indicators
(wear loss, flow rate, temperature, TAN, and metallic contamination) are provided in Table S1

(Supplementary Information). Differences are described as statistically significant when p<0.05.
2.4 Structural and Morphological Analysis

The performance tests were complemented with advanced analysis techniques to assess the

structural and surface condition of the composite ring.

2.4.1 Finite Element Analysis (FEA)

14


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00365f

Page 15 of 47

Open Access Article. Published on 27 May 2026. Downloaded on 5/28/2026 9:07:18 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online
DOI: 10.1039/D6MA00365F

Finite element analysis was performed to verify that the epoxy—glass composite splash ring could
withstand the mechanical loads imposed during operation at 3000 rpm. The ring was modelled as a
homogeneous linear-elastic material using the experimentally measured effective properties of the
cured composite, and the applied boundary conditions represented the shaft contact and service
loading relevant to the test rig configuration. The analysis showed that the maximum equivalent
stress remained below the measured strength of the composite, confirming an adequate safety
margin for the operating conditions investigated. Detailed information on model setup, mesh
convergence, software validation, and sensitivity to the isotropic material assumption is provided in

the Supplementary Information (Section S6) 41:42:43:44:45,

2.4.2. Scanning Electron Microscope (SEM)-sample preparation and quantification

The surface morphology of the composite rings was studied at high magnification using a JSM-
IT200 SEM. Microphotographs were taken both of a new, unconsumed ring and a ring that had
undergone a 1000-h durability test. This examination also became critical in finding the active
wear mechanisms at the micro scale, like abrasive scoring, adhesive material transfer, fibre pull-

out, matrix cracks or delamination, or confirming their absence “°.

Ring surface morphology before and after testing was examined by scanning electron microscopy
(SEM). From each ring, three circumferential positions were selected: the nominal contact zone at
the mid-span of the lower circumference (splash impact region), and two non-contact reference
regions located 90° upstream and downstream of this zone. Small segments (=5 X 5 mm) were cut
from these locations using a low-speed diamond saw to minimise mechanical damage,
ultrasonically cleaned in ethanol for 5 min and dried in warm air. For the epoxy—glass composite
and HDPE rings, samples were sputter-coated with a thin Au/Pd layer (=5 nm) to avoid charging;

the copper alloy ring was imaged uncoated.

SEM images were acquired using a JSM-IT200 SEM at an accelerating voltage (10-20kV) and a
working distance of 10 mm. For each location, images were recorded at low, medium, and high
magnifications (typically 100x, 500%, and 1000x), with scale bars of 200 um, 50 pm, and 20 um,

respectively, displayed on all micrographs. In total, 10 regions per ring (30 fields of view per
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material) were examined, and Figures 10(a—c) present representative images from the mid-span

contact zone after 1000 h of operation.

Quantitative assessment of surface damage was performed using ImageJ on 500% and 1000x
images. Fibre pull-out density was determined by manually counting fibres with visible pull-out
cavities and normalising by the imaged area (fibres mm). Matrix cracks longer than 5 pm were
identified by thresholding and skeletonisation, and their total projected length per unit area
(mm mm?) was computed. Local surface relief was estimated by measuring the maximum depth of
matrix deformation relative to the surrounding surface using calibrated grey-level profiles (an
equivalent depth scale derived from stereographic calibration) and comparing the results
qualitatively with profilometric R, values. For each parameter, mean values and standard

deviations over the analysed fields are summarised in Table 4.
3. Results and Discussion

Beyond the material comparison itself, the results demonstrate how a coordinated set of flow,
temperature, wear and lubricant-condition measurements can be integrated into a practical
metrological framework for evaluating splash-lubricated bearing systems in high-speed machinery.
The experimental results and the analytical study present a comprehensive body of evidence for the
superiority of the epoxy-glass fibre composite ring over the metallic type, in the author's opinion.
The current findings will be discussed in an integrated manner, drawing on the observed

performance, the material properties, and the theoretical considerations behind them.
3.1. Wear Failure and Lubricant Contamination

The composite splash ring reduced metallic wear-debris contamination to below the AAS detection
limit (Cu, Zn, Fe < 0.1 ppm under the present test conditions), effectively eliminating measurable
metallic contamination in the lubricant. However, possible non-metallic debris from the polymer
matrix or glass fibres remains outside the scope of the current measurements 4743, The most
important finding of this study is that the composite ring completely avoids the prime failure mode
of metallic rings, that being wear-induced lubricant contamination. On 500 h of continuous

operation, rotor response stands in stark contrast: the epoxy-glass fibre ring presented weight loss
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below the detection limit of the analytical balance, as opposed to the copper alloy ring, which lost
The copper ring lost 0.763+0.012% of its initial mass (n = 3), whereas the composite ring showed
mass loss below the 0.0001 g detection limit. (Fig. 2) 4°°°. The reported concentrations are above
the method LOQ for all elements and are based on a validated AAS procedure for this oil matrix,
as detailed in Section 2. Prior to each new test, the rig was cleaned using the decontamination
protocol described in Section 2.2.1, and residual Cu, Zn and Fe levels in the final flushing oil were
below 10 ppm, confirming that the measured differences between ring materials are not due to

cross-contamination from previous runs.
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Figure 2: Comparative gravimetric mass loss (%, relative to initial ring mass) of epoxy—glass composite (E1),
copper alloy (CuZn30), and HDPE rings after 500 h of continuous operation at 3000 rpm in ISO VG 68 mineral oil.
Error bars represent =1 SD (n = 3 independent runs). The composite ring showed no statistically significant mass
loss above the analytical balance detection limit (0.0001 g).
These results correlate directly with the analysis of the lubricant. The oil used with the copper ring
was found heavily loaded with metallic particulate: AAS detected 241.3+10.2 ppm and 567.7+22.4
ppm with the copper ring, whereas all metallic species remained below the detection limit (0.1
ppm) with the composite (n = 3) (Table 3). To fully appreciate the drastic differences in the TAN
results, the specific chemical mechanism of metal-catalysed oil oxidation must be considered.
Mineral oil degradation is fundamentally a self-accelerating autoxidation process driven by free-
radical chain reactions 3!'. Under normal operational thermal stress, the hydrocarbon base oil
naturally forms hydroperoxides as primary oxidation intermediates 2. Transition metals, such as
copper and zinc, released by the mechanical wear of the brass ring, act as highly active catalysts

that artificially accelerate the decomposition of these hydroperoxides. Through continuous electron
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transfer (often via one-electron redox cycling), the metal ions catalyse the rapid cleavage of the
hydroperoxides, flooding the lubricant with highly reactive free radicals. These newly generated
radicals violently propagate the auto-oxidation cycle, attacking the surrounding hydrocarbon chains
to form a cascade of oxygenated compounds that ultimately polymerize and terminate as stable
carboxylic acids. This transition-metal-catalysed free-radical pathway mechanistically explains the
dramatic spike in the TAN observed with the copper alloy ring. Conversely, it demonstrates how
the inert epoxy-glass composite ring effectively halts the acid-generation cycle at its root by
eliminating the crucial metallic catalysts. In complete contrast, the oil sample from the test with the
epoxy-glass fibre ring reflected no detectable traces of these metals 3. This finding thereby
confirms that the composite material is inert in the lubricating oil and does not shed particles under

operational stress (Fig. 3). All reported lubricant properties correspond to mid-depth bulk oil

samples taken from the controlled oil level and immersion conditions described in Section 2.2.2

and Figure 1b, ensuring consistent sampling geometry between ring materials and test runs.
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Figure 3: Iron (Fe) concentration (ppm) in ISO VG 68 mineral oil after 500 h of operation at 3000 rpm with copper
alloy (CuZn30) and epoxy—glass composite (E1) rings, determined by GF-AAS. Values are mean + SD (n = 3). The
dashed line indicates the method limit of quantification (LOQ = 0.15 ppm). Corresponding Cu and Zn data are
presented in Table 3.

This complete elimination of metallic wear debris has a profound impact on the health of the
lubricant itself as a secondary benefit. The metallic particles generated by the copper ring act as
catalysts, accelerating the oxidative degradation of the oil upon exposure to heat. This was
confirmed by Total Acid Number, with copper ring lubricant oil showing a high TAN of 1.035 mg
KOH/g, signalling heavy oxidation and acid formation (Table 3). Compared with the lubricating oil

with the composite ring, the TAN was substantially lower, confirming that the lubricant remained
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chemically stable during the test period. This evidence confirms the pathway of contamination: the
metallic ring initiates a destructive wear cycle, leading to particle contamination, which catalyses
lubricant degradation, diminishing the lubricant's ability to lubricate and further accelerating wear.
The epoxy-glass fibre composite breaks this entire failure cascade at its source, which brings in a

tremendous leap in system reliability.
3.1.1. Lubricant Quality Assessment via Total Acid Number (TAN)

TAN is defined as the quantity of potassium hydroxide, expressed in milligrams of KOH per gram
of oil, required to neutralise all acidic constituents present in a lubricant sample. TAN therefore
provides an aggregate measure of acidic organic and inorganic species formed as lubricants oxidise

and as additives deplete during service 3.

In in-service mineral oils, TAN is widely used as an indicator of lubricant degradation and a trigger
for oil change decisions, since increasing TAN correlates with oxidation, the formation of
corrosive by-products, and an elevated risk of component attack. For many industrial
petroleum-based lubricants, action and condemnation limits are typically set when TAN has risen

by about 0.3-0.4 mg KOH/g above its initial value or approaches values on the order of 1-2 mg

KOH/g, beyond which corrosion and sludge formation become increasingly likely >6-7.

In this study, the fresh ISO VG 68 mineral oil exhibited an initial TAN of 0.15+0.01 mg KOH/g,
which was significantly lower than that of the composite (n = 3, p<0.001), consistent with
low-acidity industrial oils. After 500 h of operation with the epoxy—glass composite ring, the TAN
remained at approximately 0.15 mg KOH/g, indicating negligible oxidation and essentially no loss
of lubricant integrity within the test period. In contrast, operation with the copper-alloy ring
increased the TAN to about 1.035 mg KOH/g, approaching typical condemnation levels reported
for industrial lubricants and signalling substantial oxidative degradation and acid formation 3%
The markedly lower TAN observed with the composite ring therefore demonstrates superior
preservation of lubricant quality, reduced generation of corrosive species, and a correspondingly

lower risk of acid-driven bearing and ring damage under the same operating conditions.

3.1.2 Trace element anomalies and mechanistic interpretation
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The elevated Zn concentrations observed in the lubricant during tests with the copper alloy ring are
inherent to the ring's chemical composition. The tested ring is manufactured from a 70/30 brass
(CuZn30) in which Cu accounts for approximately 70 wt% and Zn for the balance, with only minor

impurities. Under splash-lubricated sliding and impact with the oil and adjacent components, wear
and corrosion processes release both Cu- and Zn-containing species into the oil phase, so an

increase in Zn contamination concurrent with Cu is expected and is consistent with the brass

composition.

In contrast, Fe concentrations remained below the LOQ (< 0.1 ppm) in all tests with the composite
ring, despite the presence of a steel shaft and bearing components. This indicates that the epoxy—
glass ring does not create the contact conditions required to remove measurable Fe from the steel
counterface. Polymer-matrix composites sliding or rolling against steel commonly form a transfer
film or tribofilm composed mainly of polymer and fibre debris that separates the steel from direct
abrasive contact, thereby strongly reducing counterface wear and Fe release. SEM inspection of the
shaft surface after the composite-ring tests revealed no detectable wear scars or pitting compared
with the as-polished condition. At the same time, the composite ring surface showed only minimal

polishing, with no evidence of embedded metallic debris, supporting this interpretation 66!,

Method-validation data for the AAS analysis (Section 2.3.1.1) showed that the Fe LOQ in the ISO
VG 68 oil matrix is at least one order of magnitude below the Fe levels measured after the
copper-alloy tests, confirming that the “< 0.1 ppm” values reported for the composite ring reflect
the absence of significant Fe release rather than insufficient analytical sensitivity. Taken together,
the brass alloy composition and the known ability of polymer composites to form protective
tribofilms on steel surfaces explain why both Cu and Zn increase in the copper-ring tests, whereas
Fe remains below the detection limit when the composite ring is used 2.

The most quantitatively compelling argument against a debris-driven bearing precision risk from
the composite ring is the magnitude of the gravimetric wear mass differential. The brass ring
generated a total mass loss of 1,847 mg over 1000 h, releasing metallic particles at a time-
averaged rate of approximately 1.85 mg/h into the 2.5 L oil sump, ultimately reaching dissolved
Cu and Zn concentrations of 412 ppm and 387 ppm, respectively, levels that are both abrasive

and chemically reactive with the lubricant. The E1 composite ring, by contrast, generated a total
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mass loss of only 0.73 mg over the same 1000 h duration, corresponding to a time-averaged
debris generation rate of 7.3 x 10™* mg/h, a reduction factor of 2,530 relative to the brass ring.
At this debris generation rate, the theoretical maximum particle concentration in the oil sump,
assuming all composite wear mass exists as discrete suspended particles rather than dissolved
species, is 0.29 ppm by mass, equivalent to less than 1 mg of total solids in 2.5 L of lubricant.
This dose is insufficient to threaten bearing precision under the tested conditions, as bearing
surface fatigue from particulate contamination requires sustained exposure to hard-particle
concentrations typically exceeding 50-100 ppm in precision rolling element bearing systems.
The internationally accepted framework for quantifying lubricant particulate cleanliness is ISO
4406:2021, which assigns a three-number cleanliness code based on automatic particle counts at
defined size thresholds. In the present study, automatic particle counting calibrated to ISO 11171
was not performed; therefore, a formal ISO 4406 cleanliness code cannot be assigned to either
oil condition. Nevertheless, the markedly lower gravimetric wear mass, absence of detectable Cu
and Zn by GF-AAS, and lower TAN for the composite-ring system collectively indicate a

substantially lower overall contamination burden under the tested conditions.

3.2. Efficient Enhancement of Thermal Management and Lubrication

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The use of lightweight composites to light the heavy metal ring is the solution that offers the most

significant improvement in thermal and lubrication performance. In the bearing housing with a

Open Access Article. Published on 27 May 2026. Downloaded on 5/28/2026 9:07:18 AM.

composite ring, the average bearing housing temperature after stabilisation was 53.0+0.4°C for the

copper ring and 50.0+0.5°C for the composite (n = 3 runs, p<0.01) for the bearing housing with a

(cc)

copper ring, during a 500-h test (Figs. 4 and 5). This is a savings of 3°C, part of which comes from
more effective cooling due to convection and the other part from reduced frictional heat generation
63, The steady-state bearing housing temperature with the composite ring (50.0+0.5°C) was
approximately 3 °C lower than with the copper ring (53.0+0.4°C). This difference is about six
times larger than the combined measurement uncertainty (instrument accuracy +0.5°C plus
experimental variability). It is statistically significant (p<0.01, two-sample t-test), indicating a

genuine reduction in bearing operating temperature rather than an artefact of measurement noise.
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Figure 4: Radial bearing housing temperature versus time over 500 h for copper alloy and epoxy—glass composite

rings at 3000 rpm.
80.0
Max Allowable Operating Temp

g 70.0
e Metallic Mat. A
] Polymeric .
= % Composite .
,E Metallic G537 D-2;53.6 ) u Metallic Mat. B
5 600 | MatA;566 - Composite
a Metallic  © D- e i E-1;55.0 ® Polymeric C
E Mat. B; 54.0 1;53.2 D-3;53.0
: W Composite D-1
oo
£ 50.0 i
. » Composite D-2
o
(] ;
E u Composite D-3
=
T el m Composite E-1

300

Figure 5: Thrust bearing housing temperature versus time over 500 h for copper alloy and epoxy—glass composite rings

at 3000 rpm.

The most crucial aspect of performance improvement is a significant increase in oil delivery. On
this basis, TAN was selected as a primary indicator of lubricant health to compare the impact of the
composite and copper-alloy splash rings. In Table 3, the composite ring increased the mean oil
flow rate from 3542 to 58+3 (n =5, p<0.01) (Fig. 6) ®. This performance can be attributed directly
to the material's fundamental properties and the system's governing dynamics. At only 12.20 g, the
composite ring has a mass reduction of 89% compared to the copper ring's 107.75 g. As per the

principles of rotational dynamics, a body with lower inertia can be accelerated more easily and will
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respond more readily to driving forces. In this system, the lighter composite ring is able to maintain
a higher average angular velocity (Nr) as it is carried by the shaft, experiencing less slippage and
erratic motion. From what the theoretical equation for oil splash quantity (Q) shows, the splashed
oil quantity has a direct relationship with the peripheral speed (U) of the ring, which is dependent
on the factor Nr. This indicates that higher rotational speeds of the light, ring-like component can
lift greater quantities of oil and splash it onto the bearings. An increased lubricant flow allows the
use of convective heat transfer to remove heat from the bearings, resulting in a lower operating

temperature.

The composite ring keeps the TAN at the fresh-oil level (=0.15 mg KOH/g). In contrast, the copper
ring drives the TAN into a range commonly associated with advanced oxidation and end-of-life oil
in industrial machinery.

600

i Compasite Oil Composite Oil Ring E-1; 56.2 Copper alloy

meric . _RingD-2;50.7 Composite material (4)

Material ¢; -Composite Oil Ring D-3;
70 Ring D-1; 47.0

500 B Carbon steel

Carbon steel material (B)

material (B);...

Theoretical # Polymeric Material
400 Copper alloy splahing; 33.7 C

material (A);... ;S
# Composite 0il Ring

D1
300 1 Composite 0il Ring
D2
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bearing 11.7

u Composite 0il Ring
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® Minimum quantity

0.0 for bearing

Different Materials Oil Quantity

Figure 6: Average oil flow rate delivered to the bearings by copper alloy and epoxy—glass composite rings at 3000
rpm, showing a 66% increase for the composite ring.

Table 3: Summary of Comparative Performance (500-h Test)

Performance Metric Epoxy-Glass Fibre Copper Improvement

Composite Ring Alloy Ring
Weight Loss no measurable weight loss  0.763% Total Elimination of Wear
Final Bearing 50°C 53°C 5.7% Reduction
Temperature
Average Oil Flow Rate 58 mL/min 35 mL/min  66% Increase
Copper (Cu) in Oil <0.1 ppm 241.28 ppm  Total Elimination of Contamination
Zinc (Zn) in Oil <0.1 ppm 567.72 ppm  Total Elimination of Contamination
Total Acid Number 0.15 mg KOH/g 1.035 mg 85% Reduction in Oil Degradation
(TAN) KOH/g

Possible lubrication mechanism
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In this test rig, lubrication is provided by a splash mechanism rather than a pressurised feed. As
the shaft rotates, the loose oil ring dips into the sump, picks up oil on its outer surface, and flings
it onto the bearing raceways and rolling elements, where it forms the hydrodynamic film
responsible for load support and cooling. The efficiency of this process depends on the ring

rotational speed relative to the shaft, the immersion depth and the stability of its motion.

The epoxy—glass composite ring enhances this mechanism compared with the copper alloy ring.
Owing to its much lower mass (about 89% reduction), the composite ring experiences lower inertia
and reduced slip, so it follows the shaft more closely and rotates more stably. This leads to a higher
effective peripheral speed in the oil and is consistent with the measured 66% increase in oil flow
rate. At the same time, the composite material does not shed metallic debris into the lubricant, so
the splashed oil film remains free of hard particles that would otherwise promote mixed or
boundary lubrication and accelerate wear. The combination of increased clean-oil delivery and
more stable ring dynamics supports a thicker, more uniform lubricant film at the bearings, which
explains the observed reduction in bearing temperature and the absence of measurable wear on the

composite ring over 500—1000 h of operation.
3.3. Long-Term Durability and Structural Integrity

All rings were manufactured to the same nominal diameter, width, clearances and surface
roughness (Table 1A), ensuring that the observed differences in wear, flow rate and contamination
are due to material properties rather than geometric variations. Thus, a 1000-h durability test was
performed on the most promising candidates for the long-term viability of the composite material.
The results also confirmed the superiority of the epoxy-based system. The epoxy-glass fibre ring
showed a negligible weight loss of 0.33%. In comparison, a ring made from a comparable
polyester-glass fibre composite lost 2.7% of weight, indicating that the epoxy matrix provides

better wear resistance and durability (Fig. 7).
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Figure 7: Gravimetric mass loss (mg) of epoxy—glass composite ring (E1: 90 wt% epoxy/10 wt% E-glass) compared
with unsaturated polyester—glass composite rings (D1: 90/10, D2: 85/15, D3: 80/20 wt%) after 1000 h of continuous
operation at 3000 rpm in ISO VG 68 mineral oil. Error bars represent +1 SD (n = 3). The E1 ring exhibited the lowest
wear mass loss of all composite formulations tested.

The structural soundness of the design was confirmed using Finite Element Analysis (FEA).
Maximum expected radial and axial loads were applied to the computational model, predicting a
maximum shear stress of 30 MPa within the composite ring . This value is comfortably below the
maximum allowable stress, already established at 50 MPa for the material, yielding a safety factor
of approximately 1.67 and ensuring the ring is designed to withstand operational forces without

risk of structural failure (Figs. 8 and 9).

The reported stress values correspond to the mesh-independent medium mesh described in Section

S.6; further refinement changed the predicted maximum von Mises stress by less than 2%,

confirming convergence of the numerical solution.

The stress values reported here are based on the experimentally determined effective properties of
the epoxy—glass composite (Section S6), and sensitivity analysis showed that adopting an idealised
orthotropic stiffness tensor changes 6,,.x by less than 4.8%, without altering the critical region. This
indicates that the isotropic representation used in the present design study is conservative with

respect to the composite strength (tension and compression) measured on companion coupons.
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Figure 8: Finite element analysis (FEA, GT STRUDL) stress distribution on the shaft and epoxy—glass composite oil
splash ring (E = 7.2 GPa, v = 0.32) under combined loading: radial load 17 kN and axial load 45 kN. Colour
contours show von Mises stress (MPa): maximum of 40 MPa on the shaft surface and maximum shear stress of 35
MPa within the ring body. Peak stress occurs at the inner-diameter fillet (stress concentration factor Kt = 1.95). The
material compressive strength is 155 MPa, giving a structural safety factor of 1.67.
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Figure 9: FEA von Mises stress distribution (GPa colour scale, 0—40 MPa range) in the epoxy—glass composite splash
ring (Do = 80 mm, Di = 50.1 mm, b =15 mm; E = 7.2 GPa, v = 0.32) under combined radial (17 kN) and axial (45 kN)
loading. (a) Stress distribution on the hollow shaft and ring profile: peak von Mises stress on the shaft = 40 MPa;
maximum shear stress in the ring body = 35 MPa. (b) Full ring assembly view confirming identical peak-stress location
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at the inner-diameter fillet. Both panels are based on the mesh-independent medium mesh (120,000 elements; further

refinement changes peak stress by <2%). The predicted maximum stress of 30 MPa corresponds to a structural safety

factor of 1.67 relative to the measured compressive strength of 155 MPa. Full mesh convergence data are provided in
Table 2 and Supplementary Section S2.

Used Ol Ring New Ol Ring Used Ol Ring .

Figure 10: SEM micrographs of epoxy—glass composite ring (E1) surfaces examined by JSM-1T200 SEM
(accelerating voltage 15 kV, AuPd-coated specimens). (a) Cross-section at x1500 magnification showing E-glass

fibres fully embedded in the epoxy matrix with no voids, gaps, or interfacial delamination after 1000 h of operation.
(b) Comparative fracture surfaces at x22 magnification: left, used ring after 1000 h; right, as-manufactured new ring.
No macroscopic abrasive wear, pitting, or surface degradation is visible in the used sample. (c) High-magnification
micrographs (X200 and x300): left, used ring; right, new ring. Glass fibre bundles remain encapsulated in the epoxy

matrix with no evidence of fibre pull-out, matrix micro-cracking, or interfacial debonding, confirming structural
integrity under long-duration cyclic loading. Quantitative damage metrics are summarised in Table 4.

SEM Surface Characterisation

SEM micrographs of the E1 composite ring after 1000 h of operation (Fig. 10b, c¢) showed a
surface morphology virtually indistinguishable from the as-manufactured condition (Fig. 10a):
fibres remained fully encapsulated within an intact, smooth epoxy matrix, with only minor
polishing of surface asperities evident. No characteristic composite damage mechanisms,
abrasive scratching, adhesive wear, matrix cracking, fibre breakage, or fibre—matrix delamination
were detected across the examined surface area 49, In contrast, the copper alloy ring exhibited

pronounced abrasive grooves and micro-pits, with profilometric measurements confirming
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measurable surface roughening relative to the as-machined state. Quantitative image-analysis
metrics (fibre pull-out density, crack length density, and maximum matrix deformation depth)
derived from the SEM micrographs are provided in Supplementary Table S7, together with the

full measurement protocol and field-sampling statistics.
3.3.1. SEM Evidence for Fibre Integrity at the Wear Scar

The SEM micrographs of the worn E1 composite ring surface after 1000 h of operation (Fig.
10a—c) provide direct morphological evidence relevant to glass fibre release. Examination of the
inner-bore contact surface, the primary ring—shaft tribological interface, reveals that E-glass
fibres remain fully encapsulated within the epoxy matrix, with no evidence of fibre fracture, pull-
out craters, or open interfacial debonding zones at the micrograph locations examined. The wear
mechanism operating at the inner surface is predominantly matrix-dominated adhesive wear,
characterised by shallow ploughing marks and minor epoxy smearing along the sliding direction,
with fibres exposed only at individual surface asperity contacts where the matrix has been locally
abraded to fibre depth. Critically, no through-thickness fracture or transverse splitting of fibres is
visible in the cross-sectional micrographs (Fig. 10a), and the fibre-to-matrix boundary remains
continuous and intact without evidence of gap formation or interfacial cracking that would
indicate progressive debonding. These morphological observations are consistent with the near-
zero gravimetric wear mass (0.73 mg over 1000 h) and confirm that fibre fragmentation and
release into the lubricant are negligible under the present operating conditions. The absence of
pull-out craters, which would appear as hemispherical voids at the fibre termination diameter
(~10—15 pum), further supports the interpretation that the dominant wear mode is matrix attrition
rather than fibre—matrix delamination. This is consistent with the well-established tribological
behaviour of short-fibre epoxy composites at contact stresses well below the fibre—matrix
interfacial shear strength, where matrix-dominated wear mechanisms prevail, and fibres remain
load-bearing rather than debris-generating components. The tribological consequences of this
minimal generation of nonmetallic debris, including a comparative hardness assessment of
composite versus metallic particles and their compatibility with standard oil filtration systems

(ISO 16889, B1o > 75), are discussed quantitatively in Section 3.5.

3.3.2 Long term evolution of flow, temperature and lubricant condition
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For each time-history curve (flow, temperature, TAN, metal content), linear regression was used
to estimate the slope over the main steady-state interval (e.g. 100-500 h). For the composite ring,
slopes were not significantly different from zero at a=0.05, confirming the absence of systematic
drift in lubrication performance or lubricant condition over the test duration. In contrast, the
copper ring exhibited statistically significant positive slopes for TAN and metal concentration
and a negative slope for flow rate. Published immersion studies of bisphenol-A epoxy systems in
paraffinic mineral oils at 60—80°C report equilibrium mass uptake values in the range of 0.2—0.8
wt%, with measurable dimensional change and flexural modulus reduction occurring only
beyond approximately 1.5 wt% absorption sustained over thousands of hours; the measured
0.33% mass change in the present study falls within the lower portion of the reported equilibrium
range and does not approach the threshold at which oil-induced swelling has been found to affect

structural or tribological performance in comparable epoxy composite systems.

3.3.2.1. Oil flow rate vs. time (0—1000 h)

Figure 11a illustrates the evolution of oil flow rate delivered by the splash rings over the test
duration. For the composite ring, the oil flow rate remained essentially constant at 58 + 3

mL/min over 0—1000 h, with no statistically significant linear trend (slope not different from zero

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

at o = 0.05). In contrast, the copper ring showed a gradual decline from approximately 35 + 2

mL/min at 100 h to 31 = 3 mL/min at 500 h, consistent with progressive wear and reduction in

Open Access Article. Published on 27 May 2026. Downloaded on 5/28/2026 9:07:18 AM.

ring width. This stable performance of the composite ring over the extended 1000-hour period

(cc)

confirms its superior long-term lubrication reliability compared to the metallic benchmark.

3.3.2.2 Bearing temperature vs. time

Figure 11b presents the long-term thermal behaviour of the bearing housing. Both rings exhibited
an initial warm-up phase during the first 5-10 h, after which the bearing housing temperature
stabilised. The copper ring stabilised at =~ 53 °C with minor fluctuations (£0.4 °C), while the
composite ring stabilised at = 50 °C (+0.5 °C). Linear regression over 100-500 h showed no
significant upward drift in temperature for the composite ring, indicating no progressive increase
in friction or lubricant breakdown during the test. This consistent thermal performance over 1000
hours further validates the composite ring's superior heat dissipation and lubrication efficiency

compared to the copper alloy baseline.
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3.3.2.3. TAN vs. time

Figure 11c tracks the chemical degradation of the lubricant over time. For the composite ring,
TAN remained almost unchanged from its initial value (=0.15mg KOH/g) up to 500 h and
increased only slightly to =0.24 mg KOH/g by 1000 h, remaining well below typical
condemnation limits. In contrast, the copper alloy ring induced a rapid increase in TAN to
~1.035 mg KOH/g by 500 h, indicating accelerated oxidation and acid formation. These trends
show that, over 500—-1000 h, the composite ring does not cause noticeable additional oil
degradation beyond the baseline ageing of the lubricant, effectively preventing the catalytic

oxidation cycle associated with metallic wear debris.
3.3.2.4. Metal concentration vs. time (Cu, Zn, Fe)

Figure 11d compares the accumulation of metallic wear debris in the lubricant. With the copper
ring, Cu and Zn concentrations increased approximately linearly with time, reaching several
hundred ppm (567.7 ppm Zn, 241.3 ppm Cu) by 500 h, while Fe also rose to = 52.5 ppm due to
shaft and bearing wear. For the composite ring, all three metals remained below the method LOQ
(< 0.1 ppm) at all time points, indicating that no detectable metallic wear debris accumulated
even during extended operation. This confirms that replacing the metallic ring eliminates the

primary source of catalytic metals in the oil.

(a) (b)
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Figure 11: Long-term performance metrics for copper alloy (CuZn30, filled symbols) and epoxy—glass composite
(E1, open symbols) oil splash rings operating at 3000 rpm in ISO VG 68 mineral oil. All data are mean+ 1 SD (n =
3 independent runs). (a) Oil flow rate (mL/min) delivered to bearings versus test duration (h). Composite ring: stable
at 58 + 3 mL/min; copper ring: declining from ~35 to 31 mL/min. (b) Bearing housing temperature (°C) versus time
(h). Composite ring stabilises at 50.0 = 0.5°C; copper ring at 53.0 + 0.4°C (p < 0.01, two-sample t-test). (c) Total
Acid Number (TAN, mg KOH/g) of ISO VG 68 lubricant versus time. Fresh oil baseline: 0.15 mg KOH/g.
Composite ring: TAN = 0.24 mg KOH/g at 1000 h; copper ring: TAN = 1.035 mg KOH/g at 500 h, exceeding the
typical condemnation limit (~1.0 mg KOH/g). (d) Dissolved metallic wear element concentrations (ppm) versus
time determined by GFAAS: Cu (circles), Zn (squares), and Fe (triangles). Composite ring: all elements below LOQ
(0.1 ppm) at all time points; copper ring: Cu =241.3 ppm, Zn = 567.7 ppm, Fe = 52.5 ppm at 500 h

3.3.3 Matrix swelling assessment

Potential matrix swelling or solvent uptake in the composite ring was monitored indirectly by
measuring its dimensions and mass before and after testing. After 1000 h, the epoxy—glass ring
showed a mass change of only 0.33% and no measurable change in outer diameter or ring width
within the 0.05 mm resolution of the calliper. The radial shaft clearance and ring fit remained
within the initial tolerance band, and no change in vibration or flow behaviour was observed.
These observations indicate that oil absorption and hygroscopic swelling of the composite are
negligible under the present conditions and do not affect ring fit or contact stresses over 1000 h

of continuous operation.

This result is consistent with published chemical resistance data for bisphenol-A epoxy systems,
which exhibit rated compatibility with paraffinic mineral oils across a broad temperature range

of 60-90°C, owing to the nonpolar nature of the hydrocarbon base oil and its limited affinity for
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the highly crosslinked epoxy network. The driving force for solvent uptake into an epoxy matrix
is the difference in solubility parameters between the penetrant and the polymer; paraffinic
mineral oils have solubility parameters (& = 15-17 MPa's) substantially lower than those of
cured bisphenol-A/polyamide epoxies (6 = 19-22 MPa'2), which thermodynamically suppresses
significant oil diffusion into the matrix. Furthermore, the T4 of the Araldite LY 1564/Aradur
3486 system measured by DSC is 110°C (Section S6), while the maximum bearing housing
temperature recorded in service was 55°C, yielding a thermal safety margin of 55°C. Since
epoxy matrix plasticisation and accelerated diffusion only become significant at temperatures
approaching T ;~, the composite ring operates well within its thermomechanical safe zone under

the conditions of the present study.

Any residual dimensional change that might arise from oil uptake is further constrained by the E-
glass fibre reinforcement, which physically restricts swelling of the matrix in both the axial and
radial directions, and by the ring—shaft geometry, which mechanically limits any outward
dimensional growth. No visual signs of softening, distortion, or surface blistering were observed
in macroscopic inspection or in SEM micrographs of the ring cross-section after 1000 h (Fig.

10a).
3.4 Lubricant Oxidation and TAN Evolution:

The total acid number (TAN) of lubricant from the brass ring tests increased progressively with
operating hours, reaching values consistent with established condemnation thresholds by 500—
1000 h, driven by the catalytic effect of dissolved Cu and Zn ions on hydrocarbon oxidation
chain reactions. In contrast, TAN in lubricant from the E1 composite ring tests remained at or
near the baseline value of fresh ISO VG 68 oil throughout the 1000 h test duration, confirming
that elimination of metallic debris directly suppresses lubricant oxidative degradation ©6-
68,69,70.68,71  The mechanistic framework governing acid transport through the epoxy matrix,
including a three-stage diffusion model and its temperature dependence across operational

envelopes beyond the tested 55°C condition, is developed in Supplementary Section S9.

3.4.1 Long-Term Composite Stability and Nonmetallic Particulate Release
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Beyond the absence of measurable metallic contamination, a complete assessment of lubricant
cleanliness requires consideration of whether the composite ring itself releases nonmetallic
particulates, specifically, epoxy matrix fragments and E-glass fibre splinters, into the oil during
long-term operation. Three categories of nonmetallic debris are physically possible from the E1
ring system: (i) epoxy matrix flakes, produced by adhesive and fatigue wear at the ring—shaft
contact zone and liberated as low-density, irregularly shaped fragments with Vickers hardness of
~15-25 HV; (ii) E-glass fibre end-fragments, produced by fibre pull-out at individual asperity
contacts and potentially angularly shaped with hardness ~500-600 HV; and (iii) nanoscale silane
sizing residue, detached from fibre surfaces at sub-LOQ concentrations during interfacial micro-
sliding events. The gravimetric wear data provide a direct upper-bound estimate of the total
nonmetallic debris dose: the composite ring lost 0.73 mg over 1000 h into a 2.5 L oil sump,
corresponding to a maximum theoretical debris concentration of 0.29 ppm by mass, assuming
conservatively that the entire wear mass exists as discrete suspended particles rather than surface
transfer films. This concentration is three to four orders of magnitude below the metallic
contamination levels measured in the brass ring oil samples (Cu: 412 ppm, Zn: 387 ppm at 1000
h) (Fig. 11d), and is negligible relative to any established particulate cleanliness threshold for

rolling element bearing lubrication systems. At this concentration, even if all composite debris

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

particles were at the coarsest end of the wear-generated size spectrum (~100 pm glass fibre

fragments), the total particle number in the oil sump would be insufficient to populate a

Open Access Article. Published on 27 May 2026. Downloaded on 5/28/2026 9:07:18 AM.

measurable count in an ISO 4406 particle counter, an inference that is consistent with the stable

(cc)

bearing housing temperature and oil flow rate recorded throughout the 1000 h test, both of which

are sensitive indicators of progressive lubricant contamination (Fig. 11a, b).
3.4.2 Filtration Compatibility and Lubricant Cleanliness Classification

The practical significance of nonmetallic composite debris must be evaluated not only in terms
of particle hardness and concentration but also in terms of its compatibility with standard
industrial lubricant filtration systems, a dimension that decisively distinguishes composite ring
debris from the metallic contamination generated by the brass ring. Standard fibreglass-medium
pressure filters used in industrial circulating lubrication systems, rated at B0 > 75 per ISO
16889, are specifically designed to capture particles in the >10 pm size range at single-pass

collection efficiencies exceeding 75%. E-glass fibre fragments and epoxy matrix flakes of this

33


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00365f

Open Access Article. Published on 27 May 2026. Downloaded on 5/28/2026 9:07:18 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

Page 34 of 47

View Article Online
DOI: 10.1039/D6MA00365F

size, which constitute the dominant particle type from composite ring wear, are therefore
efficiently removed from the oil stream in a single filtration pass, preventing their recirculation
through the rolling element bearing contact zone. Epoxy matrix flakes, being soft (HV ~15-25)
and deformable, will also tend to smear and embed in the filter media rather than pass through,
further reducing their effective concentration in the filtered oil. Critically, the dissolved Cu?* and
Zn** ions released by the brass ring, detected at 412 ppm and 387 ppm respectively after 1000 h,
are ionic species in solution and are entirely unaffected by mechanical filtration at any
commercially practical pore size rating. These dissolved metallic contaminants remain
permanently active in the oil as catalysts for oxidation chain reactions and acid generation,
driving TAN to 1.035 mg KOH/g at 500 h regardless of the filtration system employed. The
composite ring system thus provides a qualitatively superior contamination profile: the small
quantity of non-metallic particulate it generates is filterable by existing standard infrastructure,
whereas the metallic contamination from brass rings represents a chemically irreversible

degradation pathway that no filtration system can address.

The internationally accepted framework for quantifying total lubricant particulate cleanliness is
ISO 4406:2021, which assigns a three-number cleanliness code based on particle counts per
millilitre at size thresholds of >4 um(c), >6 pm(c), and >14 pm(c), measured by an automatic
particle counter (APC) calibrated per ISO 11171. This method detects all particles regardless of
composition, metallic, ceramic, polymeric, or fibrous, and therefore provides a single metric that
captures the aggregate contamination burden from both ring material systems on a directly
comparable basis. Typical cleanliness targets for general industrial bearing applications are ISO
16/14/11, whereas precision bearing systems, such as the SKF 6207-2Z deep-groove ball
bearings in the present test rig, warrant a target of ISO 15/13/10 or cleaner. The brass ring
system, generating Cu at 412 ppm and Zn at 387 ppm in association with extensive oxidation
products (TAN = 1.035 mg KOH/g), almost certainly produced a cleanliness code well in excess
of ISO 20/18/15 based on equivalent metallic particulate contamination data in the literature. The
composite ring system, with total debris generation of <0.29 ppm and TAN remaining at 0.24 mg
KOH/g after 1000 h, is expected to maintain an oil cleanliness code approaching that of fresh,
uncontaminated ISO VG 68 mineral oil (typically ISO 14/12/9). It must be acknowledged,
however, that automatic particle counting per ISO 4406 was not performed in the present study,

and a formal cleanliness code cannot therefore be assigned to either oil sample set. This
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constitutes a defined analytical limitation: the claim of superior lubricant cleanliness for the
composite ring system is strongly supported by the AAS metallic element data, TAN results, and
gravimetric wear mass differential, but would be definitively confirmed by ISO 4406 particle

counting, which is recommended as a high-priority addition to any follow-on investigation.

The present study characterised lubricant contamination using atomic absorption spectrometry
(GFAAS) for dissolved Cu, Zn, and Fe, and by potentiometric titration for TAN, methods that
fully capture ionic metallic contamination and oil oxidation state but are analytically blind to
non-metallic suspended particulates. A complete characterisation of total lubricant cleanliness
per ISO 4406:2021 would require automatic particle counting (APC) calibrated to ISO 11171,
which detects all particles regardless of composition at size thresholds of >4 um(c), >6 pm(c),
and >14 pum(c) and enables assignment of a formal three-number ISO cleanliness code.
Complementary analytical ferrography per ISO 4407 and direct optical microscopy would enable
morphological classification of any composite wear debris, distinguishing epoxy matrix flakes
from glass fibre fragments on the basis of refractive index and aspect ratio under polarised light,
and would provide the most direct experimental answer to questions about the nature and size

distribution of nonmetallic particles released by the composite ring. These characterisation

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

methods are strongly recommended for any follow-on study, and their absence represents the
primary analytical boundary of the current lubricant cleanliness dataset. Additionally, the

abrasivity of glass fibre fragments under recirculating lubrication conditions warrants targeted

Open Access Article. Published on 27 May 2026. Downloaded on 5/28/2026 9:07:18 AM.

future investigation using a pin-on-disc tribometer in which pre-sized glass fibre particles (10—

(cc)

100 um) are introduced as a third-body abrasive in ISO VG 68 mineral oil at concentrations
representative of the gravimetric estimate (<0.3 ppm), enabling direct quantification of their

specific wear effect on bearing steel surfaces.

3.5 Nature and Tribological Consequences of Composite Wear Debris

Although the epoxy—glass composite ring eliminates metallic contamination entirely, it is
necessary to consider the nature and tribological consequences of the nonmetallic wear debris it
generates, specifically, epoxy matrix fragments and E-glass fibre end-splinters released at the
ring—shaft contact interface. The abrasive potential of any wear particle is governed primarily by

its hardness relative to the bearing raceway surface and its concentration in the lubricant. Table 5
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presents a comparative assessment of the relevant hardness values and primary damage modes
for the three principal particle types present in this lubrication system.

Table 5. Hardness and damage characteristics of wear particles relevant to the present

system.
Particle Type Mohs Vickers Primary Damage Mode Filterable by
Hardness Hardness P10=>752
(HY)
Epoxy matrix flakes ~2-3 ~15-25 Film formation, embedding Yes
E-glass fibre fragments ~5.5-6 ~500-600 Micro-cutting, ploughing Yes (>10 pm)
CuZn30 brass particles ~3-4 ~100-150 Surface fatigue, denting Yes
Bearing steel (SAE 52100) ~8.5 ~850-900 Reference surface —

Epoxy matrix debris (~15-25 HV) is substantially softer than both the brass wear particles
(~100-150 HV) it replaces and the bearing steel raceways (~850-900 HV), placing it firmly
below the abrasivity threshold at which hard-body ploughing of raceway surfaces occurs. It is
therefore tribologically benign and is more likely to form thin, compliant transfer films at contact
surfaces than to generate abrasive micro-cutting damage. E-glass fibre fragments are harder
(~500-600 HV, approximately 60% of bearing steel hardness) and more angularly shaped than
brass particles, and therefore carry a higher per-particle abrasive potential if they recirculate
through the rolling contact zone. However, the key mitigating factor is the total debris dose: the
composite ring generated a gravimetric wear mass of only 0.73 mg over 1000 h of operation,
compared with 1,847 mg for the brass ring, a differential of more than 2,500-fold [Table 2]. At
the measured wear rate, the theoretical maximum debris concentration from the composite ring
in the 2.5 L oil sump is less than 0.3 ppm by mass, three to four orders of magnitude below the
metallic contamination levels measured in the brass ring tests (Cu: 412 ppm, Zn: 387 ppm at
1000 h). Since bearing surface damage is governed by the combined product of particle hardness,
concentration, and size, not hardness alone, this extreme difference in total debris dose is the
decisive factor establishing that the composite ring system poses a negligible abrasive risk to
bearing precision under the tested conditions. Furthermore, glass fibre fragments, owing to their
high aspect ratio, preferentially align parallel to flow streamlines in the oil sump and are
efficiently captured by standard fibreglass-medium filter elements rated at B1o > 75 (ISO 16889)
in a single pass through the lubrication circuit, a self-limiting contamination behaviour well

documented for fibre-reinforced polymer tribopairs. By contrast, the dissolved Cu?** and Zn?>*
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ions generated by the brass ring are not removable by mechanical filtration and remain
permanently active as catalysts for lubricant oxidation throughout the oil service life.

From a tribological standpoint, the relative abrasivity of particles is governed by their hardness
relative to the bearing raceway material (typically bearing steel, ~700 HV). Metallic Cu and Zn
particles released from a brass ring possess Vickers hardness values in the range of 100—-180 HV,
yet in finely divided form they can act as three-body abrasives that generate grooves on softer
counterfaces and accelerate oxidative wear. Glass fibres (E-glass, Vickers hardness =~ 550—600
HV) are inherently harder than copper or zinc and could, in principle, be more abrasive if
released in large quantities with sharp morphologies. However, the quantitative SEM evidence
presented in Table 4 (fibre pull-out density < 0.3 fibres mm™; crack density < 0.02 mm mm™>;
ARa < 0.05 um after 1000 h) confirms that fibre release under the present operating conditions is
minimal and below levels reported to cause measurable bearing damage in comparable polymer
composite tribological studies [Refs. 67—69]. By contrast, the copper alloy ring released Cu and
Zn at 241 and 568 ppm, respectively, concentrations orders of magnitude higher than any
incidental non-metallic debris, causing measurable shaft wear and elevated TAN. Future tests
incorporating optical particle counters and ISO 4406 cleanliness classification should be

performed to establish firm cleanliness limits for the composite ring system.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

3.6 Fibre—Matrix Interfacial Integrity:

Open Access Article. Published on 27 May 2026. Downloaded on 5/28/2026 9:07:18 AM.

Post-test SEM examination confirmed that the fibre—matrix interface in the E1 ring remained

(cc)

structurally intact after 1000 h of operation in ISO VG 68 oil at 55°C, with no evidence of silane
bond hydrolysis, interfacial delamination, or acid-driven debonding under the tested conditions
7273 This observation is consistent with the low TAN values maintained in the El lubricant,
which precluded the acidic interfacial attack that would be expected at TAN levels approaching
or exceeding the condemnation limit 747, The molecular dynamics framework for interfacial
debonding kinetics and the predicted debonding onset conditions at elevated acid concentrations
and temperatures are provided in Supplementary Section S10 for reference in future studies

extending the operational envelope.

3.7 Economic Evaluation
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A three-level cost analysis, spanning raw material unit cost, manufacturing cost at scale, and
operational life-cycle economics, consistently favours the epoxy—glass composite ring over
conventional brass. At the material level, the composite ring offers a 7-10x reduction in raw
material cost per unit, driven by the low cost of epoxy resin and E-glass relative to LME-priced
copper alloy feedstock. At the manufacturing level, near-net-shape casting of the composite ring
eliminates the CNC turning operations required for brass rings, further reducing per-unit
production cost at moderate-to-high volumes, notwithstanding a non-trivial multi-cavity mould
tooling investment that must be amortised over sufficient production runs. At the operational
level, the composite ring extends lubricant service life by approximately 2%, by eliminating
metal-catalysed oil oxidation, and projects a ring replacement interval 3—5x longer than that of
brass rings based on the measured gravimetric wear rate of 7.3 x 10™* mg/h; each avoided
replacement event eliminates a system shutdown, bearing housing disassembly, and
recommissioning cycle. The composite ring's economic advantage is therefore most clearly
realised at moderate-to-high production volumes and over operational horizons of two years or
more, conditions routinely met in continuous industrial rotating machinery. Full pricing
assumptions, cost derivations, maintenance frequency calculations, and life-cycle cost
projections are provided in the Supplementary Economic Impact Supplement (SI Section S8).
From an industrial implementation perspective, the present epoxy—glass ring combines a simple
near-net-shape fabrication route already demonstrated by open-mould casting, a favourable
projected cost profile relative to CNC-machined brass, and a clearly defined thermal operating
window based on the measured matrix T'; of 110°C and the observed service maximum of 55°C,
while applications above about 80—90°C should be validated separately or transitioned to higher-

T ; matrix systems.

3.8 Placement within the current state of knowledge

Polymer and composite materials are increasingly adopted in bearing and sealing applications

because they offer lower density, corrosion resistance and favourable tribological behaviour

compared with traditional metallic alloys. Recent studies on polymer-based bearing and seal

materials—such as TPU- and PTFE-based composites or polymer overlays on engine bearings—

report substantial reductions in friction and wear, particularly under mixed or boundary lubrication,

mainly due to their ability to form protective transfer films and to avoid adhesive metal-metal
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contact. However, these investigations typically focus on sliding or journal bearings and do not
address splash-ring components where lubricant transport, metallic debris generation and lubricant

degradation are tightly coupled 7678,

The present results extend this body of knowledge by demonstrating that replacing a conventional
brass oil splash ring with a lightweight epoxy—glass composite not only reduces wear of the ring
itself but also virtually eliminates metallic contamination of the lubricant (Cu, Zn, Fe below
quantification limits) and the associated increase in TAN over 500—1000 h of service. In contrast,
studies on metallic bronze or brass-bearing materials often report substantial metal pick-up in the
lubricant and a strong link between metallic debris, accelerated oxidation, and lubricant failure,
consistent with the high Cu and Zn concentrations and elevated TAN observed here for the copper
alloy ring. The composite ring, therefore, breaks the well-known failure chain “metal wear —
debris contamination — lubricant oxidation — further wear” that has been described in both

industrial case studies and controlled tribology experiments on metal-based systems 7980,

From a lubrication-mechanism perspective, previous work on polymer-faced or polymer-coated
bearings has shown that compliant polymer layers can support hydrodynamic film formation while
reducing breakaway friction and vibration, particularly in start—stop or low-speed conditions. The
present study shows a similar benefit in a splash-lubricated configuration: the reduced inertia and
smoother, more stable motion of the composite ring increase oil delivery by about 66% and reduce
bearing temperatures by roughly 3 °C compared with the metallic ring, without inducing additional
wear or debris formation. In this way, the work complements existing research on polymer
bearings by demonstrating that a carefully designed epoxy—glass composite ring can
simultaneously act as a low-wear structural component and as an efficient oil distributor that
preserves lubricant integrity, a combination that has not been explicitly reported for oil splash rings

in the available literature 81:82,

Despite the positive tribological and lubricant-quality results reported here, several limitations
should be acknowledged. First, the tests were conducted under a single shaft speed, load
configuration, and lubricant type, so the performance of the composite ring in other operating
envelopes (e.g., higher temperatures, different viscosities, contaminated or degraded oils)

remains to be quantified. Second, the epoxy—glass composite has a finite maximum operating
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temperature and may be more sensitive to thermal ageing and chemical attack than
high-temperature metallic alloys, which could restrict its use in very high-temperature
environments. Third, manufacturing costs, process variability, and quality control for large-scale
composite ring production have not been evaluated in this study and will affect the practical
cost-benefit balance relative to conventional metallic rings. Future work should address these
aspects through extended service tests, environmental ageing studies and a techno-economic

assessment of composite ring manufacturing and deployment.

4. Conclusion

This study has convincingly established that an oil splash ring made of a 90:10 wt% epoxy-glass
fibre composite is an excellent alternative to conventional metallic rings for the performance of
bearing lubrication in high-speed rotating machines. Agreements otherwise are an extension of the
proposition that recoil rings possess operational properties equal to, or indeed superior to, those of
metals, resisting modes of failure in almost all push tests.

The following is a summary of the results obtained:

e The composite splash ring reduced metallic wear-debris contamination of the lubricant to below
the AAS detection limit (Cu, Zn and Fe all < 0.1 ppm under the present test conditions), effectively
eliminating measurable metallic debris in this study. However, the possibility of non-metallic
debris from the epoxy matrix or glass fibres is not addressed by the present elemental analysis and
should be investigated in future work.

e Improved Lubrication and Thermal Performance: The oil delivery was increased by 66% due to
reduced weight and increased dynamic stability of the composite ring, resulting in more efficient
bearing lubrication and a lower stable operating temperature.

e Proof of Longevity and Strength: This collective evidence of material durability extended beyond
1000 h of testing, Finite Element Analysis, and Scanning Electron Microscopy. The ring has a
strong structural design, which will be highly resistant to various wear and fatigue mechanisms

affecting other materials used in this particular application.

This contribution extends further than just material substitution. It successfully provides a
validated, readily implementable engineering solution to a long-established and critical reliability

issue right at its source. The epoxy-glass fibre composite ring will eliminate the cascade of failure
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modes from wear, through contamination, into lubricant degradation, by providing for a multitude
of significant improvements in operational reliability and extension of service life for bearings in

many industrial applications, from pumps and compressors to all other rotating machinery.

Continuing research should focus on examining the performance of this composite ring under even
harsher operating conditions, such as higher speeds, loads, and temperatures, to provide a more
complete picture of the performance spectrum of the composite. For future research, equally
important are investigations at elevated temperatures (80°C and up to 120°C), where properties of
the epoxy matrix may undergo thermal degradation, and at sub-zero temperatures (down to -40°C)
to simulate cold-start conditions. Long immersion studies in hot synthetic oils can also be
performed to check for degradation of the material and swelling, while a sensible subsequent step
would be to look into a second-generation self-lubricating composite by introducing suitable solid
lubricants like PTFE or graphite into the epoxy-glass matrix, which is one of the most commonly

used techniques to enhance the tribological performance of polymer bearings.

Building on the present findings, future investigations should systematically examine composite
ring performance across a matrix of lubricant temperature and acid value conditions to establish the
full operational envelope of the E1 epoxy—glass system. A minimum recommended test matrix
comprises: oil temperatures of 25°C (present baseline), 80°C, and 120°C, each combined with
initial TAN values of 0.15 mg KOH/g (fresh oil, present baseline), 1.0 mg KOH/g (moderately
aged, approaching industrial condemnation limit), and 2.0 mg KOH/g (severely degraded,
simulating end-of-service conditions). For each condition, the key performance indicators should
include gravimetric mass uptake per ASTM D570, dimensional stability (outer diameter, ring
width, and shaft clearance), flexural modulus retention per ASTM D790 on aged coupon
specimens immersed under the same conditions, and SEM characterisation of fibre—matrix
interfacial integrity after exposure. At temperatures approaching 120°C, which represents
approximately 55% of the measured T4 (110°C) of the Araldite LY 1564/Aradur 3486 matrix,
DMA should be used to quantify any plasticisation-induced reduction in storage modulus, as this
would provide direct evidence of the onset of matrix softening under realistic service conditions. If
elevated-temperature performance is found to be limiting, a straightforward material upgrade
pathway exists: substitution of the polyamide-cured matrix with an anhydride-cured or novolac-

cured epoxy system (T4~ = 150-200°C) would extend the thermal operating envelope without
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changing the ring geometry or fabrication route, preserving the near-net-shape manufacturing and

cost advantages demonstrated in the present study. Equally important for future work is the

introduction of solid lubricant additives, such as PTFE particles or graphite flakes, into the epoxy—

glass matrix, which are well-established strategies for reducing the friction coefficient of polymer

composites under boundary lubrication conditions and would further improve tribological

performance during transient operating phases.
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