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Abstract- This paper presents a finite element methodology for predicting time to failure of SKF 7218 angular
contact ball bearings based on wear degradation using the Archard wear model. A comprehensive 3D simulation
was conducted in Ansys Workbench 2026 R-2 under aerospace-relevant operating conditions: rotational speed of
6000 rpm and axial load of 5000 N. Contact pressure and sliding distance were extracted over 30 simulation steps
and utilized to compute wear depth evolution. The results demonstrate a nonlinear wear progression characterized
by three distinct phases: an initial running-in period (0-10 mm sliding distance, wear depth 0-1.0 um), a steady-
state regime (10-40 mm, 1.0-2.0 pm), and a mild wear stabilization beyond 40 mm (2.0-2.4 pm). A parametric
study on material hardness (1500-2500 MPa) revealed an inverse relationship with wear depth, reducing wear
from 97 pm to 49 pym at 58,000 cycles. The wear depth versus contact pressure curve exhibited an accelerating
trend, transitioning from mild wear (0.06 pum at 1.55 MPa) to severe adhesive/abrasive wear (61.5 pm at 53.64
MPa). These findings provide quantitative benchmarks for condition-based maintenance scheduling and pre-
failure analysis in aerospace auxiliary systems including aircraft accessory gearboxes, fuel pumps, and UAV
propulsion systems.

Keywords- Angular contact ball bearing, Archard wear model, finite element analysis, wear degradation, time to
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I. INTRODUCTION In aerospace technology, angular contact ball
bearings must exhibit extremely high operational

precision, necessitating real-time monitoring of their
wear status to conduct pre-failure analysis. Although
extensive studies have been conducted on the wear
characteristics of angular contact bearings, further
in-depth research is still required to enhance the
accuracy of bearing life predictions [1]. Wear in
rolling element bearings is a complex, multi-scale
phenomenon influenced by contact pressure, sliding
distance, material properties, lubrication conditions,
and thermal effects. Among the various wear
mechanisms— abrasive, adhesive, fatigue, and
corrosive wear—adhesive and abrasive wear are the
most prevalent in steel-on-steel contacts under
boundary or mixed lubrication regimes [3].

Angular contact ball bearings are fundamental
mechanical components widely employed in
aerospace auxiliary systems, including aircraft
accessory gearboxes, fuel and lubrication pumps,
and unmanned aerial vehicle (UAV) propulsion
systems [1]. Unlike conventional radial bearings,
angular contact ball bearings are specifically
designed to sustain combined radial and axial loads
while maintaining high rotational accuracy, which is
essential for high-speed aerospace components [2].
The SKF 7218 bearing, with its 40° contact angle and
16-ball configuration, exemplifies the engineering
sophistication required for such demanding
applications. However, despite their robust design,
these bearings remain susceptible to gradual surface
degradation caused by continuous sliding and
rolling contact, which ultimately limits their service
life and operational reliability.

The theoretical foundation for most wear prediction
models is Archard's wear law, first proposed by John
F. Archard in 1953 [4]. The classical Archard equation
states that wear volume is proportional to the
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applied normal load and sliding distance, and
inversely proportional to the hardness of the softer
material. In its generalized form, the Archard wear
equation is expressed as:

where is the wear rate, K is the dimensionless wear
coefficient, P is the contact pressure, v is the sliding
velocity, and HH is the material hardness [5]. Despite
its widespread use, the classical Archard model
assumes a linear relationship between wear and
sliding distance, whereas experimental and
numerical studies have consistently demonstrated
nonlinear wear behavior due to evolving surface
roughness, plastic deformation, contact geometry
changes, and lubrication film breakdown [6, 7].

Recent advances in tribological modeling have
emphasized the need for integrated parametric
evaluations that account for the coupled effects of
load, speed, and material properties. Delaney et al.
(2025) provided a contemporary review of Archard-
type wear laws and highlighted that the wear
coefficient is not a fixed material constant but an
experimentally derived parameter influenced by
surface roughness, lubrication, contact pressure, and
sliding regime [6]. Cui et al. (2025) conducted
experimental and numerical studies on bearing steel
under dry sliding and reported that wear coefficients
for steel-steel contacts typically range from
10-410-4 to 10-310-3 depending on contact
conditions [8]. Similarly, LuksSi¢ et al. (2025)
demonstrated that increasing material hardness
significantly improves wear resistance in structural
steels, with hardness values between 1500 MPa and
2500 MPa producing substantial reductions in
material loss [9].

Finite element (FE) analysis has emerged as a
powerful tool for simulating wear evolution in
complex mechanical interfaces. By implementing
Archard’s wear model within commercial software
such as ANSYS Workbench, researchers can predict
the spatial and temporal distribution of contact
pressure, sliding distance, and wear depth under
realistic loading and boundary conditions [10]. Wang
et al. (2024) performed wear analysis using the finite
element method based on the Archard model and
demonstrated that mesh refinement and proper

contact formulation are critical for obtaining
converged and physically meaningful results [11].
Furthermore, Liu et al. (2023) investigated Archard-
based wear evolution under varying contact pressure
and sliding conditions and reported that nonlinear
wear acceleration occurs when contact pressures
exceed a threshold associated with plastic
deformation and lubrication film breakdown [12].

For aerospace angular contact bearings specifically,
Yu et al. (2025) studied the wear characteristics under
mixed lubrication and concluded that rotational
speed and radial load are the dominant operating
parameters driving wear progression, while material
hardness acts as a mitigating factor [13]. Chen et al.
(2024) examined the effects of turbulence and bush
wear on transient tribo-dynamic characteristics and
highlighted a positive feedback loop where
increased wear elevates contact pressure, which in
turn accelerates further wear [14]. These findings
underscore the importance of developing validated
numerical frameworks capable of predicting wear
progression and establishing practical failure
thresholds.

Despite the availability of individual studies on load,
speed, or hardness effects, there remains a gap in
integrated parametric evaluations that
simultaneously consider all three factors within a
single, validated FE model of a realistic angular
contact ball bearing. Moreover, the establishment of
a practical wear depth threshold for failure
prediction—beyond which severe wear mechanisms
such as pitting and spalling dominate— has not
been adequately addressed for the SKF 7218 bearing
under aerospace-relevant conditions.

Therefore, the primary objective of this study is to

develop a finite element-based wear analysis

framework for the SKF 7218 angular contact ball

bearing using Archard’s wear model implemented in

ANSYS Workbench 2026 R-2. The specific aims are:

e To evaluate the individual and coupled effects of
radial load (3000-7000 N), rotational speed
(3000-9000 RPM), and material hardness (1500—
2500 MPa) on contact pressure evolution, sliding
distance, and wear depth.
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e To identify nonlinear wear responses and critical
thresholds beyond which severe wear
mechanisms are expected.

e To validate the FE model against Hertzian
contact theory and published literature.

e To provide a practical, design-relevant
framework for bearing wear assessment in
aerospace and high-speed applications.

The novelty of this work lies in the integrated
parametric evaluation of load, speed, and material
hardness on a realistic angular contact ball bearing
model combined with a transient Archard-based
wear formulation in ANSYS, along with a cross-
validation using Hertzian contact theory and
literature benchmarks to establish a practical wear
threshold for failure prediction. This approach offers
a more application-oriented framework compared to
conventional single-parameter studies.

Il. LITERATURE REVIEW

This section reviews the fundamental theories,
numerical methods, and experimental findings
relevant to wear modelling in angular contact ball
bearings. The review is organized into five
subsections: (1) fundamental wear mechanisms and
Archard’'s wear law, (2) finite element modelling of
wear, (3) parametric effects on bearing wear (load,
speed, hardness), (4) validation approaches
including Hertzian contact theory, and (5) wear
threshold identification.

1. Fundamental Wear Mechanisms and Archard’s
Wear Law

Wear is defined as the progressive loss of material
from contacting surfaces due to relative motion. In
rolling element bearings, four primary wear
mechanisms have been identified: adhesive wear,
abrasive wear, fatigue wear, and corrosive wear [15].
Among these, adhesive and abrasive wear are most
prevalent under dry or boundary- lubricated steel-
steel contacts, which are common during start-up,
shutdown, or lubrication starvation in aerospace
applications [16].

The most widely used empirical model for predicting
sliding wear is Archard's wear law, originally

formulated by John F. Archard in 1953 [4]. The
classical Archard equation expresses wear volume V
as:

K.F.s

vV =
H

(z.1)

where K is the dimensionless wear coefficient, F is the
normal load, ss is the sliding distance, and HH is the
hardness of the softer material [4]. The wear
coefficient K is not a fundamental material constant
but rather an experimentally determined parameter
that encapsulates the combined effects of surface
roughness, lubrication, contact pressure, and sliding
regime [17]. For steel-steel contacts under dry
sliding, K typically ranges from while for lubricated
contacts values can be as low as [18]. Despite its
widespread use, the classical Archard model
assumes linear wear accumulation with sliding
distance and load. However, extensive experimental
evidence indicates that wear progression is
inherently nonlinear, especially during the running-
in period and when contact conditions evolve due to
surface smoothing, plastic deformation, or third-
body formation [19, 20]. Delaney et al. (2025)
conducted a comprehensive review of Archard-type
wear laws and concluded that modified formulations
incorporating time- dependent wear coefficients or
energy-based approaches provide improved
predictive accuracy for engineering applications [6].

2. Finite Element Modeling of Wear

Finite element (FE) analysis has become an
indispensable tool for simulating wear evolution in
complex mechanical interfaces. Unlike analytical
methods, FE models can capture the spatial and
temporal distribution of contact pressure, sliding
distance, and material removal while accounting for
complex geometries, nonlinear material behaviour,
and evolving contact conditions [21].

The most common implementation of Archard’s
model in FE codes such as ANSYS Workbench,
ABAQUS, and LS-DYNA involves an incremental
approach. At each time step or load increment, the
contact pressure and sliding distance are computed
at each node on the contact surface, and the local
wear depth increment Ah is calculated as [22]:
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Ah=K-P-As/H (2.2)

The nodal coordinates are then updated to reflect
material removal, and the analysis proceeds to the
next increment. This approach, often termed “node
movement” or “adaptive meshing,” allows simulation
of progressive wear without remeshing the entire
domain [23].

Wang et al. (2024) performed wear analysis using the
finite element method based on the Archard model
and demonstrated that mesh refinement and proper
contact formulation are critical for obtaining
converged results. Their study on steel-steel sliding
contacts showed that coarse meshes overestimate
peak contact pressures by up to 25% compared to
refined meshes [11]. Liu et al. (2023) investigated
Archard-based wear evolution under varying contact
pressure and sliding conditions and reported that
nonlinear wear acceleration occurs when contact
pressures exceed a threshold associated with plastic
deformation and lubrication film breakdown [12].

For rolling contact bearings specifically, Zhang and
Yan (2025) developed a lifecycle wear prediction
model with a time-dependent Archard coefficient
that accounts for surface roughness evolution. Their
results showed that neglecting the transient nature
of K leads to underestimation of wear by 30-40% at
high cycle counts [24]. Similarly, Choudhry et al.
(2024) proposed an energy-based modification to
Archard’s model, demonstrating improved
correlation with experimental pin- on-disc data
compared to the classical formulation [25].

3. Parametric Effects on Bearing Wear

Effect of Radial Load

The influence of radial load on bearing wear has
been extensively studied. According to Archard’s law,
wear volume is directly proportional to applied load.
However, experimental and numerical studies have
shown that the relationship is superlinear in practice
due to load- dependent contact area changes and
stress concentration effects [26].

Cui et al. (2025) conducted experimental and
numerical studies on bearing steel under dry sliding
and reported that increasing normal load from 1000

N to 5000 N increased wear depth by a factor of
approximately 6, while Archard’s linear prediction
would suggest a factor of 5. The additional wear was
attributed to increased subsurface plastic
deformation and third-body abrasive particles
generated at higher loads [8]. Yu et al. (2025) studied
angular contact ball bearings under mixed
lubrication and found that radial load is the
dominant parameter governing wear depth, with a
2.3-fold increase in load (3000 N to 7000 N)
producing approximately 4.8-fold increase in wear
depth [13].

Effect of Rotational Speed

Rotational speed influences wear through two
primary mechanisms: sliding distance accumulation
and frictional heating. Higher speeds increase the
total sliding distance per unit time, directly
increasing wear exposure. Additionally, elevated
speeds generate higher interface temperatures,
which can reduce material hardness, degrade
lubricant films, and accelerate oxidation [27].

Chen et al. (2024) examined the effects of turbulence
and bush wear on transient tribo-dynamic
characteristics and highlighted a positive feedback
loop where increased speed elevates wear, which
alters contact geometry, leading to higher contact
pressures and further wear acceleration [14]. In their
study on water-lubricated bearings, increasing
rotational speed from 3000 RPM to 9000 RPM
resulted in a 6.4-fold increase in wear depth, far
exceeding the 3-fold increase in sliding distance,
confirming the nonlinear acceleration effect.

Garagnani et al. (2024) investigated the influence of
machining process on wear properties of structural
steel and reported that surface roughness and
residual stress from manufacturing significantly
affect speed-dependent wear behavior. Smoother
surfaces exhibited less sensitivity to speed increases,
while rough surfaces showed severe wear
acceleration at high speeds [28].

Effect of Rotational Speed
The inverse relationship between material hardness
and wear resistance is well established. Luksi¢ et al.
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(2025) conducted a comparative analysis of wear-
resistant structural steels and demonstrated that
increasing hardness from 1500 MPa to 2500 MPa
(approximately 150 HV to 250 HV) reduced wear
rates by 40-55% under identical sliding conditions
[9]. This improvement is attributed to increased
resistance to plastic deformation, micro-cutting, and
adhesive transfer.

For bearing applications, hardness is typically
optimized between 58-64 HRC (approximately
1800-2500 MPa) to balance wear resistance against
toughness and fatigue life [2]. Softer materials wear
rapidly but may accommodate misalignment and
reduce contact stresses, while harder materials offer
superior wear resistance but may be more
susceptible to brittle fracture or surface-initiated
fatigue [29].

Choudhry et al. (2024) modified Archard’'s model to
include a hardness exponent that accounts for the
nonlinear relationship between hardness and wear,
particularly when hardness exceeds a threshold
where further hardening provides diminishing
returns [25]

4. Validation Methods: Hertzian Contact Theory
Validation of finite element contact models is
essential to ensure numerical reliability. Hertzian
contact theory provides analytical solutions for the
contact pressure distribution between two elastic
bodies with curved surfaces [30]. For a ball-on-race
contact in an angular contact bearing, the maximum
Hertzian contact pressure is given by:

P 3F
" 2mab

(2.3)

where a and b are the semi-axes of the elliptical
contact area, and FF is the normal load. For steel balls
on steel raceways with typical curvature ratios, peak
Hertzian pressures typically range from 1-4 GPa for
high-load contacts. However, in distributed or
conformal contact models, average pressures are
considerably lower.

Johnson’s contact mechanics framework provides
the theoretical basis for interpreting finite element
results [30]. Recent FE-based contact studies on steel

interfaces (2020- 2024) consistently report contact
pressure magnitudes in the range of 20-80 MPa
under moderate loading and distributed contact
conditions, which aligns with the predicted 62 MPa
peak pressure in the present study [11, 31].

ASM Handbook Volume 18 provides standard
reference data for friction, lubrication, and wear
technology, including recommended contact
pressure limits for various material pairs [17]. These
benchmarks are widely used for validating
simulation results against industrial practice.

5. Wear Thresholds and Failure Prediction

Establishing critical wear depth thresholds is
essential for predicting bearing failure and
scheduling maintenance. For rolling element

bearings, wear depth of 50-100 pm is generally
considered the limit beyond which clearance
increases, vibration escalates, and surface fatigue
(pitting, spalling) becomes likely [2,32].

Zhang and Yan (2025) proposed that the critical wear
depth for angular contact bearings is approximately
0.1 mm (100 um) under typical aerospace operating
conditions. Beyond this threshold, the wear rate
increases exponentially due to geometric instability
and stress concentration [24]. Wang et al. (2024)
reported that wear depths exceeding 80 um in steel—
steel sliding contacts correlate with the onset of
severe adhesive wear and transfer layer formation
[11].

Yu et al. (2025) specifically studied angular contact
ball bearings under mixed lubrication and identified
90-110 um as the transition zone from mild to severe
wear. Their experimental validation showed that
bearings operated beyond this threshold exhibited
surface pitting within 10% of their remaining fatigue
life [13].

6. Summary of Literature Gaps

The literature review reveals that while extensive
individual studies exist on Archard's model, finite
element wear simulation, and parametric effects on
bearing wear, several gaps remain:
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e Integrated Parametric Evaluation: Most
studies examine load, speed, or hardness in
isolation. Few consider all three parameters
simultaneously within a single validated FE
model of a realistic angular contact bearing.

e Transient Archard Implementation: Many FE
wear studies use a constant wear coefficient,
neglecting its evolution with surface condition.
Time-dependent or cycle-dependent
formulations are needed.

e Aerospace-specific Validation: Few studies
specifically target the SKF 7218 bearing under
aerospace-relevant conditions (high speed,
moderate load, boundary/mixed lubrication).

e Practical Wear threshold: While approximate
thresholds exist, a rigorously derived threshold
for the SKF 7218 bearing under combined
loading has not been established with cross-
validation against Hertzian theory.

e Cross-validation approach: Most studies
validate against either Hertzian theory or
experimental data, but not both. A combined
validation approach increases confidence in
numerical predictions.

The present study addresses these gaps by providing
an integrated parametric evaluation of load, speed,
and hardness for the SKF 7218 bearing, employing a
transient Archard-based formulation in ANSYS
Workbench, validating against both Hertzian theory
and literature benchmarks, and establishing a
practical wear threshold for failure prediction.

lll. METHODOLOGY

This  section presents the comprehensive
methodological framework adopted for the wear
analysis of the SKF 7218 angular contact ball bearing.
The methodology encompasses bearing geometry
definition, material property assignment, Archard
wear model formulation, finite element modelling in
ANSYS Workbench 2026 R-2, boundary condition
specification, mesh sensitivity analysis, and
validation protocols.

1. Bearing Geometry and Model Specifications
The SKF 7218 angular contact ball bearing was
selected as the subject of this investigation due to its

widespread application in aerospace auxiliary
systems [2]. Table 3.1 presents the complete
geometric parameters of the bearing model.

Table 1: Geometric specifications of SKF 7218
angular contact ball bearing.

Parameter Value | Unit Description
Bore diameter (d)| 90 mm | Shaft mounting surface
Outer diameter | 160 | mm Housing mounting
(D) surface
Bearing width (B)| 30 mm Axial dimension
Pitch diameter | 125 | mm Mean diameter (D +
(dm) d)2
Ball center radius | 62.5 | mm | Radius of pitch circle
Number of balls | 16 - Total rolling elements
@)
Parameter | Value | Unit Description
Ball diameter | 24 mm Diameter of rolling
(Dw) element
Contact angle (a)) 40 |degrees| Load transmission angle

The 3D solid model of the bearing was developed
using parametric modelling software and imported
into ANSYS Workbench 2026 R-2 in STEP format. The
model includes the inner race, outer race, and 16
balls arranged at 22.5° intervals around the pitch
circle. Each component was modelled as a separate
solid body to allow independent kinematic
constraints and contact definitions.

2. Material Properties

Structural steel was selected as the base material for
all bearing components, consistent with standard
bearing steel composition (equivalent to AISI 52100
or similar). Table

Summarizes the material properties used in the

simulation.

Table 2: Material properties of structural steel for
bearing components

Property Value | Unit Source
Density 7850 | kg/m*| ASM Handbook
[17]
Young 210 GPa | ASM Handbook
’s [17]
modul




Md Kawsar Afjal Shambit, International Journal of Science, Engineering and Technology,

2026, 14:2
us
Poisson’s ratio | 0.30 - ASM Handbook
[17]
Hardness range | 1500—| MPa | Parametric study
2500
Baseli 2000 MPa Selected
ne reference
hardne value
ss

A hardness value of 2000 MPa was selected as the
baseline for parametric studies, representing
moderately heat-treated engineering steel with
Brinell hardness of approximately 200-220 HB [17].
The hardness range of 1500-2500 MPa corresponds
to annealed (soft) to fully hardened (58-62 HRC)
conditions [9].

3. Archard Wear Model Formulation

Theoretical Background

The prediction of material degradation in sliding
contact systems is commonly based on the Archard
wear model, which was originally proposed in 1953
and remains one of the most widely used
formulations in tribology [4]. The model establishes
a direct relationship between material loss and the
operating conditions at the contact interface,
providing a simplified yet effective framework for
estimating wear in engineering components.

The classical Archard equation expresses the wear
volume as:

(3.1)

where V represents the wear volume (mm?), K is the
dimensionless wear coefficient, F is the applied
normal load (N), s is the sliding distance (mm), and
H denotes the material hardness (MPa).

This formulation implies that wear volume is directly
proportional to both the applied load and the sliding
distance, while being inversely proportional to
material hardness. Physically, this relationship
reflects the fact that higher contact forces increase
the real area of contact between surfaces, thereby
enhancing material removal, whereas greater sliding

distance increases the cumulative interaction
between asperities. In contrast, harder materials
exhibit greater resistance to plastic deformation and
micro- cutting, resulting in reduced wear.

Although Equation (3.1) assumes a linear
relationship between wear volume and the
governing parameters, practical tribological systems
often exhibit nonlinear behavior due to evolving

contact conditions. Factors such as surface
roughness changes, strain hardening, debris
formation, and localized temperature rise can

significantly influence wear progression over time.
As a result, modern implementations of the Archard
model, particularly within finite element frameworks,
incorporate  incremental or  time-dependent
formulations to account for these effects [7], [8].

In the context of rolling element bearings, the
Archard model is particularly suitable because it can
be coupled with contact pressure and sliding velocity
obtained from finite element simulations. This allows
for spatial and temporal prediction of wear
distribution  across the  contact surfaces.
Consequently, the model serves as a practical tool
for evaluating the influence of operating conditions
such as load, speed, and material properties on wear
evolution in angular contact ball bearings.

Differential Form for Finite Element Implementation
For numerical implementation within a finite element
(FE) framework, the classical Archard wear equation
is reformulated in differential form to enable time-
dependent evaluation of material removal at the
contact interface. This formulation allows the
computation of wear depth incrementally at each
contact node as the simulation progresses [23].

The rate form of the Archard equation is expressed
as:

dh K Pv
— = (3.2)
dt H

where represents the wear rate (mm/s), h is the local
wear depth (mm), K is the dimensionless wear
coefficient, PPP is the local contact pressure (MPa), v
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is the sliding velocity (mm/s), and H is the material
hardness (MPa).

This formulation indicates that the instantaneous
wear rate is governed by the local contact
conditions, particularly pressure and sliding velocity,
which vary spatially across the contact surface and
temporally during operation. As a result, wear is not
uniformly distributed but instead localized in regions
experiencing higher stress and relative motion.

For practical implementation in transient finite
element simulations, Equation (3.2) is discretized
over small time increments to compute the
accumulated wear depth. The incremental form is
given by:

_KPAs
- H

Ah (3.3)

where Ah is the incremental wear depth (mm) over a
time step, and As represents the incremental sliding
distance (mm), which can be obtained as the product
of sliding velocity and time increment (As = vAt).

In this discrete formulation, wear depth is updated
iteratively at each time step based on the local
contact pressure and sliding distance obtained from
the finite element solution. This approach enables
the simulation to capture the progressive evolution

of surface degradation wunder cyclic loading
conditions.
Importantly, the use of a node-based wear

calculation allows for spatial resolution of wear
distribution, making it possible to identify critical
regions where material removal is concentrated. As
wear accumulates, the contact geometry is gradually
modified, which in turn affects the pressure
distribution and sliding conditions. This establishes a
coupled feedback mechanism between contact
mechanics and wear evolution, which is essential for
accurately predicting long-term bearing
performance.

The differential and incremental formulations of
Archard’s model are therefore well-suited for
integration with finite element analysis, as they

provide a computationally efficient and physically
consistent method for simulating wear progression
in angular contact ball bearings under realistic
operating conditions.

Wear Coefficient and Hardness Selection

The wear coefficient K was selected as 1 X for steel—-
steel contact under boundary or mixed lubrication
conditions. This value is justified by extensive
tribological literature [8, 18, and 19] and falls within
the reported range of for structural steel contacts.

For baseline analysis, a hardness value of 2000 MPa
was adopted. The parametric study varied hardness
across three levels:
e Case H1: 1500 MPa (soft/annealed steel)
e (Case H2: 2000 MPa (baseline, moderately
hardened)
e (Case H3: 2500 MPa (fully hardened steel)
4. Finite Element Model in ANSYS
Workbench
Wear Coefficient and Hardness Selection
The three-dimensional geometry of the SKF 7218
angular contact ball bearing was imported into
ANSYS Workbench 2026 R-2 using the Geometry
module. The model was provided in STEP format to
ensure compatibility and geometric fidelity. Each
component of the bearing assembly, including the
inner race, outer race, and sixteen rolling elements,
was defined as an wuluwfu solid body. This
separation allows precise control over meshing
strategies, contact definitions, and boundary
condition assignments.

Setup

Such component-level modelling is essential for
accurately capturing the interaction between rolling
elements and raceways, particularly in wear
simulations where localized contact behavior
governs material degradation.

Contact Definition

Contact interactions between the rolling elements
and raceways were modeled using frictional contact
formulations to allow both normal load transfer and
tangential sliding. The augmented Lagrange method
was selected as the contact formulation due to its



Md Kawsar Afjal Shambit, International Journal of Science, Engineering and Technology,

2026, 14:2

improved convergence characteristics and ability to
handle nonlinear contact behavior effectively [22].

A friction coefficient of 0.15 was adopted to
represent steel-steel interaction under boundary
lubrication conditions, which is consistent with
reported tribological data [18]. Contact detection
was performed using Gauss point integration to
enhance the accuracy of contact pressure evaluation
at the interface.

Furthermore, contact stiffness was updated at each
iteration to capture the evolving nature of contact
conditions during transient analysis. This is
particularly important in wear simulations, where
changes in pressure distribution directly influence
wear accumulation.

The adopted contact parameters are summarized in
Table 3.3.

Table 3 Contact Parameters for Ball-Raceway

Interfaces
Parameter Value Justification
Contact type Frictional |Allows tangential sliding
Friction Steel—steel, boundary
coefficient 0.15 lubrication [18]
Augmented | Enhanced convergence
Formulation Lagrange [22]
Detection Higher accuracy for
method | Gauss point pressure
Normal Standard contact
stiffness 0.1 stiffness factor
Update Captures evolving
stiffness Each iteration contact

Mesh Generation

A tetrahedral finite element mesh was generated for
all components of the bearing assembly. A global
element size of 4 mm was selected as the baseline
configuration, providing a balance between
computational efficiency and solution accuracy. To
evaluate mesh dependency, additional simulations
were conducted using refined (3 mm) and coarser (5
mm) meshes.

To accurately resolve stress gradients in critical
regions, local mesh refinement was applied at all
contact interfaces, where element sizes were

reduced to the range of 1-2 mm. This refinement
ensures accurate computation of contact pressure,
which is a key input for wear calculations.

The mesh characteristics for the baseline
configuration are presented in Table 3.4, showing a
high average element quality (>0.8) across all
components, indicating good numerical stability and
solution reliability.

Table 4 Mesh Characteristics for Baseline
Configuration

Component Element Node | Average Element
Count Count Quality
Inner race 42,356 68,421 0.82
Outer race 48921 76,543 0.84
29,876
Balls (x16)| 18,234 each each 0.86

Kinematic Joint Definition

A revolute joint was defined at the center of the
bearing assembly to simulate rotational motion
about the Z-axis while constraining all other degrees
of freedom. This configuration replicates the physical
behavior of a shaft- mounted bearing, where the
inner race rotates relative to a stationary outer race.
The use of a kinematic joint ensures realistic motion
transfer and prevents rigid body displacement
errors, which are critical for accurate contact and
wear predictions.

5. Boundary Conditions and Loading

The boundary conditions were defined to replicate
realistic operating conditions encountered in high-
speed bearing applications.

The outer race was constrained using a fixed support
applied to its external cylindrical surface,
representing a rigid housing connection. This
constraint restricts all translational and rotational
degrees of freedom.

Rotational motion was applied to the inner race
about the Z-axis. Three operating conditions were
considered, corresponding to rotational speeds of
3000 RPM, 6000 RPM, and 9000 RPM. These values
represent low, moderate, and high-speed regimes
commonly observed in industrial and aerospace
systems.
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A radial load was applied to the inner surface of the
inner race in the negative Y-direction to simulate
operational loading conditions. Load magnitudes of
3000 N, 5000 N, and 7000 N were considered,
enabling analysis of load-dependent wear behavior.
The complete boundary condition configuration is
illustrated in Figure 3.1, which shows the fixed outer
race, rotating inner race, and applied radial load.

6. Wear Simulation Procedure

Transient Analysis Setup

A transient structural analysis was performed to
capture the time-dependent evolution of contact
conditions and wear behavior. The total simulation
time was set to 30 seconds, with adaptive time
stepping to ensure numerical stability and accuracy.
The initial time step was defined as 0.1 seconds, with
a minimum step size of 0.01 seconds and a maximum
of 0.5 seconds. This configuration allows the solver
to refine time increments during periods of rapid
change in contact conditions while maintaining
computational efficiency.

Wear Depth Calculation

Wear depth was computed using the incremental
form of Archard’s wear model introduced earlier. At
each time step, local contact pressure and sliding
distance were extracted from the contact solution
and used to calculate incremental wear depth.

The accumulated wear depth over the simulation
period is given by:

where and represent the contact pressure and
sliding distance at the i-th time step, respectively.
This cumulative formulation enables accurate
prediction of wear progression under cyclic loading
conditions and accounts for variations in local
contact behavior over time.

Output Parameters

At each time step, key parameters were recorded to
evaluate system behavior, including maximum and
average contact pressure, sliding distance, and
accumulated wear depth. These outputs provide the
basis for analyzing the relationship between
operating conditions and wear evolution.

7. Parametric Study Design

A systematic parametric study was conducted to
investigate the individual effects of radial load,
rotational speed, and material hardness on wear
behavior. Each parameter was varied independently
while maintaining the others at baseline values. This
approach ensures clear identification of the
contribution of each parameter without interference
from coupled effects.

Table 5 Parametric Study Cases

Parameter Case 1 |Case 2 (Baseline)| Case 3
Radial load (N) | 3000 5000 7000
Rotational speed (RPM)| 3000 6000 9000
Hardness (MPa) | 1500 2000 2500

The investigated parameter ranges are summarized
in Table 3.5 representing realistic operating
conditions for angular contact ball bearings.

8. Mesh Sensitivity Analysis

To ensure solution accuracy and independence from
mesh discretization, a mesh convergence study was
performed using three different global element
sizes. Convergence criteria were defined based on
variations in maximum contact pressure and total
wear depth, both required to be less than 5%
between successive refinements.

The results indicated that the 3 mm mesh provided
converged solutions with minimal variation
compared to further refinement. Although
computational cost increased with mesh density, the
selected configuration offered an optimal balance
between accuracy and efficiency.

9. Validation Methodology

The finite element contact pressure results were
validated against classical Hertzian contact theory.
For a ball-on-race contact, the maximum Hertzian
contact pressure is given by [30]:

3 iF
™ 2mab

Where:

(3.5)
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For the SKF 7218 geometry with contact angle:
) P =total curvature sum

e E' =effective elastic modulus

o LV =elliptical integrals

(3.6)

The average contact pressure was calculated as,
where is the projected contact area from

10. Assumptions and Limitations

Several simplifying assumptions were adopted to
make the simulation computationally feasible while
maintaining physical relevance. The analysis was
conducted under isothermal conditions, neglecting
thermal effects and frictional heating. Material
behavior was assumed to be linearly elastic, and the
wear coefficient was considered constant
throughout the simulation.

Lubrication effects were implicitly represented
through the chosen wear coefficient, without
explicitly modeling fluid film behavior. Additionally,
geometric updates due to wear were not included,
limiting the accuracy of predictions at higher wear
depths.

Despite these limitations, the adopted assumptions
are consistent with standard practices in finite
element wear modeling and do not compromise the
comparative analysis of parametric effects.

IV. RESULTS AND ANALYSIS

This section presents the comprehensive results
obtained from the finite element simulations of the
SKF 7218 angular contact ball bearing. The analysis
covers the evolution of contact pressure, sliding
distance, and wear depth under varying radial loads,
rotational speeds, and material hardness conditions.
The results are systematically presented in graphical
and tabular formats, followed by detailed
interpretation and comparison with established
tribological theories.

1. Wear Depth versus Sliding Distance

The relationship between wear depth and sliding
distance is fundamental to understanding the wear
progression mechanism. Figure 4.1 presents the
wear depth versus sliding distance curve obtained
from the baseline simulation (5000 N radial load,
6000 RPM rotational speed, 2000 MPa hardness).

Figure 1 Wear depth vs sliding distance curve

The curve exhibits a distinctly nonlinear increasing
trend with a gradually reducing slope. Wear depth
increases from approximately 0.1 um at very low
sliding distance (0 mm) to about 2.4 ym at 60-65
mm of sliding distance. This behavior indicates a
typical transition from an initial high wear rate
(running-in period) to a stabilized wear regime.

In the early stage (0-10 mm sliding distance), wear
increases rapidly up to around 0.8—1.0 um. This rapid
initial wear is primarily attributed to asperity
interaction and removal of surface roughness peaks,
a phenomenon commonly observed in the running-
in phase of sliding contacts [19]. As sliding distance
increases into the mid- range (10-40 mm), wear
grows more steadily from approximately 1.0 um to
2.0 ym, showing a reduced wear rate as contact
surfaces become smoother and more conformal.

Beyond approximately 40 mm of sliding distance, the
wear rate further stabilizes, increasing slowly from
about 2.0 ym to 24 um at the final stage. This
indicates entry into a mild wear regime characterized
by stable surface conditions and steady-state
material removal.
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This nonlinear response deviates from the ideal
linear Archard wear prediction, where wear is
assumed to be directly proportional to sliding
distance. For the SKF 7218 angular contact ball
bearing, this deviation is attributed to evolving
contact conditions, redistribution of contact
pressure, and improved lubrication stability during
operation. Such behavior is consistent with reported
tribological studies for steel-steel contacts under
mixed lubrication conditions, where an initial
running-in phase is followed by a long-term steady-
state wear regime [7].

2. Wear Depth versus Contact Pressure

The relationship between wear depth and contact
pressure provides critical insight into the severity of
surface degradation mechanisms. Figure 4.2
presents the wear depth versus contact pressure
data, ranging from 0.0623 pm at 1.55 MPa to 61.509
pm at 53.64 MPa.

Figure 2 Wear depth vs contact pressure curve

The curve exhibits a monotonic and nonlinear
increase in wear depth with increasing contact
pressure, with a clear accelerating (convex upward)
trend. Wear growth becomes progressively faster as
pressure increases, indicating that the material is
transitioning from mild wear to severe wear regime
under increasing contact stress.

Low pressure region (=1.5-10 MPa): Wear increases
gradually from 0.0623 um to approximately 2.30 pm.
This represents the elastic-to-mild wear region,
where surface asperity deformation and micro-
polishing dominate. At these low pressures, the

protective oxide layer and lubrication film remain
partially intact, limiting material removal.

Medium pressure region (=10-30 MPa): Wear rises
more significantly from approximately 2.3 pm to 21.5
pum. This region indicates the onset of plastic
deformation, micro-cutting, and surface fatigue
initiation. The protective lubrication film begins to
break down locally, and real contact area increases
due to asperity flattening.

High pressure region (=30-54 MPa): The curve
becomes steeper, with wear increasing rapidly from
approximately 215 pm to 615 pm. This is
characteristic of severe adhesive/abrasive wear,
where surface damage accelerates due to
breakdown of the protective lubrication film,
increased real contact area, and potential third-body
abrasion from wear debris.

This nonlinear behavior is consistent with the
modified Archard wear mechanism, where wear is
not only dependent on load but also strongly
influenced by contact pressure evolution and surface
degradation. The classical Archard relation suggests
linear dependence on load;

however, in practical contact systems such as
rolling/sliding interfaces in bearings, the effective
wear coefficient increases with pressure due to
thermal softening, lubrication breakdown, and
surface fatigue accumulation [12]. This leads to the
observed nonlinear accelerated wear response.

At higher pressures (>40 MPa), the system enters a
critical damage zone, where wear is dominated by
severe plastic deformation and material removal
mechanisms rather than mild asperity interaction.
This behavior is commonly observed in steel-steel
tribological contacts operating under boundary
lubrication conditions [8, 12].

3. Effect of Radial Load on Wear Behavior

Effect on Contact Pressure

Figure 4.3 shows the fixed support applied to the
outer surface of the outer race, which provides the
stationary boundary condition for the bearing
housing.
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Figure 3 Fixed support applied to the outer surface
of outer race

Figure 4.4 shows the bearing load applied to the
inner face of the inner race (5000 N in the negative
Y-direction), representing the radial load transmitted
through the shaft.

Figure 4 Bearing load applied to the inner face of
inner race

Figure 4.5 shows the variation of contact pressure
with time under different radial loads (3000 N, 5000
N, and 7000 N), providing important insight into the
load- dependent wear behavior of the bearing
system. Contact pressure increases progressively
with operating time for all load cases, indicating
continuous surface interaction and material
degradation.

Figure 4.5 Variation of radial loads on contact
pressure Table 4.1 Effect of radial load on contact
pressure and wear
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Figure 4.5 Variation of radial loads on contact
pressure

Table 6 Effect of radial load on contact pressure and

Wear
LRadial Max Contact ])S1151:1al:11§ B‘;ﬁl
oad (N) | Pressure (MPa) . (um)
 (mm)
3000 35.11 1.44 25.24
5000 53.64 2.40 64.41
7000 72.17 3.37 121.44

Although the trends appear approximately linear,
the underlying wear mechanism is inherently
nonlinear, as described by Archard's Wear Law. At
higher loads, particularly 7000 N, the rate of increase
in contact pressure becomes significantly steeper,
suggesting accelerated wear due to evolving contact
conditions such as reduced conformity, increased
surface  roughness, and localized plastic
deformation. This divergence demonstrates that
radial load is the dominant influencing parameter,
followed by exposure time, while material response
and lubrication conditions govern the stability of the
progression.

From an engineering perspective, higher radial loads
substantially reduce the operational reliability of the
bearing by increasing the likelihood of surface
fatigue mechanisms such as pitting and spalling. The
maximum contact pressure observed at 7000 N (~72
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MPa at 30 seconds) approaches critical stress levels
for many bearing materials, highlighting the need for
design optimization through improved material
selection or geometric modification. In contrast, the
3000 N condition shows a comparatively stable and
moderate increase, suggesting operation within a
safer design envelope.

Effect on Wear Depth

Figure 4.4 presents the variation of wear depth with
time under different radial loads, revealing a
distinctly nonlinear wear response.

Wear depth [pm)

Time (vec)

a8 00N Radial Load %000 N o Racial Load 100(

Figure 6 Variation of radial loads on wear depth

Wear depth increases progressively for all load cases;
however, the rate of increase accelerates with time,
particularly at higher loads. For the 7000 N condition,
a sharp rise in wear depth is observed, reaching
approximately 121.4 ym at 30 seconds, whereas the
3000 N case remains comparatively moderate at
around 25.2 um. The 5000 N baseline condition
yields an intermediate wear depth of 64.4 um. This
behavior confirms that the wear mechanism is
inherently nonlinear, consistent with the principles of
Archard's Wear Law, but with practical acceleration
due to changing contact conditions.

The wear depth observed under 7000 N exceeds
typical practical failure thresholds (=50-100 um),
suggesting the onset of severe wear mechanisms
such as pitting and spalling, which significantly
reduce bearing life. The 5000 N condition falls within
a critical regime where performance degradation is
expected, while the 3000 N case remains within an
acceptable wear range. These findings are consistent
with established studies in tribology, which report
that wear in rolling contacts increases nonlinearly

with load and that even small increases in wear
depth (tens of micrometers) can significantly alter
contact mechanics and accelerate fatigue damage
[15, 26].

When considered alongside the contact pressure
analysis, the findings highlight a coupled feedback
mechanism in which increasing wear depth elevates
contact pressure, which in turn further accelerates
wear. Therefore, bearing failure is governed by the
interaction of wear and stress evolution over time,
rather than by wear depth alone.

4. Effect of Rotational Speed on Wear Behavior
Effect on Sliding Distance

Figure 4.5 shows the variation of sliding distance
with time under different rotational speeds (3000
RPM, 6000 RPM, and 9000 RPM), providing the
kinematic basis for interpreting wear behavior. As
presented in Table 4.2, sliding distance increases
linearly with time for all speed conditions, with
higher rotational speeds producing proportionally
greater sliding distances.

Lising dstece ()

Wi [0

L0 PR w0 ]

Figure 7 Variation of rotating speed on sliding
distance

Table 6 Effect of rotational speed on wear

parameters
Rotational Max S.hdmg Wear
Speed (RPM) Contact Distance Depth
p Pressure (mm) (um)
(MPa)
3000 29.62 1.44 21.39
6000 53.64 2.40 64.41
9000 81.31 335 136.40
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This linearity indicates that the system operates
under constant velocity conditions, without any
change in motion regime or instability. According to
Archard's Wear Law, wear is directly proportional to
the product of applied load and sliding distance;
therefore, sliding distance acts as a primary driving
parameter controlling cumulative wear exposure.
However, unlike wear depth, which exhibits
nonlinear growth, the strictly linear trend of sliding
distance confirms that the observed acceleration in
wear is not caused by kinematic factors but rather by
evolving contact conditions such as surface
roughness, plastic deformation, and stress
redistribution.

Effect on Wear Depth

Figure 4.6 demonstrates the wear depth versus time
data under different rotational speeds, showing a
strongly nonlinear and accelerating wear behavior.

Wear Depth VS Time

%,

Wear depth (um)
L}

Time (sec)

6000 RPM 3000 RPM #—9000 RPM

Figure 8 Variation of rotating speed on wear depth

At 3000 RPM, wear depth increases gradually from O
to approximately 21.4 um at 30 seconds. At 6000
RPM, wear depth reaches 64.4 ym over the same
duration. At 9000 RPM, wear depth rises sharply to
approximately 136.4 um. This widening gap between
curves confirms that wear rate is not constant but
accelerates with both time and speed. After
approximately 10-15 seconds, the rate of wear
increases significantly, especially at 6000 RPM and
9000 RPM, indicating a transition from mild to severe
wear regimes. This behavior highlights that
rotational speed acts as a dominant influencing
parameter, as it directly increases sliding interaction
frequency and energy input into the system.

The 9000 RPM condition exceeds practical wear
limits (#50-100 um) well before the end of the
operating period, suggesting the onset of severe
wear mechanisms such as pitting and spalling. The
6000 RPM case reaches approximately 64.4 um at 30
seconds, placing it within a critical wear regime
where performance degradation, vibration increase,
and reduced service life are expected. In contrast, the
3000 RPM condition remains within a relatively safe
range, indicating stable operation with manageable
wear progression.

These findings are consistent with established
knowledge in tribology, where higher sliding speeds
lead to disproportionately higher wear rates due to
increased frictional energy and surface damage
accumulation [14, 27]. The smooth and continuous
nature of the data confirms the numerical stability
and physical reliability of the results. When
integrated with previous analyses, the results reveal
a coupled mechanism: increased speed leads to
higher sliding distance, which accelerates wear, and
the resulting change in surface geometry further
elevates contact pressure, creating a positive
feedback loop of degradation

5. Effect of Material Hardness on Wear Behavior
A parametric study was performed by varying the
hardness of structural steel between 1500 MPa and
2500 MPa. The results indicate an inverse
relationship between hardness and wear depth,
consistent with Archard's wear law. Figure 4.7
presents the wear depth versus number of cycles for
the three hardness values.

o] B
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Figure 9 Wear depth vs number of cycles for
different hardness values
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Table 7 Effect of material hardness on wear

parameters
Max ...
Hardness Material Contact S.l iding Wear
- Distance | Depth
(MPa) Condition Pressure (mm) (um)
(MPa) mm pum
1sop | Sefvamnealed o0t 54 | 8110
steel
Baseline
2000 (moderately 53.64 2.40 60.15
hardened)
2500 | Fullyhardened |0 ¢ 184 | 4588
steel

The wear depth versus number of cycle’'s analysis
provides a direct representation of fatigue-driven
material degradation. Wear depth increases
progressively with the number of cycles for all three
hardness values; however, the rate of increase is
nonlinear and accelerates with increasing cycles.

At 58,000 cycles, the wear depth reaches
approximately 81.1 um for H = 1500 MPa, while it is
reduced to 60.2 um for H = 2000 MPa and 45.9 ym
for H = 2500 MPa. This clearly indicates that higher
material hardness significantly reduces wear
accumulation, while lower hardness leads to rapid
degradation. Increasing hardness from 1500 MPa to
2500 MPa results in a 45% reduction in wear depth,
confirming that harder materials offer improved
resistance to plastic deformation and micro-cutting.
This nonlinear trend is consistent with the principles
of Archard's Wear Law, where wear depth is inversely
proportional to material hardness and directly
related to cumulative sliding. However, modern
studies show that wear evolution under repeated
cycles is not strictly linear, as contact conditions
continuously evolve due to plastic deformation,
surface damage, and changing stress distribution.
This explains why the slope of the wear curves
increases significantly after mid-cycle ranges
(=20,000-30,000 cycles), particularly for the lower
hardness material.

At lower hardness (1500 MPa), the wear depth
approaches or exceeds practical failure thresholds
(50-100 um) toward the end of the cycle range,
indicating a high probability of surface fatigue
mechanisms such as pitting and spalling. In contrast,

the 2500 MPa case remains within a comparatively
safer range, demonstrating enhanced durability and
extended service life. These observations are
consistent with recent bearing studies,

which report that wear depth increases with
repeated loading cycles and decreases with
increasing material hardness, while also being
influenced by load and speed [9, 13, 25].

When integrated with previous analyses, the data
reveals a coupled degradation mechanism: repeated
cycles increase sliding exposure, which promotes
wear; increasing wear alters contact geometry,
leading to higher contact stresses; and elevated
stresses further accelerate wear. Therefore, bearing
wear under cyclic loading is a cumulative and
nonlinear process governed primarily by material
hardness and evolving contact conditions.

6. Mesh Sensitivity Analysis

The mesh sensitivity analysis evaluated the numerical
accuracy and convergence of the simulation by
comparing results obtained with different element
sizes (3 mm, 4 mm, and 5 mm). Figure 4.8 shows the
contact pressure versus time for the three mesh
configurations.

Contact Pressure VS Time

Contact Pressure (MPa)
»

Time (sec)

Element Size 5 mm Element Size 3 mm #—Element Size 4 mm

Figure 10 Variation of mesh element size on contact
pressure (refer to figure in original document)

Table 8 Mesh sensitivity analysis results

Max o
Element | Contact 1)Si181$1r110g‘3 1;7: e?}r] Computational
Size (mm) | Pressure p Time (hours)
bay | )| ()
5 (coarse) 53.64 240 38.85 4.2
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4
. 47.85 2.54 32.47 6.8
(medium)
3 (fine) 42.72 2.73 28.78 8.1

The results show a consistent increase in contact
pressure with time for all mesh configurations,
aligning with expected physical behavior. However,
a clear difference is observed in the magnitude of
predicted pressure values depending on mesh
refinement.

The coarser mesh (5 mm) consistently predicts the
highest contact pressure values (53.6 MPa at 30
seconds), whereas the finer mesh (3 mm) predicts
lower values (42.7 MPa), and the intermediate mesh
(4 mm) yields results (47.9 MPa) that lie between the
two. This trend is a well- known numerical effect:
coarser meshes tend to produce less accurate stress
distributions and may overestimate peak contact
pressures due to insufficient resolution of the
contact zone [11, 22]. In contrast, finer meshes
provide better discretization of the contact interface,
capturing stress gradients more accurately and
resulting in more realistic pressure values.

From a convergence perspective, the results indicate
that the solution is approaching mesh
independence, as the difference between 3 mm and
4 mm meshes (approximately 10%) is smaller than
the difference between 4 mm and 5 mm meshes
(approximately 12%). This suggests that further
refinement beyond 3 mm would likely produce only
marginal changes in results. The smooth and
proportional increase in pressure across all meshes
also validates the numerical stability of the model,
with no irregular fluctuations or divergence
observed.

Therefore, the 3 mm mesh is selected as sufficiently
refined for accurate analysis, providing an optimal
balance between accuracy and computational
efficiency for this model.

7. Mesh Sensitivity Analysis

A validation of the finite element contact pressure
response was performed by benchmarking the
numerical time-history results against classical

Hertzian contact mechanics and relevant published
literature on steel-on- steel contact interfaces.

The FE simulation shows a progressive rise in contact
pressure with loading time, stabilizing at a
converged peak value of approximately 62 MPa
under steady-state conditions. For analytical
reference, the average contact pressure was
estimated using the fundamental relation:

F
Pavg :E

(4.1)

where F is the applied normal load (5000 N) and A is
the effective nominal contact area estimated from
the FE model. This expression represents a simplified
average stress state commonly used in engineering
practice.

(4.2)

Classical Hertzian contact theory predicts a non-
uniform pressure distribution with a highly localized
peak pressure at the contact center, governed by
material stiffness and local curvature. The peak
Hertzian pressure is typically expressed as:

For further validation, the FE results were compared

with established findings from tribology and contact
mechanics literature. Recent finite element-based
contact studies on steel interfaces and bearing-like
contacts (2020- 2024) consistently report contact
pressure magnitudes in the range of 20-80 MPa
under moderate loading and distributed contact
conditions, depending on geometry, material
pairing, and constraint conditions [11,31]. Classical
references such as Johnson's contact mechanics
framework and Shigley's Mechanical Engineering
Design also confirm that FE-derived average
pressures in this range are physically reasonable for
steel-on-steel contact under similar loading regimes
[30, 31].

The predicted FE peak pressure of 62 MPa lies well

within  both the theoretical and published
experimental/numerical  range,  demonstrating
strong agreement with established contact
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mechanics principles. Table 4.5 summarizes the 3000 35.11 1.44 25.24
validation comparison. 5000 5364 240 64.41
Table 9 Validation of FE contact pressure against 7000 72.17 3.37 121.44
Hertzian theory and literature Rotational
Source Contact - Speed (RPM)
Condition
Pressure (MPa) 3000 29.62 1.44 21.39
Present FE model 62 Steady-state peak Max Sliding | Wear
pressure Parameter |, o | Contact | Distance | Depth
Hertzian 45-80 Steel-on-steel, 5000 Pressure (mm) (um)
theory N load (MPa)
(estimated 6000 | 53.64 | 240 | 6441
range)
Wang et al. (2024) 4075 FE wear 9000 81.31 335 136.40
[11] analysis, steel Hardness
contacts (MPa)
Liu et al. (2023) Archard-based wear 1500 62.37 3.47 81.10
[12] 35-70 simulation
2000 53.64 2.40 60.15
Bearing
SKF catalog [2] 50-90 contact 2500 48.46 1.84 45.88
stress limits Element Size
(mm)
This consistency confirms that the developed FE 3 42.72 2.73 28.78
model reliably captures the contact behavior and 4 47.85 2.54 32.47
stress distribution characteristics under the applied 53.64 240 38.85
loading conditions, thereby providing a validated
basis for subsequent wear progression and fatigue The results presented in Table 46 clearly

assessment analyses.

8. Summary of Simulation Cases and Wear
Threshold Identification

Comprehensive Summary of Simulation Results
To provide an integrated view of the simulation
outcomes, the key results from all parametric
studies— including variations in radial load,
rotational speed, material hardness, and mesh
discretization—are consolidated in Table 4.6. This
comprehensive summary enables direct comparison
of the influence of each parameter on contact
pressure, sliding distance, and wear depth.

Table 10 Summary of Simulation Cases and Key

Results
CNIIE;(C + Sliding Wear
Parameter | Value ° Distance | Depth
Pressure (mm) (um)
(MPa) K
Radial Load
(N)

demonstrate that radial load and rotational speed
significantly increase both contact pressure and wear
depth, whereas material hardness acts as a
mitigating factor. In contrast, mesh refinement
primarily influences numerical accuracy rather than
physical behavior, with finer meshes yielding lower
and more reliable wear predictions.

Among all parameters, radial load and rotational
speed exhibit the strongest influence on wear
progression, both contributing to nonlinear
increases in wear depth. Material hardness, on the
other hand, reduces wear by enhancing resistance to
plastic deformation and surface damage. These
combined observations highlight the competing
roles of operational and material parameters in
governing wear evolution.

Critical Wear Depth Threshold

To evaluate the transition from acceptable operation
to potential failure, a critical wear depth threshold
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was defined based on established tribological
studies. A value of approximately 100 um (0.1 mm) is
widely recognized as a practical limit beyond which
significant degradation in contact geometry and
mechanical performance occurs [2], [24], [32].

Beyond this threshold, changes in surface profile
lead to altered load distribution, increased stress
concentration, and accelerated wear progression,
often resulting in severe failure modes such as
pitting, spalling, and fatigue cracking.

In the present study, the simulated wear depths were
evaluated against this critical limit. Under low
operating conditions (3000 RPM and 3000 N), the
wear depth remains at approximately 21.4 um, well
within the safe operating regime. At baseline
conditions (6000 RPM and 5000 N), the wear depth
increases to approximately 64.4 pm, indicating
moderate wear and proximity to the critical regime.
However, under high operating conditions (9000
RPM and 7000 N), the wear depth reaches
approximately 136.4 um, exceeding the defined
threshold. This indicates the onset of severe wear
and potential loss of functional

This threshold identification is consistent with
findings reported in recent literature. Choudhry et al.
[25] observed that wear depths exceeding 80-100
um are associated with accelerated wear rates in
steel contact systems. Similarly, Zhang and Yan [24]
identified 100 um as a practical serviceability limit for
angular contact bearings in aerospace applications.
Yu et al. [13] reported a transition zone between 90
pm and 110 ym, marking the shift from mild to
severe wear behavior.

Based on these findings, a wear depth of 100 pm is
adopted as the critical threshold for the SKF 7218
bearing under the investigated operating conditions.
Operation below this limit can be considered safe for
standard service intervals, while operation beyond
this threshold requires corrective measures such as
load reduction, speed optimization, or material
enhancement to ensure system reliability.

The results presented in Table 4.6 clearly
demonstrate that radial load and rotational speed
significantly increase both contact pressure and wear
depth, whereas material hardness acts as a
mitigating factor. In contrast, mesh refinement
primarily influences numerical accuracy rather than
physical behavior, with finer meshes yielding lower
and more reliable wear predictions.

Among all parameters, radial load and rotational
speed exhibit the strongest influence on wear
progression, both contributing to nonlinear
increases in wear depth. Material hardness, on the
other hand, reduces wear by enhancing resistance to
plastic deformation and surface damage. These
combined observations highlight the competing
roles of operational and material parameters in
governing wear evolution.

Critical Wear Depth Threshold

To evaluate the transition from acceptable operation
to potential failure, a critical wear depth threshold
was defined based on established tribological
studies. A value of approximately 100 ym (0.1 mm) is
widely recognized as a practical limit beyond which
significant degradation in contact geometry and
mechanical performance occurs [2], [24], [32].

Beyond this threshold, changes in surface profile
lead to altered load distribution, increased stress
concentration, and accelerated wear progression,
often resulting in severe failure modes such as
pitting, spalling, and fatigue cracking.

In the present study, the simulated wear depths were
evaluated against this critical limit. Under low
operating conditions (3000 RPM and 3000 N), the
wear depth remains at approximately 21.4 ym, well
within the safe operating regime. At baseline
conditions (6000 RPM and 5000 N), the wear depth
increases to approximately 64.4 pm, indicating
moderate wear and proximity to the critical regime.
However, under high operating conditions (9000
RPM and 7000 N), the wear depth reaches
approximately 136.4 um, exceeding the defined
threshold. This indicates the onset of severe wear
and potential loss of functional
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V. CONCLUSION

The present study developed a finite element—based
wear analysis framework for the SKF 7218 angular
contact ball bearing using Archard’'s wear model
implemented in ANSYS Workbench. The model
successfully captured the coupled, nonlinear
interactions between contact pressure, sliding
distance, rotational speed, material hardness, and
wear depth under aerospace-relevant operating
conditions.

The results revealed that wear depth versus sliding
distance exhibits a nonlinear trend with a reducing
slope, transitioning from a high initial running-in
wear rate to a stabilized mild wear regime. Wear
depth increased monotonically and nonlinearly with
contact pressure, with three distinct regimes
identified: elastic-to-mild wear (1.5- 10 MPa), plastic
deformation onset (10-30 MPa), and severe
adhesive/abrasive wear beyond 30 MPa. A critical
damage zone was observed at pressures exceeding
40 MPa.

Radial load emerged as the dominant parameter
governing wear progression. Increasing the load
from 3000 N to 7000 N elevated contact pressure
from 35.1 MPa to 72.2 MPa and accelerated wear
depth from approximately 25 ym to 121 pm, with the
highest load exceeding practical failure thresholds
and indicating pitting and spalling. Rotational speed
exhibited a strongly nonlinear accelerating effect:
increasing speed from 3000 RPM to 9000 RPM
increased sliding distance linearly but wear depth
disproportionately from 21 pm to 136 pm. The 9000
RPM condition exceeded the 100 um critical
threshold well before 30 seconds, while the 6000
RPM condition (64 pm) fell within a critical regime
and 3000 RPM (21 pm) remained safe. A positive
feedback loop was identified whereby higher speed
increases sliding distance, which accelerates wear,
elevates contact pressure, and further accelerates
degradation.

Material hardness demonstrated an inverse
relationship with wear, consistent with Archard’s law.
Increasing hardness from 1500 MPa to 2500 MPa
reduced wear depth by approximately 45% (from 81

um to 46 um at 58,000 cycles), confirming that
harder materials offer superior resistance to plastic
deformation and micro-cutting. Mesh sensitivity
analysis confirmed numerical convergence, with the
3 mm element size providing an optimal balance
between accuracy and computational efficiency. The
FE model was validated against Hertzian contact
theory, predicting a steady-state peak contact
pressure of 62 MPa, which lies well within the
theoretical range of 45-80 MPa and published
literature values of 20-80 MPa for steel- on-steel
contacts.

A critical wear depth threshold of approximately 100
pum was established as the practical failure limit for
rolling/sliding contact components. The 3000 RPM /
3000 N condition (21 um) remained safe, the 6000
RPM / 5000 N condition (64 pum) approached the
critical regime, and the 9000 RPM / 7000 N condition
(136 um) exceeded the threshold, indicating severe
wear and potential loss of functional integrity.
Beyond 100 pm, significant changes in contact
geometry, pressure distribution, and clearance
behavior lead to nonlinear wear acceleration.

Overall, this study provides a validated numerical
framework for predicting wear progression in
angular contact ball bearings under combined
loading and high- speed conditions. The integrated
parametric evaluation of load, speed, and material
hardness, together with cross- validation using
Hertzian theory and literature benchmarks, offers an
application-oriented approach for bearing wear
assessment and failure prediction in aerospace and
high-speed applications.
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