
Received: 14 January 2025

Revised: 6 February 2025

Accepted: 10 February 2025

Published: 11 February 2025

Citation: Xu, C.; Fan, Q.; Zhang, Q.;

Tong, Y.; Wang, S.; Wu, T.

Vibration-Based Wear Evolution

Characterisation of Lubricated

Rolling-Sliding Contact. Lubricants

2025, 13, 78. https://doi.org/

10.3390/lubricants13020078

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Vibration-Based Wear Evolution Characterisation of Lubricated
Rolling-Sliding Contact
Chan Xu 1, Qiuxia Fan 1,*, Qianqian Zhang 1,* , Yunqi Tong 2, Shuo Wang 3 and Tonghai Wu 3

1 School of Automation and Software Engineering, Shanxi University, Taiyuan 030006, China;
xuchan@sxu.edu.cn

2 Engineering Research Center Heavy Machinery Ministry of Education, Taiyuan University of Science and
Technology, Taiyuan 030006, China

3 Key Laboratory of Education Ministry for Modern Design and Rotor-Bearing System, Xi’an Jiaotong
University, Xi’an 710049, China

* Correspondence: fanqiuxia0808@126.com (Q.F.); zhangqianqian@sxu.edu.cn (Q.Z.)

Abstract: This paper presents a comprehensive study on the vibration-based wear evolution
characterisation by coupling the dynamic behaviour, surface roughness, and lubrication
effects under rolling-sliding contact. Initially, a dynamic model is developed to examine
the contact vibration characteristics induced by a randomly rough surface. A contact
resonance frequency (CRF) can be obtained, and it is only positively correlated with the
load, while the amplitude of CRF (CRFA) negatively correlates with the load and positively
correlates with the velocity and surface profile height. Thereafter, a mixed-EHL model
is employed to simulate the wear and lubrication progression of rolling-sliding contact.
The surface roughness, contact load ratio (CLR), and contact area ratio (CAR) within this
process are assigned specific physical interpretations and incorporated into the dynamic
model. Given the nonlinear and coupled interactions of these three factors, the CRF and
CRFA can distinguish the normal wear and severe wear stages. When the tribo-pair is in
a normal wear stage, the CRF and CRFA show an increasing trend with the increase in
surface roughness. Upon reaching a severe wear stage, the CRF gradually stabilises while
the CRFA exhibits noticeable irregular fluctuations as the roughness increases. Finally,
experiments are conducted to demonstrate the effectiveness of this method.

Keywords: vibration; wear characterisation; lubrication; rolling-sliding contact

1. Introduction
Skidding of cylindrical roller bearings is a frequent phenomenon in high-speed and

heavy-load rotating machinery. The rolling-sliding contact can lead to the rupture of lu-
bricant oil film, local temperature rise, unexpected vibrations, and additional wear, which
is considered a primary cause of early bearing failures [1,2]. Therefore, it is essential
to monitor this tribological degradation process. Vibration analysis has become one of
the most commonly used approaches for bearing health monitoring, due to its practical
simplicity in non-destructive monitoring and the availability of advanced signal process-
ing methods [3,4]. However, existing vibration analysis methods primarily focus on the
bearing fault identification with less emphasis on wear status, owning to the complex
tribo-dynamic behaviour of lubricated rolling-sliding contact [5]. As a result, it remains
challenging to develop wear-related vibration indicators specifically for wear monitoring
and characterisation.

By using various signal processing techniques, researchers aim to extract feature pa-
rameters from vibration signals to characterise different wear stages, wear failure modes,
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and surface wear degrees. The most common method to describe the wear stages of
tribo-pairs is to extract some statistical parameters, including root mean square value,
kurtosis and kurtosis factor, among others [6]. In addition, Venkata et al. [7] applied neu-
ral networks to establish the mapping relationship between these statistical parameters
and different wear stages. Moreover, Zhou et al. [8] studied the chaotic characteristics
of the tribo-system evolution and proposed a chaotic attractor to represent the wear evo-
lution process. These methods rely on identifying the wear stages using the vibration
signal “energy”, which is susceptible to interference from the external environment. There-
fore, these feature parameters have limited efficacy in monitoring microscopic wear in
industrial applications.

Multiple indicators have been proposed based on the vibration signals of tribo-pairs
to identify typical wear failure modes. For example, Tian et al. [9] applied the multifractal
dimension to identify surface cracks, peeling, pitting, and other types of damage in wheel-
rail contacts. Feng et al. [10] proposed the cyclostationarity indicator to differentiate two
common wear mechanisms of gears and track the wear evolution. Silaev et al. [11] used
the spectral peak to predict the pitting corrosion and its progression in roller bearings
in aircraft engines. Furthermore, Sun et al. [12] investigated a vibration feature K by the
harmonic wavelet packet transform (HWPT) method, and its relationship to different wear
mechanisms was established. The above methods are essentially noise reduction and
filtering of vibration signals, without establishing a direct correlation between vibration
features and typical failures. In addition, due to the uncertainty and randomness of surface
failure modes, the repeatability of experimental results cannot be guaranteed.

To evaluate the degree of surface wear, kurtosis-based methods have been extensively
investigated in earlier years. For instance, Amarnath et al. [6] extracted the kurtosis
indicator by empirical mode decomposition technologies to characterise the fatigue wear
of gears. Immovilli et al. [13] employed statistical methods to identify the characteristic
frequency bands induced by frictional contacts, and the spectral kurtosis energy was
utilized to evaluate the overall surface roughness of rolling bearings. In contrast, the
kurtosis indicators employed for impulsive detection are merely available to stationary
signals. In rotating machines, vibration signals typically combine pulses and repeated
energy release, exhibiting both cyclostationarity and nonstationarity [14]. In response to
the cyclostationarity of the friction vibration signals, Yang et al. [15] identified a positive
correlation between surface wear degree and a CS2 index. However, a later investigation
revealed that this connection is more complex, particularly when considering a broader
range of surface profile heights and a longer test duration [16]. At present, there is no
sufficient conclusion to demonstrate the outstanding advantage of cyclostationary features
of vibration signals in wear analysis.

In summary, it is evident that most published works have aimed at validating the
ability of vibration signals to characterise in relation to wear stages, wear failure modes,
and surface wear degree, while research on the induction mechanism of wear on vibration
signals remains limited. Soom et al. [17,18] first investigated the contact resonance spectrum
excited by surface waviness using digital simulation technology to simulate surface irregu-
lar waves and linearising the Hertz contact stiffness. Based on this, Sudeep et al. [19,20]
modelled the generic point contact as a single degree of freedom system to examine the
contact resonance frequency (CRF) of various textured surfaces. While a CRF induced by
the rough surface was identified in these studies, no further research was conducted. For
example, the correlation between surface roughness and CRF remains unexplored.

Inspired by the findings presented in [17–20], a vibration-based approach is established
in this work to characterise the wear evolution of rolling-sliding contact by integrating the
dynamic behaviour, surface roughness, and lubrication oil effects. The structure of this
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paper is as follows. Section 2 presents the modelling and solution process of rolling-sliding
contact vibration. A mixed-EHL model is applied to simulate the wear and lubrication
evolution of rolling-sliding contact, and a wear evolution characterisation method based
on contact vibration is proposed in Section 3. Section 4 details the experimental verification
methods and results. Conclusions are presented in Section 5.

2. Rolling-Sliding Contact Vibration Model
A spring-damping system is established in this section to reveal the rolling-sliding

contact vibration characteristics. A Gaussian white noise signal is used to simulate the
rough surface. By using the fifth-order Runge–Kutta algorithm to solve the dynamic
equation, a CRF is obtained for wear characterisation analysis. Subsequently, the influence
of load, velocity, and surface profile height on the CRF is explored.

2.1. Dynamic Model Establishment

The dynamic behaviour of a rolling-sliding contact is simplified as a spring-damping
system. The mass block m slides along the rough plane at a constant velocity v, as shown
in Figure 1. Based on the spring force, damping force, and external load acting on the mass
block, the motion equation of this system can be obtained as:

m
..
y = C

( .
yi −

.
y
)
+ S(yi − y + z0)

1.5 − F (1)

where yi and y are the system input and output, respectively, and yi represents the rough
surface profile. C is the damping coefficient, and S is the Hertz contact stiffness. z0 is the
static spring compression, and (yi − y + z0) is the instantaneous spring compression, the
spring restoring force is directly proportional to (yi − y + z0)

1.5, and F is the external load.
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Figure 1. The dynamic model of rolling-sliding contact [17].

Due to the complex coupling mechanism between the oil film distribution, asperity
contact, and surface roughness at the rolling-sliding contact interface, the effect of the oil
film distribution is ignored in the current dynamic model, and it will be discussed in detail
in Section 3.

The Hertz contact stiffness is linearised here to solve the system vibration response.
Under the conditions of a constant load F0 and a small amplitude vibration, the nonlinear
spring force can be replaced by a linear spring force, and the elastic coefficient is the
incremental stiffness S0, as illustrated in Figure 2. It should be noted that, for large
deformation or large waviness surfaces, it will inevitably lead to unstable contact loads and
large amplitude vibrations, and this method may no longer be applicable.

Each contact point, where the mass block slides along the rough plane, can be consid-
ered as the contact between a sphere and a smooth plane. According to Hertz’s contact
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theory, when the contact spring is in an equilibrium position under the external load, its
static compression z0 is:

z0 =

(
9F2

16E2R

) 1
3

(2)

where E is the equivalent modulus of elasticity, and R is the equivalent contact radius.
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By taking the derivative of Equation (2), the incremental stiffness can be obtained as:

S0 = 1.5
(

16R
9

) 1
3
(

1
E

)(− 2
3 )

F
1
3 (3)

then, the theoretical CRF can be expressed as:

ωs =
1

2π

√
S0

m
(4)

For contact dynamics problems, the damping coefficient is usually expressed using
the measured damping ratio in tests, with values ranging from 0.01 to 0.1. The lower value
is appropriate for metal contact without lubrication, while the higher value is suitable for
boundary lubrication, which aims to inhibit the nonlinear behaviour and delay the contact
loss. As the lubrication condition has not been taken into account in this dynamic model,
the damping ratio is 0.02. The damping coefficient can be obtained as:

C = 2ωsmζ (5)

where ζ is the damping ratio. Thus, Equation (1) can be simplified as:

m
..
y = C

( .
yi −

.
y
)
+ S0(yi − y) (6)

2.2. Rough Surface Simulation

Gaussian white noise is used to simulate the rough surface, and the simulation process
is depicted in Figure 3. Figure 3a demonstrates the original Gaussian white noise sampled
at a frequency of 10 kHz and with its height unit assumed to be in meters. Its power spectral
density function remains constant, as shown in Figure 3b. A low-pass filter is applied on
the noise signal, which is then transformed into a rough surface profile on the order of
µm by multiplying a corresponding coefficient, as shown in Figure 3c. Its power spectral
density function becomes a smooth curve, as shown in Figure 3d. This filtering process
converts the two-dimensional surface profile from the spatial domain into the displacement
input per unit time in the time domain. Therefore, altering the amplitude is equivalent
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to modifying the surface profile height, and adjusting the cut-off frequency of the filter
corresponds to changing the sliding velocity.
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Figure 3. Simulation of rough surface based on Gaussian white noise.

The low-pass filter plays two roles in this study. First, it transforms the noise signal
into a rough surface profile on the order of µm. Second, it converts the two-dimensional
surface profile from the spatial domain into the displacement input per unit time in the
time domain. However, because the cut-off frequency affects both the surface profile height
and sliding velocity, when it is necessary to simultaneously adjust these two factors, the
cut-off frequency must be adjusted first to determine the sliding velocity, and then the
amplitude is adjusted to determine the surface profile height.

2.3. Dynamic Equation Solving

The fifth-order Runge–Kutta algorithm is utilized to solve the dynamic equation,
with the results presented in Figure 4. Based on the tribo-pair structure used in subse-
quent experiments, a mass of 0.1 kg and a constant load of 200 N are assigned to the
model, the equivalent elastic modulus is 219.78 GPa, and the equivalent contact radius
is 5.4 mm. Figure 4a,c show the displacement, velocity, and acceleration responses, re-
spectively. Figure 4d illustrates the power spectral density of the acceleration response,
and a characteristic frequency (3320.72, 1.95) is observed. This frequency is consistent
with the theoretical CRF calculated by Equation (4), thereby confirming the validity of the
dynamic model.
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2.4. Influencing Factors Analysis

The influence of load, velocity, and surface profile height on the CRF is explored using
the single-variable method. When the cut-off frequency is set to 30 Hz and the filtered
rough surface profile height is 2 µm, different external loads (100, 200, 300, and 400 N) are
applied sequentially. When the load is 200 N and the cut-off frequency is 30 Hz, various
rough surface profile heights (1, 2, 3, and 4 µm) are considered. When the load is 200 N
and the filtered rough surface profile height is 2 µm, different cut-off frequencies (10, 20,
30, and 40 Hz) are applied sequentially. The resulting CRF and the amplitude of contact
resonance frequency (CRFA) are shown in Table 1.

Table 1. The CRF for different load, velocity, and surface profile height.

Cut-Off Frequency (Hz) Surface Profile Height (µm) Load (N) CRF (Hz) CRFA ((m·s−2)2·Hz−1)

30 2 100 2965.45 2.05
30 2 200 3322.55 0.64
30 2 300 3573.43 0.31
30 2 400 3742.52 0.25
30 1 200 3322.55 0.16
30 2 200 3322.55 0.64
30 3 200 3322.55 1.45
30 4 200 3322.55 2.58
10 2 200 3322.55 0.01
20 2 200 3322.55 0.13
30 2 200 3322.55 0.64
40 2 200 3322.55 2.04
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As observed in Table 1, with the increase in load, the CRF gradually increases while
the CRFA gradually decreases. With the increase in velocity, the CRF remains constant
while the CRFA increases gradually. Similarly, as the surface profile height increases, the
CRF remains constant while the CRFA increases gradually. Therefore, the CRF is only
positively correlated with the load, while the CRFA is negatively correlated with the load
and is positively correlated with both speed and surface profile height.

3. Wear Evolution Characterisation Based on Contact Vibration
In this section, various roughness surfaces are input into a mixed-EHL model to

simulate the wear evolution process of lubricated rolling-sliding contact. According to
the contact load ratio (CLR) and contact area ratio (CAR) in Hertz contact areas, a wear
evolution characterisation method using contact vibration is proposed.

3.1. Basic Equations of Mixed-EHL Model

The mixed-EHL model is a hybrid lubrication calculation method based on real surface
digitisation, capable of solving both hydrodynamic lubrication and rough surface contact
problems [21]. The distribution of lubricant film thickness, pressure, interface deformation,
friction, flash temperature, and subsurface stress can be predicted by numerically solving
the complete mixed elastohydrodynamic lubrication equation. Additionally, the model sim-
ulates the interaction of engineered rough surfaces under various working conditions [22].
The basic equations of the model are given below.

A unified deterministic mixed-EHL simulation model is applied to deal with both
“lubrication” and “contact” simultaneously in a mixed-EHL system [23]. The pressure
(including both the hydrodynamic pressure and contact pressure) within the entire domain
is governed by the Reynolds equation below:

∂

∂x

(
ρh3

12η∗
∂p
∂x

)
+

∂

∂y

(
ρh3

12η∗
∂p
∂y

)
= U

∂(ρh)
∂x

+
∂(ρh)

∂t
(7)

where the x-coordinate aligns with the direction of motion, and p represents the pressure
in the contact zone. ρ denotes the density of the lubricant, which can be expressed as [24]:

ρ = ρ0

(
1 +

0.6 × 10−9 p
1 + 1.7 × 10−9 p

)
(8)

where ρ0 is the initial lubricant density. η∗ is the effective viscosity considering the non-
Newtonian behaviour, which can be expressed as [25]:

1
η∗ =

1
η

τ0

τ1
sinh

(
τ1

τ0

)
(9)

where τ0 denotes a shear stress for reference, and τ1 represents the shear stress of the lower
surface. The viscosity η can be calculated following the Barus equation [26]:

η = η0eαp (10)

where η0 is the initial lubricant viscosity, and α is a pressure–viscosity exponent.
The gap h between surfaces 1 and 2 can be calculated by:

h = h0(t) +
x2

2Rx
+ v(x, y, t) + δ1(x, y, t) + δ2(x, y, t) (11)
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where Rx is the curvature radius, and δ1 and δ2 represent the roughness values of two
contact surfaces. The surface elastic deformation v is computed through the Boussinesq
integral [27]:

v(x, y, t) =
2

πE′

x

Ω

p(ξ, ς)√
(x − ξ)2 + (y − ς)2

dξdς (12)

where E′ is the equivalent elastic modulus, and Ω refers to the entire solution domain.
The load balance equation can be expressed as:

w(t) =
x

Ω

p(x, y, t)dxdy (13)

The total friction in mixed lubrication conditions consists of the hydrodynamic friction
and asperity contact friction. In the hydrodynamic region, the shear stress is computed
according to the Bair–Winer model [28]:

γ =
τ

G∞
− τL

η
ln
(

1 − τ

τL

)
(14)

where τL and G∞ are the limiting shear stress and limiting elastic modulus, respectively,
which are functions of temperature and pressure which can be estimated empirically. The
flash temperature is calculated as follows:

T1(ζ) = Tb1 +

(
1

πρ1C1u1k1

)0.5 ζ∫
−x

{
kf
h
[T2(ξ)− T1(ξ)] +

q(ξ)
2

}
dξ

(ζ− ξ)0.5 (15)

T2(ζ) = Tb2 +

(
1

πρ2C2u2k2

)0.5 ζ∫
−x

{
kf
h
[T1(ξ)− T2(ξ)] +

q(ξ)
2

}
dξ

(ζ− ξ)0.5 (16)

where q is the heat generated by either the lubricant shear in the hydrodynamic areas or
the boundary friction in the asperity contact areas. Readers are referred to [29] for details.
In the asperity contact region, the shear stress can be expressed as:

τ = fb p (17)

where fb is the friction coefficient.

3.2. Wear and Lubrication Evolution Simulation

Based on the mixed-EHL model, a line contact model is established according to the
tribo-pair structure used in later experiments in order to analyse the state of contact of the
tribo-pair surfaces during the wear evolution. The material of the tribo-pair is 45 steel, the
contact length is 10 mm, and the frictional coefficient of the surface asperity contact is 0.15.
A common mineral oil is used as a lubricant. In the model, a constant load of 500 N and
a constant relative sliding velocity of 2 m/s are applied, and the comprehensive surface
roughness of the tribo-pair is taken as the only independent variable to simulate various
wear states. The specific input parameters for wear evolution simulation are listed in Table 2.
Eight rough surfaces with different surface roughness (Sq, in µm) are shown in Figure 5. In
the mixed-EHL solver, the finite difference method is used to solve the Reynolds equation,
and a progressive mesh densification (PMD) method is used to determine the grid mesh. In
this study, the contact area is divided into a 256 × 256 grid of cells. The solution domains
are −1.9a to 1.9a in the x-direction and −1.6b to 1.6b in the y-direction. The parameters
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“a” and “b” are the two semi-axes of the Hertzian contact ellipse in the x and y directions,
respectively.

Table 2. The input parameters for wear and lubrication evolution simulation.

Parameters Values Parameters Values

Radius of curvature (mm) 5.4 Lubricant Viscosity (Pa·s) 0.096
Contact length (mm) 10 Load (N) 500

Equivalent elastic modulus (GPa) 219.78 Slip ratio 0.2
Poisson’s ratio 0.3 Relative sliding velocity (m·s−1) 2

Frictional coefficient 0.15 Comprehensive surface roughness (µm)
(with an interval of 0.1 µm) 0.5~4Lubricant density (g·cm−3) 0.88
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Figure 6 illustrates the contact states corresponding to the above-eight rough surfaces
during the wear evolution process. The regions in red are areas fully filled with lubricating
oil, and the yellow areas indicate asperity contacts. From Figure 6a–e, it can be observed
that when the surface roughness is 0.5 µm, the CAR of asperities is only 5.57%. As the
surface roughness increases to 2.5 µm, the CAR reaches 59.22%. Subsequently, the CAR
gradually increases and reaches a saturation state, as shown in Figure 6f–h. This is primarily
due to the fact that, during early wear, as the surface profile height changes, the oil film
is compressed and ruptured, resulting in an increasing number of asperities coming into
contact. However, when the surface profile height increases to about 3 µm, the tribo-
pair material reaches the stress limit, making it difficult to undergo elastic deformation.
Therefore, the CAR tends to stabilise.

According to the results presented in Section 2.4, the load is the significant factor
determining the CRF of rolling-sliding contact vibration signals. Therefore, by using the
load balance Equation (13), the ratios of the load borne by asperity contacts to the total
load (CLR) under different wear states are obtained and compared with the corresponding
CAR [5]. The results are shown in Figure 7.

It is evident that, when the surface roughness is 0.5 µm, the CAR and CLR are minimal,
indicating the tribo-pair is in a favourable lubrication condition. As the surface roughness
increases, more asperity contact occurs and leads to a higher CAR and CLR, indicating a
progression to a normal wear stage. Subsequently, the CAR tends to stabilise when the
surface roughness is approximately 2.5 µm, while the CLR reaches a stable state when the
surface roughness is about 4 µm. This is mainly because the load borne by the oil film
decreases after the oil film ruptures in localised areas, and the load borne by the asperity
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contact increases with the increasing contact area. As the surface profile height continues
to increase, the CAR reaches a stable value due to the stress limit of the tribo-pair material,
requiring the asperity contact to bear a greater load. It can be inferred that the tribo-pair is
in a serious sliding wear stage.
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3.3. Contact Vibration Analysis Method

The contact vibration model established in Section 2 assumes that the tribo-pair
operates under dry friction conditions, and the external load is entirely borne by the asperity
contact. In the case of the lubricated rolling-sliding contact, the external load is shared by
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the oil film and asperity contact. The nonlinear variations of CLR and CAR during wear
evolution become key factors in exciting contact vibration. Therefore, the above variables
caused by surface wear under lubricating conditions are assigned corresponding physical
meanings and incorporated into the contact vibration model for qualitative wear analysis.

1. Surface roughness corresponds to the surface profile height in the contact
vibration model;

2. Assuming a constant external load, the CLR is used to calculate the incremental
stiffness and damping coefficient in different wear states;

3. In the contact vibration model, the cut-off frequency reflects the sliding velocity, which
is equivalent to the number of asperities swept by the mass block per unit of time.
The CAR reflects the proportion of the asperity contact in the Hertz contact area and
therefore corresponds to the cut-off frequency in the contact vibration model.

3.4. Wear Evolution Characterisation

Five rough surfaces are randomly generated in the mixed-EHL model for wear evolu-
tion simulations of lubricated rolling-sliding contacts, with the surface roughness ranging
from 0.5 µm to 4 µm (in intervals of 0.1 µm). All the input parameters remain the same as
the simulation in Section 3.1. The surface roughness, the obtained CLR, and CAR under
different wear states are subsequently substituted into the contact vibration model to extract
the CRF features. The results are shown in Figure 8.
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Since the CRF is only correlated with the load, its evolution trend follows that of
the CLR in Figure 7. The CRFA is negatively correlated with the load and is positively
correlated with the sliding velocity and surface roughness, making it challenging to directly
determine its evolution mechanism. Therefore, the CRFA is qualitatively analysed by
matching the two wear stages inferred in Figure 7, and the splitting point in Figure 8 also
occurs close to 2.5 µm.

In the normal wear stage, the CRFA is influenced by all three factors. The CLR and
CAR increase at a close rate, with opposing effects on the CRFA, which can be considered
to offset each other. Thus, the CRFA is mainly influenced by the surface roughness and
increases linearly within a small range. At this stage, there may be slight abrasions on the
tribo-pair surface caused by abrasive wear mechanisms [30]. In the severe wear stage, the
CAR gradually reaches a stable state with an increase in surface roughness, and the CLR
continues to increase. Due to the nonlinear variations of the three factors and their coupling
effects, the CRFA shows an increasing trend overall, accompanied by noticeable irregular
fluctuations. In addition, due to the surface roughness reaching nearly 4 µm, it may be
considered a wear fault in the engineering application of high-precision rolling bearings.
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Severe scratches and pits caused by sliding wear mechanisms may appear on the tribo-pair
surface [30]. Therefore, the irregular fluctuations of the CRFA may also be caused by these
wear faults.

4. Experimental Verification
A rolling-sliding test rig was employed for wear evolution experiments. Tribo-pair

samples with different rough surfaces were fabricated to replicate various wear conditions.
The vibration signals were collected and examined through power spectral density analysis,
and the CRF was extracted to characterise wear evolution.

4.1. Experimental Method

Figure 9 shows the experimental apparatus employed in this study. The 12 mm roller
is driven by a high-speed electric spindle, and a 108 mm ring is fixed on a low-speed electric
spindle. By adjusting the drive speeds, rolling-sliding motions are achieved. Both parts are
constructed from 45 steel, with a density of 7800 kg/m3. They have a Young’s modulus of
207 GPa and a Poisson’s ratio of 0.3. Additionally, a vertical load can be applied on the roller
via the loading system. The lubricating oil is driven by a pump to lubricate the tribo-pair
through an oil pipe and subsequently circulates back to the oil tank. An accelerometer,
with a measurement range of ±50 g, sensitivity of 100 mV/g, and a frequency response
range of 0.5 Hz to 10 kHz, is mounted on the load block above the roller shaft to detect
vertical vibrations.
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A total of 12 ring samples were employed to replicate different wear conditions of the
tribo-pair, as displayed in Figure 10. Sample 1 is a new ring, while sample 2 is a worn ring
that underwent 10 h of wear, and samples 3 to 12 were fabricated using the sandblasting
technique. A three-dimensional morphology analysis system [31] was used to measure
their surface roughness (Sq, in µm), which are as follows: sample 1: 0.54 ± 0.10, sample 2:
0.87 ± 0.08, sample 3: 1.25 ± 0.05, sample 4: 1.31 ± 0.05, sample 5: 1.64 ± 0.10, sample 6:
1.68 ± 0.06, sample 7: 1.92 ± 0.10, sample 8: 2.17 ± 0.08, sample 9: 2.43 ± 0.05, sample 10:
2.90 ± 0.05, sample 11: 3.06 ± 0.10, and sample 12: 3.49 ± 0.06. Furthermore, new rollers,
with Sq of 0.30 ± 0.10 µm, were utilized in all experiments. Corresponding height maps were
also generated to further illustrate the surface topography, as shown in Figure 11. It is evident
that as surface roughness increases, the ring surface exhibits more pronounced asperities.
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All experiments were performed under a constant load of 500 N. Two different spindle
speeds are set, 300 r/min for the roller and 3375 r/min for the ring, achieving a relative
sliding velocity of 2 m/s. A standard mineral oil, with a viscosity of 0.096 Pa·s and density
of 0.88 g/cm3, was used as a lubricant. Each test lasted 300 s. Vibration signals were
acquired with a sampling frequency of 20 kHz. To ensure the reliability of the results, each
test was repeated five times.

4.2. Result Analysis

Time-domain and power spectral density analyses were performed on the vibration
signals obtained from the above experiments, and the results are shown in Figure 12. The
CRFs under different surface roughness and a constant load of 500 N range from 2921.93 Hz
to 3811.88 Hz. Due to different surface roughness and lubricating oil film distribution, the
actual loads borne by asperity contacts did not reach 500 N. Therefore, the experimental
CRF values are smaller than the calculated CRF under a constant load of 500N. This also
validates the validity of the dynamic model.

To eliminate the influence of the interference signals, a five-point triple smoothing
method was applied to preprocess each power spectral density signal. The highest point
was selected as the CRF for wear evolution analysis. For statistical analysis, the CRF and
CRFA values were extracted from the vibration signals of the five groups of tests carried
out on each inner ring, and their evolution patterns are depicted in Figure 13. Among them,
the CRF is expressed as an average value.
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It can be seen from Figure 13, the CRF increases rapidly with the increase in surface
roughness and then gradually stabilises. The CRFA shows an overall increasing trend but
exhibits large irregular fluctuations as the roughness increases. Based on the influence
mechanism of the CAR, CLR, and surface roughness on the CRF and CRFA during the
wear evolution process, it can be roughly inferred that the tribo-pair is in a normal wear
stage before 1.68 µm, and after 1.92 µm, it enters a serious wear stage. The experimental
results align with the simulation data shown in Figure 8, thereby confirming the validity of
the method presented in this paper.

5. Conclusions
A comprehensive study is presented to characterise the wear evolution of lubricated

rolling-sliding contact using contact vibration indicators. A dynamic model is initially
established to examine the contact vibration response induced by the random rough surface.
Next, a mixed-EHL model is applied to simulate the wear and lubrication evolution of
rolling-sliding contact. The surface roughness, CLR, and CAR during this process are
incorporated into the dynamic model, and a wear evolution characterisation method based
on the CRF is proposed. Finally, rolling-sliding experiments are conducted for verification.
The main conclusions are summarized as follows:

1. A CRF can be obtained by the established contact vibration model. Power spectral
density analysis results indicate that the CRF is only positively correlated with the
load, while the CRFA negatively correlates with the load and positively correlates
with the velocity and surface profile height.

2. The complex dynamic behaviour of lubricated rolling-sliding contact can be reflected
by the evolution of contact conditions. When the tribo-pair is in a normal wear stage,
the CAR and CLR increase with the surface roughness. Upon reaching a severe wear
stage, the CAR tends to stabilise while the CLR continues to increase.

3. The vibration-based wear evolution characterisation of lubricated rolling-sliding
contact depends on the nonlinear changes in the surface roughness, CAR and CLR
and their coupling effects. The CRF and CRFA can be utilised to distinguish the
normal wear and severe wear stages.
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