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Abstract: Understanding the wear behavior of the piston–cylinder interface (PCI) is critical for improving the reliability and 
service life of axial piston machines (APMs). Existing PCI wear prediction methods often rely on one or two predefined wear 
models, for example, the Archard model with simplified mechanism switching. However, the PCI inherently experiences multiple 
coexisting contact states. In this paper, we propose a wear map-based wear prediction method. The operating conditions that can 
comprehensively represent the contact states across the entire interface are simulated by a mixed lubrication model and are then 
used as a matrix input into tribometer tests to measure a map of the wear rate. The wear map establishes the quantitative correlations 
between the contact states and the wear rate and can be embedded into an existing PCI wear prediction framework. An APM 
wear test showed that our proposed method could track the wear evolution process and capture the wear redistribution in the end 
region of the cylinder bore under the investigated operating conditions.
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1 Introduction 

Axial piston machines (APMs) serve as the core 
hydraulic power source of hydraulic transmission sys‐
tems and are widely used in heavy production lines, 
mobile machines, and aircraft flight control systems. 
Fig. 1 shows a structural schematic of a swash plate 
type APM. The working principle of an APM involves 
the reciprocating motion of pistons within their re‐
spective chambers, which changes the chamber vol‐
ume to achieve oil suction and discharge. The piston–
cylinder interface (PCI) is one of the most signifi‐
cant lubricating interfaces and maintains the func‐
tions of lubricating, load bearing, and sealing of the 
APM. The PCI operates under a large lateral force 
without static pressure support. The risk of wear fail‐
ure is high, and the consequences are serious. Clari‐
fying the law of the wear process is a feasible way to 

prevent a sudden wear failure (Xia et al., 2022; Kumar, 
2024).

The contact states across the entire PCI are ex‐
tremely uneven due to complicated component dynam‐
ics and alternating pressure boundaries, leading to an 
uneven wear topography that in turn affects contact 
states. The coupled evolution between the wear topogra‐
phy and contact states makes it challenging to simulate 
the wear process of the PCI. A simulation framework 
to address this issue has been proposed recently (Lyu 
et al., 2020). The mainstream approach involves cal‐
culating parameters such as the solid contact stress and 
the film thickness ratio (the ratio of film thickness to 
root mean square roughness) by using the established 
mixed lubrication models, followed by selecting the cor‐
responding wear model to calculate the wear volume or 
roughness degradation. After surface wear occurs, the 
micron-scale wear topography is considered to re-
express the oil film thickness in the Reynolds equation 
for the PCI. Additionally, the impact of the roughness 
degradation on lubrication is introduced through the av‐
erage flow Reynolds equation (Patir and Cheng, 1978; 
Lyu et al., 2023). Through this simulation framework, 
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the real-time interaction between interface lubrication 
and the surface wear topography can be analyzed over 
time. The prerequisites of precise wear prediction are 
obtaining accurate contact states and selecting appro‐
priate wear mechanisms for each contact region.

The contact and lubrication of the PCI have been 
systematically investigated over recent decades, includ‐
ing tribo-dynamic modeling (Xu et al., 2013; Gärtner 
et al., 2019; Ransegnola et al., 2022), solutions for 
thermal–fluid–structure interaction (Ernst and Vacca, 
2021; Yin et al., 2023; Zhang CC et al., 2023; Zhang 
JH et al., 2024; Wang et al., 2025), and surface contact 
modeling with asperity scale resolution (Schenk, 2014; 
Wondergem and Ivantysynova, 2015; Lyu et al., 2023). 
These studies have significantly advanced PCI contact 
and lubrication state prediction. However, in most wear 
prediction studies, the wear calculation step is still domi‐
nated by simplified assumptions on wear mechanisms 
and laws. The research on the wear mechanisms at the 
PCI has not been as thorough as that on lubrication, 
and the fundamental mechanisms themselves remain 
underemphasized.

Brinkschulte et al. (2018) calculated the solid con‐
tact stress using a lubrication model of the PCI. The Ar‐
chard model (Archard, 1953; Lin et al., 2024) was used 
to calculate the wear of the solid contact regions at the 
PCI, and an energetic wear model, the Fleischer model 
(Fleischer, 1973), was used for the non-contact regions. 
Ivantysyn et al. (2020) proposed similar models to iden‐
tify the wear mechanisms according to the contact state 
of the slipper–swash plate interface, which is another 
key lubricating interface in APMs. Lyu et al. (2020) an‐
alyzed the solid contact stress and film thickness ratio, 

and used them as criteria to classify the wear mecha‐
nisms at the PCI as adhesive wear or two-body abrasive 
wear (Wen and Huang, 2017; Zhang JH et al., 2021). 
From the perspective of wear calculation, these ap‐
proaches can be summarized as being extremely sim‐
plified hard-switching strategies, in which the wear 
mechanism and the corresponding wear calculation 
method are switched once a prescribed contact-state 
criterion is reached. Such hard-switching or single-
mechanism modeling is practical, but becomes increas‐
ingly restrictive for the PCI, because the complex ki‐
nematics and dynamics lead to wide ranges of sliding 
speed and contact stress and multiple coexisting con‐
tact states across the interface. Under these conditions, 
wear mechanisms cannot be sufficiently explained by 
simplistic hypotheses of a single mechanism or multi‐
ple mechanisms used in previous research.

To address this challenge, in this paper, we pro‐
pose a novel approach that involves determining the 
contact states across discrete regions of the PCI and 
conducting corresponding tribological tests to estab‐
lish the correlation between wear rates and distributed 
contact states. This correlation can be presented in the 
form of a wear map, which proves particularly effec‐
tive for such analysis (Gong et al., 2015; Guo et al., 
2019; Mattei et al., 2020; Zhang X et al., 2021; Mesa 
G. et al., 2022). The contact states, which are charac‐
terized by sliding speeds and contact stresses, serve as 
independent variables in the wear map. After embedd‑
ing the wear map into the wear prediction framework, 
the wear rates for each region across the entire inter‐
face can be obtained directly, eliminating the risk of mis‐
identifying wear mechanisms and inaccurately calcu‐
lating wear rates. Compared with the conventional hard-
switching methods, the measured wear map provides 
a more flexible mapping from the contact state to the 
wear rate over the operating envelope of the PCI, which 
is particularly suitable for interfaces with multiple co‐
existing contact states.

2 Methodology 

An overall flow chart of PCI wear prediction is 
shown in Fig. 2. Distributed contact states at the PCI, 
which are significant boundaries for distinguishing wear 
mechanisms and calculating wear rates, are obtained 
using a lubrication model. The contact states are fed into 

Fig. 1  Schematic diagram of a swash plate type APM
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a wear calculation model to output the uneven wear 
contour of the PCI. The uneven wear contour directly 
affects the geometrical boundaries of the lubrication 
model. The uneven wear contour caused by distributed 
contact states, in turn, alters the lubrication. The cou‐
pling effect between the lubrication and wear contour 
exists in real-time throughout the operation of APMs. 
Through this coupling effect, the non-uniform wear 
distribution at the PCI and its nonlinear evolution pro‐
cess can be predicted.

The main novelty of the proposed approach lies in 
replacing existing simplified hard-switching or single-
wear mechanism models with a wear map to distinguish 
the combined and complex wear mechanisms and cal‐
culate wear rates at the PCI. The distributed contact 
state, the wear map, and the effects of the wear map 
are discussed in detail below.

3 Distributed contact states 

The contact state, including contact stress ps and 
sliding speed vs, directly affects the wear rate of spe‐
cific contact areas (Aghababaei et al., 2016; Aghababaei 
and Zhao, 2021; Ghatrehsamani et al., 2021; Khonsari 
et al., 2021), and consequently could be the key vari‐
able of the wear map of the PCI. The contact states in 
different regions across the entire interface are distinct 
and constantly change due to the complex and alternat‐
ing dynamic characteristics of the PCI. A lubrication 
model that fully accounts for these complex dynamic 
characteristics was used to characterize the distribut‐
ed contact states of the PCI, as detailed in Section S1 
of the electronic supplementary materials (ESM). The 

lubrication simulation of the PCI was conducted based 
on the structural parameters, material parameters, and 
working conditions listed in Table 1.

To understand the contact states of the PCI, the 
contact stress distributions in both the high-pressure 
region (represented at shaft angle φ=45° and 135°) and 
low-pressure region (represented at φ=225° and 315°) 
are shown in Fig. 3. In Fig. S1 of the ESM, φ=0° is 
defined as the positive X-axis. The circumferential angle 
θ denotes the rotation from the X-axis toward the Y-axis. 
z is the axial position of the oil film, and z=0 mm repre‐
sents the end of the oil film in the axial direction that is 
near the valve plate, and the opposite end corresponds to 
the side near the swash plate. The oil film pressure po is 
also presented. In the high-pressure region, the squeez‐
ing effect and hydrodynamic effect of the oil film in the 
PCI gap support the piston well. This keeps the contact 
stress at the PCI within an acceptable range, which is 

Table 1  Parameters used in the lubrication model

Parameter

Diameter of piston (mm)

Length of cylinder bore (mm)

Angle of swash plate (°)

Yield strength of cylinder bore (MPa)

Elastic modulus of cylinder bore (GPa)

Elastic modulus of piston (GPa)

Poisson’s ratio of cylinder bore

Poisson’s ratio of piston

Case drain pressure (MPa)

Outlet pressure (MPa)

Rotational speed (r/min)

Value

8

21.4

15

280

106

206

0.34

0.28

0.5

28

5500

Fig. 2  Brief flowchart of the PCI wear prediction method
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why APMs are considered components operating on 
the oil film of lubrication interfaces. However, there is 
still a certain amount of contact stress at the PCI, oc‐
curring mainly at the edges of the interface. Note that 
the oil film pressure and the contact stress are solved 
on a discretized grid (detailed in Section S2 of the 
ESM), and the reported values represent grid-averaged 
quantities within each grid area Ag. Therefore, the oil 
film pressure peak and contact stress peak discussed 
here correspond to the maximum grid-averaged values 
among all grids, which mitigates the non-physical peak 
near the axial edges that may arise from an idealized 
sharp-edge geometry.

By extracting the peak contact stresses of the PCI 
at each position, a complete contact stress peak curve 
at the PCI over one rotation can be obtained. Simulta‐
neously, the resultant sliding speed between the piston 
and the cylinder bore during one rotation of the cylin‐
der block is calculated (Section S1 of the ESM). The 
contact stress peak curve and the sliding speed curve 
can be combined (Fig. 4a) and used to obtain the slid‐
ing speed and contact stress matrix required for the 
disk-on-disk test. Since the contact stress at the PCI is 
distributed, the contact stress could range from 0 MPa to 
its peak at any given moment across the entire inter‐
face. Various stress levels below the stress peak shown 
in Fig. 4a should be considered, rather than only the 
peak stress. The range of the contact stress and sliding 
speed is shown in the blue area in Fig. 4b, in which each 
black dot corresponds to the maximum contact stress 
over the entire PCI and the associated sliding speed at 

Fig. 4  Contact states at the PCI: (a) curves of contact stress 
peak and sliding speed; (b) operating ranges of contact stress 
and sliding speed

Fig. 3  Contact stresses and oil film pressures at different shaft angles
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a given shaft angle during one rotation. The blue area 
represents the operating range of the sliding speed and 
contact stress used to define the operating condition ma‐
trix for the disk-on-disk tests.

The range shown in Fig. 4b was obtained based on 
an ideal cylindrical interface. However, as the surface to‐
pography changes during the wear process, the contact 
stress peak correspondingly shifts and is not necessar‐
ily monotonically increasing or decreasing (Khonsari 
et al., 2021). To make the wear map applicable to any 
wear stage, based on previous research experience (Lyu 
et al., 2020, 2023; Zhang JH et al., 2021), the upper 
limit of the contact stress range should be higher than 
the peak in Fig. 4b. Under practical time constraints, 
four representative sliding speeds and four representa‐
tive contact stress levels were selected to provide an 
evenly distributed coverage of the simulated operating 
envelope with a manageable number of tests, resulting 
in the 4×4 matrix listed in Table 2. The upper limit of 
the contact stress range used to construct the wear map 
was set one contact stress interval above the maximum 
value in Fig. 4b.

4 Wear map 

4.1 Tribometer and specimens

A disk-on-disk tribometer developed by the Insti‐
tute for Fluid Power Drives and Systems (ifas) at the 

RWTH Aachen University, Germany, was used to set up 
the wear map. The disk-on-disk assembly facilitates the 
direct calculation of contact stress without relying on 
Hertzian contact theory, and also mitigates the varia‐
tions in actual contact stress caused by wear. The lower 
disk was fixed to a driving shaft, while the upper disk 
was fixed to the static measurement shaft (Fig. 5). A 
rotating motion was imposed on the lower disk. At the 
same time, an axial load was applied to the upper disk 
by a hydraulic cylinder, and the friction torque was mea‐
sured by a force sensor fixed to the force measurement 
shaft. The load between the loading component and the 
force measurement shaft was transmitted through an air 
bearing, while minimizing the frictional interference be‐
tween the loading component and the friction force mea‐
surement components. The tribometer was equipped 
with an oil chamber featuring a rotary seal with the driv‐
ing shaft, enabling specimens to be fully immersed in 
lubricating oil. A water-cooling system around the oil 
chamber and a temperature sensor were incorporated to 
prevent overheating during the wear experiments. No.15 
aviation hydraulic oil was used in both the tribometer 
tests and the subsequent APM wear test. The viscosity 
of the oil was 15 mm2/s at 40 °C.

The PCI was composed of a steel piston and a 
brass cylinder bore to ensure friction compatibility. The 
brass cylinder bore was softer and undergoes material 
removal during wear. The fixed upper disk was made 
of brass (Fig. 5), with its specific chemical composi‐
tion and mechanical properties detailed in Tables 3 and 
4, respectively. The rotating lower disk was made of 
alloy steel 38CrMoAl. The average contact area of the 

Table 2  Operating condition matrix of the wear map

Number

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Sliding speed (mm/s)

2305

2305

2305

2305

1880

1880

1880

1880

1455

1455

1455

1455

1030

1030

1030

1030

Contact stress (MPa)

8.3

5.7

3.1

0.5

8.3

5.7

3.1

0.5

8.3

5.7

3.1

0.5

8.3

5.7

3.1

0.5

Fig. 5  Disk-on-disk tribometer and its main components
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disk-on-disk friction pair was 389.56 mm2. The original 
root mean square roughness σ of both samples was 
0.15 μm.

4.2 Wear assessment

The wear loss can be determined by comparative 
assessment of the brass disk surface profiles before and 
after testing. To eliminate the confounding effects of 
plastic deformation and running-in wear on the profile, 
dedicated disks were used for each test condition. A 
standardized procedure consisting of a running-in pe‐
riod was implemented to establish baseline profiles, 
followed by a subsequent 10-min formal wear test under 
controlled operating parameters. The procedure is sche‐
matically illustrated in Fig. 6a. The surface roughness 
was measured after the running-in process and the sub‐
sequent 10-min operation, respectively. No measurable 
change was observed between these two measurements, 
and the influence of roughness evolution on the wear 
assessment was excluded.

The wear profiles were assessed using a VR-5000 
3D profilometer (Keyence Corporation, Japan). The 
wear rates were determined using the volume loss 
method. Fig. 6b shows the wear assessment method. 

A section of the original surface was retained to de‐
fine the wear depth. Note that edge material tends to 
accumulate as a result of plastic extrusion, leading to 
the worn profile at xd=2.98×104 μm being higher than 
the baseline profile. The wear volume Vw can be calcu‐
lated by Eq. (1):

Vw = ∫
R0

Rd

(2πxd| zd | )dxd  (1)

where Rd is the outer radius of the disk (32 mm); R0 is 
the distance from the starting point of the measurement 
to the disk center. The location of optical microscopy 
observation on the specimen is also indicated in Fig. 6b.

In the lubrication model, the wear distribution is 
represented on the geometric boundary as depth varia‐
tions at each node. Therefore, the wear depth per unit 
sliding distance wh, i.e., the linear wear rate (Wen and 
Huang, 2017), should be calculated from Eq. (2):

wh =
Vw

Ac

 (2)

where Ac is the average contact area of the disk-on-disk 
friction pair.

4.3 Wear map characterization

The measured wear map is presented in Fig. 7a, 
illustrating variation in the wear rate under different 
contact stresses and sliding speeds. Due to the minimum 
load limitation of the tribometer, linear extrapolation 
was applied in the region below 0.5 MPa. In the low 

Fig. 6  (a) Procedure of the wear map experiments; (b) wear 
assessment. zd is the wear depth of the measurement point; 
xd is the distance from the measurement point to the disk center

Table 3  Chemical composition of the fixed upper disk

Element

Cu

Zn

Pb

Fe

Mn

Ni

Al

Si

Sn

Other

Mass fraction (%)

56.0–59.0

Remaining

0.0–0.6

0.0–0.5

2.2–2.8

0.0–0.5

1.0–2.0

0.5–1.5

0.0–0.5

0.0–0.5

Table 4  Mechanical properties of the fixed upper disk

Property

Yield strength (MPa)

Tensile strength (MPa)

Elongation A5 (%)

Brinell hardness (HB 2.5/62.5)

Value

280

590

12

150–185

Elongation A5 is a standardized elongation index for measuring the 
plastic deformation capacity of materials; HB 2.5/62.5 represents the 
testing conditions for Brinell hardness.
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contact stress regime, the wear rate was small and within 
the operating range considered in this study, and the 
extrapolation was expected to have a limited effect on 

the accumulated wear prediction. Nevertheless, the wear 
map accuracy in the untested regime below 0.5 MPa 
remained uncertain. Each operating condition in Table 2 
was tested three times. The mean wear rate of the three 
repeats was used to construct the wear map in Fig. 7a, 
in which the corresponding scatter is indicated by error 
bars. The measured wear rate increased nonlinearly 
with contact stress, rising slowly under low contact stress 
conditions, and then more rapidly with increasing con‐
tact stress within the operating range considered. The 
wear rate showed no clear monotonic trend with sliding 
speed. However, the wear rate at 5.7 MPa exhibited a 
more pronounced variation with sliding speed than the 
wear rate at the other stress levels (Fig. 7b). Notably, the 
wear rate at 5.7 MPa and a sliding speed of 1455 mm/s 
exhibited a reduction relative to the adjacent condi‐
tions. Although a definitive physical explanation is not 
yet available, the repeated tests gave similar results 
under this operating condition. Therefore, this data 
point was retained and used in the present analysis.

Fig. 8 presents representative optical micrographs 
obtained using an optical profilometer (Infinite Focus 
G4, Alicona Imaging GmbH, Austria) at 50× magnifi‐
cation under different contact stresses and sliding speeds. 
At the lowest contact stress (0.5 MPa), the surface was 
dominated by ploughing scratches aligned with the slid‐
ing direction. With increasing contact stress (3.1 MPa), 
a smoother and more polished surface appearance was 
observed. At the intermediate contact stress (5.7 MPa), 
polishing remained evident while local adhesive marks 
appeared. At the highest contact stress (8.3 MPa), 
adhesive marks and material transfer became more 
pronounced.

Fig. 7  Wear map representation: (a) measured wear map; 
(b) variation of wear rate with sliding speed under different 
contact stresses

Fig. 8  Optical micrographs at different sliding speeds and contact stresses
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These observations indicate a transition in wear 
features with increasing contact stress, from scratch-
dominated abrasion/polishing toward more adhesive-
dominated behavior within the investigated envelope. 
At intermediate contact stress levels, the coexistence 
of polishing and local adhesive marks suggests a mixed-
mechanism regime, which may be more sensitive to 
sliding speed. This provides a plausible interpretation 
for the more pronounced speed-dependent fluctuation 
observed at 5.7 MPa. Nevertheless, a definitive mech‐
anism for the local reduction at 1455 mm/s was not 
established in this present study. It is an observation 
that warrants further targeted investigation into the un‐
derlying mechanism.

The optical micrographs revealed the coexistence 
of combined and complex wear mechanisms across the 
entire PCI, fundamentally challenging the existing over‐
simplified single mechanism assumptions. To further 
confirm the necessity of this wear map, the differences 
between the existing single mechanism wear model and 
the proposed wear map were quantitatively elaborated. 
Most previous studies on the wear processes of fric‐
tional interfaces (Brinkschulte et al., 2018; Ivantysyn 
et al., 2020; Lin et al., 2024) assumed adhesion to be 
the predominant wear mechanism. The Archard model, 
the most widely used model for adhesive wear, is used 
for single mechanism wear rate calculation (Archard, 
1953). The linear wear rate wa derived from the Archard 
model is calculated by Eq. (3):

wa = ka

ps

3σs

 (3)

where ka is the Archard wear coefficient; σs is the yield 
strength of the cylinder bore material.

To compare the measured wear map with the con‐
ventional single mechanism Archard model, the pre‐
dicted wear rate distribution over the operating range 
shown in Fig. 4 was plotted (Fig. 9). Previous experi‐
mental studies indicated that under a consistent lubri‐
cation condition, the adhesive wear coefficient remains 
constant when surface contact stress does not exceed 
one third of the yield strength of the material (Burwell 
and Strang, 1952). The contact stress peak at the PCI 
was far below this threshold according to the calcula‐
tion in Section 3.2 and the mechanical properties in 
Table 4, so that the adhesive wear coefficient theoreti‐
cally remained constant in the conventional Archard 

model. Under this assumption, the assumed Archard 
wear coefficient ka in Eq. (3) was estimated by linear 
regression of the measured wear rates in Fig. 7a, as 
expressed in Eq. (4):

ka =
∑
i = 1

N ( )pi

σs

whi

∑
i = 1

N ( )pi

σs

2
 (4)

where N is the total number of tribometer operating 
conditions; i (i=1, 2, …, N) is the index of an operat‐
ing condition; pi is the contact stress at the ith condi‐
tion; wh,i is the measured linear wear rate at the ith 
condition.

The Archard wear model predicts a wear rate that 
is independent of sliding speed and increases linearly 
with contact stress. Although the measured wear map 
also exhibited a general increase in wear rate with 
contact stress and only a minor dependence on sliding 
speed, the trend was not strictly linear as in the Ar‐
chard model (Fig. 9). Instead, due to transitions in wear 
mechanisms, the overall wear rate first increased slowly, 
and then more rapidly with increasing contact stress. 
Moreover, at intermediate stress levels, where multi‐
ple wear mechanisms coexist, the wear rate varied no‐
ticeably with sliding speed, which further distinguishes 
the measured wear behavior from the Archard model.

Compared with the conventional Archard model, 
the measured wear map provides a more flexible map‐
ping from contact stress and sliding speed to wear rate 
over the operating envelope of the PCI. Within the scope 
and resolution of the current dataset, both approaches 

Fig. 9  Wear map derived from Archard model
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capture the dominant influence of contact stress, while 
the wear map was adopted in the wear prediction to 
incorporate the observed non-strictly linear dependence 
on contact stress and the possible interaction between 
sliding speed and contact stress at intermediate stress 
levels.

Several limitations should be noted. The measured 
wear map was established from the disk-on-disk tri‐
bometer tests under the configuration and protocol de‐
scribed in Section 4.1. The resolution of the wear map 
was limited by the operating condition matrix used in 
the present dataset. The sensitivity to tribometer param‐
eters has not been systematically quantified. These pa‐
rameters include surface preparation, alignment, oil sup‐
ply condition, bulk oil temperature control, and the 
running-in protocol. In addition, the measured wear map 
was obtained for the specific lubricant–material pair‐
ing used in this study (No. 15 aviation hydraulic oil 
and the steel piston against the brass cylinder bore). 
Transferability to other pump sizes, material pairs, and 
lubricants has not been validated. Recalibration is ex‐
pected to be needed when substantial changes are in‐
troduced. Finally, fresh oil was used in the present tests. 
Oil aging and contaminant particles were not consid‐
ered. Therefore, the measured wear map is conditional 
on the adopted test procedure and oil condition.

4.4 Integration of the wear map with wear prediction 
method

This section discusses the methodology for inte‐
grating the wear map into the wear prediction model 
and delineates its scope of application. Under ideal con‐
ditions, once the contact stresses and sliding speeds at 
each node of the oil film are determined by the lubri‐
cation model, the corresponding wear rate at each node 
can be interpolated from the wear map. Subsequently, 
the wear depth hw at each node per time step is calcu‐
lated. This process is expressed mathematically as:

hw(θ z ) =wh( ps(θ z )  vs(θ z ) )Ds (5)

where Δs is the incremental sliding distance between 
the piston and bore per time step.

This disk-on-disk friction pair needs to operate 
predominantly under boundary lubrication, thereby min‐
imizing elastohydrodynamic lubrication effects that 
could reduce actual contact stress below theoretical 
predictions. Due to limitations of the test conditions, 

the lubrication regime was inferred from the friction 
coefficient rather than from direct measurements of the 
oil film thickness. During the tribometer test, the fric‐
tion coefficients under all operating conditions ranged 
from 0.11 to 0.24. The disk-on-disk wear test main‐
tained stable operation in the boundary lubrication re‐
gime, in which the friction coefficients typically ex‐
ceed 0.10. According to classical lubrication theory, 
the film thickness ratio λ shown in Eq. (6) is conven‐
tionally defined as being less than 1 when characteriz‐
ing boundary lubrication (Zhu and Wang, 2012; Wen 
and Huang, 2017). Consequently, when applying wear 
maps to PCI wear calculations, a critical constraint of 
λ≤1 must be imposed.

λ =
ho

σ
 (6)

where ho is the oil film thickness.

5 Effects of the wear map on wear prediction 

By integrating the experimentally measured wear 
map into the wear prediction model following the work‐
flow outlined in Fig. 2, the temporal evolution of the 
wear contour of the cylinder bore can be numerically 
simulated. To evaluate the effectiveness of our pro‐
posed method, simulation results from the wear map-
based method were compared with those from the widely 
used Archard model-based method (Brinkschulte et al., 
2018; Zhang JH et al., 2021; Lin et al., 2024). An APM 
wear test was conducted to validate the results.

5.1 APM wear test setup

The APM wear test consisted mainly of an oper‐
ating procedure and surface measurements. The process 
of the APM wear test is shown in Fig. 10. To track the 
wear evolution process, the test started with the sur‐
face measurement of a new APM. Then, after operat‐
ing for a specified period, the APM was disassembled 
to measure the wear contour of the PCI during this pe‐
riod. The process was repeated, and the wear contours 
after operating for 0.5, 3.0, 9.0, and 15.0 h were mea‐
sured. Due to limitations of the test resources, the pump 
wear validation was conducted on only a single APM. 
Therefore, variability between multiple pump tests was 
not quantified in the present study. The details of the test 
and measurement are shown in Section S3 of the ESM.
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5.2 Comparison of results

The experimental results from the two simulation 
methods were compared. In the wear prediction simu‐
lation, the maximum wear depth of a single revolu‐
tion of the cylinder bore was below 10−2 μm, which is 
too small to influence the lubrication state. Therefore, 
after each geometric boundary update, the wear incre‐
ment was linearly accumulated until the maximum wear 
depth exceeded a threshold (Lyu et al., 2020). At each 
update, the accumulated wear depth field hw was ap‐
plied to update the local film-thickness distribution and 
the geometric boundary of the lubrication model, and 
the mixed lubrication model was re-run based on the 
updated geometry to obtain the updated lubrication/
contact state for the subsequent wear accumulation. 
Consequently, the geometric boundaries and the lubri‐
cation boundaries were not continuously updated over 
time. However, the update time points in the simula‐
tion that were closest to the experimental time points 
can still be used to compare the results. According to 
the operation times in Fig. 10, four comparison time 
points t1 to t4 were defined, and the corresponding sim‐
ulation time points are shown in Table 5. We acknowl‐
edge that the PCI was initialized using an ideal cylin‐
drical geometry, and manufacturing tolerances or as-
built geometric deviations were not explicitly consid‐
ered here.

The wear contours obtained by the wear test and 
the two wear prediction methods at the four time points 
are shown in Fig. 11, which reveals not only the wear 
distribution, but also the evolution process of the wear 
distribution over time. zw is the axial position of the 
cylinder bore, and the wear regions were mainly at the 
two ends of the cylinder bore. For clarity, the end of zw=
0 mm was defined as the bottom end, and the opposite 
end as the top end.

The experimental results and the simulation re‐
sults from the two wear prediction models showed con‐
sistency in several aspects. At the top end, significant 
wear appeared early in the circumferential range of 135° 
to 225° at t1. Then at t2, wear began to develop at 
around 335° at the bottom end and increased rapidly 
from t2 to t4. Meanwhile, the evolution was less pro‐
nounced at the top end than at the bottom end.

Although both the wear map-based method and 
the Archard model-based method can predict the re‐
gions where wear appeared, the Archard model-based 
method significantly underestimated the wear at the 
bottom end compared with the wear map-based method. 
Both methods predicted the increase of the wear at the 
bottom end from t2 to t4, but the Archard model-based 
method predicted a slower rate of increase than the wear 
map-based method.

To quantify the differences in predicting wear 
characteristics at the top and bottom of the cylinder 

Fig. 10  Process of the APM wear test

Table 5  Comparison of experimental and simulation times at the defined time points

Defined comparison time point

t1

t2

t3

t4

Experimental time (h)

0.50

3.00

9.00

15.00

Simulation time of wear 
map-based method (h)

0.64

3.26

9.51

17.27

Simulation time of Archard 
model-based method (h)

0.54

3.05

9.66

15.99
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bore between the wear map-based method and the 
Archard model-based method, the wear volume at the 
top of the cylinder bore Vw,t and the wear volume at the 
bottom of the cylinder bore Vw,b were calculated. The 
calculation method was:

V t
wb = ∫

0

Lc

2 ∫
0

360

[ ]ht
w( )θ zw - h0

w( )θ zw dzwdθ  (7)

V t
wt = ∫

Lc

2

Lc ∫
0

360

[ ]ht
w( )θ zw - h0

w( )θ zw dzwdθ  (8)

where V t
wb and V t

wt are the wear volumes of the bottom 
and top of the cylinder bore at time point t, respectively, 
and t=0 h represents the original time point; Lc is the 
length of the cylinder bore; ht

w is the local wear depth 
at time point t; h0

w is the original local wear depth. The 
quantitative evolution obtained by the wear test and 

the two wear prediction methods at the four time points 
is shown in Fig. 12. The experimental results in Fig. 12a 
show that Vw,t increased rapidly at the early stage, 
whereas Vw,b exhibited a more pronounced growth in the 
later stage, and approached and even surpassed Vw,t. This 
indicates a progressive redistribution of wear domi‐
nance from the top end to the bottom end during the 
test. When faster wear is accumulated at one end, a 
larger local clearance can be produced. A lower local 
contact stress can then be obtained, and a saturation-
like behavior can be developed. A progressive shift of 
wear activity toward the opposite end can then be pro‐
moted. This mechanism is consistent with the observed 
trends of Vw,t and Vw,b. The physical cause was not deter‐
mined in the present study. Therefore, the redistribution 
is reported as an experimental observation.

Fig. 11  Evolution of the PCI wear contour predicted by different approaches: (a) experimental method; (b) wear map-
based method; (c) Archard model-based method
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The results predicted by the wear map-based 
method are shown in Fig. 12b. The wear map-based 
method reproduced this redistribution more consis‐
tently: it predicted a faster increase of Vw,b in the later 
stage and captured the crossover trend (Vw,b>Vw,t) ob‐
served in the wear test. The predicted end-region wear 
volumes at the final time point also showed closer agree‐
ment with the experimental values.

In contrast, the Archard model-based method in 
Fig. 12c yielded a nearly proportional growth of wear 
volume with time and predicted that Vw,t would remain 
slightly higher than Vw,b at the final time point, which did 
not reproduce the experimentally observed crossover 

trend. In addition, the Archard predictions underesti‐
mated the end-region wear volumes, with the devia‐
tion being more pronounced at the bottom end.

Overall, both methods could identify the end-wear 
regions. However, the quantified evolution of Vw,t and 
Vw,b indicates that the wear map-based method captures 
the temporal redistribution between the two ends more 
consistently, whereas the Archard model-based method 
does not reproduce the crossover trend observed in the 
wear test.

6 Conclusions and outlook 

In this paper, a wear map-based wear prediction 
method is proposed. The fundamental principle in‐
volves embedding a wear map representing the wear 
rate over the entire contact state of the PCI into an ex‐
isting wear prediction framework as the wear calcula‐
tion sub-model. The main conclusions are as follows:

1. Disk-on-disk tribometer results showed that the 
wear rate increased nonlinearly with contact stress, and 
the sensitivity to sliding speed became more noticeable 
at intermediate stress levels within the investigated op‐
erating envelope.

2. Pump wear tests showed that wear appears 
mainly at both axial ends of the cylinder bore. Both the 
wear map-based method and the Archard model-based 
method were able to identify the main wear regions at 
the PCI.

3. Regarding the wear evolution process, at the 
top end, wear appeared early within 0.5 h, and then 
grew more slowly. At the bottom end, wear increased 
rapidly from 3.0 h and reached a level higher than that 
at the top end by 15.0 h. The Archard model-based 
method underestimated the wear increment at the bot‐
tom end and did not reproduce the experimentally ob‐
served wear volume crossover trend between the two 
ends at the final time point. The wear map-based method 
captured this redistribution more consistently.

The wear map-based method has the capability 
to predict the wear behavior at the PCI with multiple 
coexisting contact states. Targeted engineering impli‐
cations can be drawn. Candidate material pairing and 
surface condition for the PCI in APMs can be screened 
by initial disk-on-disk tribometer tests combined with 
wear prediction, without the immediate need for APM 
prototyping. For existing APMs, a more targeted and 

Fig. 12  Quantitative evolution of the wear volumes at top 
end and bottom end: (a) experimental method; (b) wear map-
based method; (c) Archard model-based method
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physics-consistent wear prediction can be provided to 
support predictive maintenance. A physics-informed 
neural network prediction model can be explored in 
the future to improve prediction accuracy.

Nevertheless, time-consuming dedicated measure‐
ments are required. The present wear map was mea‐
sured for a specific lubricant–material pairing, and trans‐
ferability to other lubricants and material pairs was not 
validated. Therefore, future work will focus on wear 
mechanisms and metal–oil interaction by microscale and 
mechanism-oriented methods, for example, molecular 
dynamics, to support the calculation and generalization 
of the wear map.
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