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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
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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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Fig. 1 Schematic diagram of a swash plate type APM

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; Gértner
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



: Wear contour %108 :

- |

Contact stress, : 08 1

=== oil film thickness, [ : :
sliding speed, 07

| : gp Contact | : i 10 i

| ; states | | ot 06 |

| I > Integrated | , £ i

I | 4 's & 1

eationl Wear | ,7.---1S E 05 1

:Lubncdatllon :calculation K :: 5 mE 0.5 !

I moade Wear contour, | model | s o -==-h1=2 o 04 1

N 1 1 . ol :

| | Geometric surface topography | J i X 35 :

| | boundaries I | ' 1000 10 03

| le | I 1Sy, 1500 \“Q'A\ :

e ‘ e I d//)gs \ o

1 N\ !

Wear process ! o 250070 o 01 |

1 1

J Zhejiang Univ-Sci A 2026 27(6):569-582 | 571

Fig. 2 Brief flowchart of the PCI wear prediction method

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 Iubrication 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 p, and
sliding speed v,, 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.

Table 1 Parameters used in the lubrication model

Parameter Value
Diameter of piston (mm) 8
Length of cylinder bore (mm) 21.4
Angle of swash plate (°) 15
Yield strength of cylinder bore (MPa) 280
Elastic modulus of cylinder bore (GPa) 106
Elastic modulus of piston (GPa) 206
Poisson’s ratio of cylinder bore 0.34
Poisson’s ratio of piston 0.28
Case drain pressure (MPa) 0.5
Outlet pressure (MPa) 28
Rotational speed (r/min) 5500

To understand the contact states of the PCI, the
contact stress distributions in both the high-pressure
region (represented at shaft angle p=45° and 135°) and
low-pressure region (represented at p=225° and 315°)
are shown in Fig. 3. In Fig. S1 of the ESM, ¢=0° is
defined as the positive X-axis. The circumferential angle
0 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 p, 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
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Fig. 3 Contact stresses and oil film pressures at different shaft angles

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 4,. 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
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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 4x4 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.

Table 2 Operating condition matrix of the wear map

Number  Sliding speed (mm/s)  Contact stress (MPa)
1 2305 8.3
2 2305 5.7
3 2305 3.1
4 2305 0.5
5 1880 8.3
6 1880 5.7
7 1880 3.1
8 1880 0.5
9 1455 8.3
10 1455 5.7
11 1455 3.1
12 1455 0.5
13 1030 8.3
14 1030 5.7
15 1030 3.1
16 1030 0.5
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
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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 mm?/s at 40 °C.

Axial hydraulic cylinder

Load force sensor

Air bearing

Friction force sensor

Temperature sensor
Upper disk

Oil chamber and
water-cooling system

Lower disk

Driving shaft

Fig. 5 Disk-on-disk tribometer and its main components

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
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Table 3 Chemical composition of the fixed upper disk

Element Mass fraction (%)
Cu 56.0-59.0
Zn Remaining
Pb 0.0-0.6
Fe 0.0-0.5
Mn 2.2-2.8
Ni 0.0-0.5
Al 1.0-2.0

Si 0.5-1.5
Sn 0.0-0.5
Other 0.0-0.5

Table 4 Mechanical properties of the fixed upper disk

Property Value
Yield strength (MPa) 280
Tensile strength (MPa) 590
Elongation A, (%) 12
Brinell hardness (HB 2.5/62.5) 150-185

Elongation A, 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.

disk-on-disk friction pair was 389.56 mm’. The original
root mean square roughness ¢ of both samples was
0.15 pm.

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

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 x,=2.98x10" um being higher than
the baseline profile. The wear volume V, can be calcu-
lated by Eq. (1):

Ry
Vo= | (e z,])dx,. (1)
RO

where R, is the outer radius of the disk (32 mm); R, 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 w,, i.e., the linear wear rate (Wen and
Huang, 2017), should be calculated from Eq. (2):

Ve
WhZT’ (2)

where A4, 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
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Fig. 7 Wear map representation: (a) measured wear map;
(b) variation of wear rate with sliding speed under different
contact stresses

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

8.3
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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 50x 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.

5.7

Contact stress (MPa)

0.5

Sliding speed (mm/s)

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 w, derived from the Archard
model is calculated by Eq. (3):

w,=k D (3)

‘30,

where £, is the Archard wear coefficient; o, 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

%107

o o

w, (x10° mm/mm)
S

Fig. 9 Wear map derived from Archard model

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

k=0 @

where N is the total number of tribometer operating
conditions; i (i=1, 2, ---, N) is the index of an operat-
ing condition; p, is the contact stress at the ith condi-
tion; w,, 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



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 4, at each node per time step is calcu-
lated. This process is expressed mathematically as:

h,(0,z) =w,(p,(6, z), v.(6, z))As, ®)

where As 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,
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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 4 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
A<1 must be imposed.

a=to, ©)

where £, 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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Fig. 10 Process of the APM wear test

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 pum, 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 4, 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 7, to z, 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. z, 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 z,=
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 ¢,. Then at ¢,, wear began to develop at
around 335° at the bottom end and increased rapidly
from ¢, to ¢,. 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 ¢, to ¢,, 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

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

Defined comparison time point Experimental time (h)

Simulation time of Archard
model-based method (h)

Simulation time of wear
map-based method (h)

f 0.50
1 3.00
1, 9.00

1, 15.00

0.64 0.54
3.26 3.05
9.51 9.66
17.27 15.99
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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

bore between the wear map-based method and the
Archard model-based method, the wear volume at the
top of the cylinder bore V,, and the wear volume at the

bottom of the cylinder bore V,, were calculated. The
calculation method was:

% 360
Viv= |7 Th0.2,) ~m(0. 2)1dz 00, ()
0 0

L. (360
Vi [ 1h6, 2 ~h6. 2,)1dz,00. ®)
LY 0
2

where V', and V', are the wear volumes of the bottom
and top of the cylinder bore at time point ¢, respectively,
and /=0 h represents the original time point; L, is the
length of the cylinder bore; /4, is the local wear depth
at time point #; 4 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 ¥, increased rapidly at the early stage,
whereas V,, exhibited a more pronounced growth in the
later stage, and approached and even surpassed V,,. 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 V,, and V. The physical cause was not deter-
mined in the present study. Therefore, the redistribution
is reported as an experimental observation.
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Fig. 12 Quantitative evolution of the wear volumes at top
end and bottom end: (a) experimental method; (b) wear map-
based method; (¢) Archard model-based method

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 V,, in the later
stage and captured the crossover trend (V,>V,,) 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 V,, would remain
slightly higher than V,, 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 V, and
V., 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 PCIL.

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



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.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China (Nos. 52305075 and U24B2049), the Fun-
damental Research Funds for the Zhejiang Provincial Univer-
sities (No. 226-2025-00204), China, and the China Postdoc-
toral Science Foundation (No. 2023M733065).

Author contributions

Fei LYU: conceptualization, methodology, and writing—
original draft. Xudong SHEN: validation and data curation.
Felix SCHLEGEL.: investigation and writing—review & editing.
Xiaolong ZHANG: project administration. Liangyu SONG: vi-
sualization. Junhui ZHANG: software and funding acquisition.
Katharina SCHMITZ: resources and supervision. Bing XU: re-
sources and supervision.

Contflict of interest

Fei LYU, Xudong SHEN, Felix SCHLEGEL, Xiaolong
ZHANG, Liangyu SONG, Junhui ZHANG, Katharina SCHMITZ,
and Bing XU declare that they have no conflict of interest.

Declaration on the use of generative Al tools
No generative Al tools were used in the preparation of
this manuscript.

Data availability
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.

References

Aghababaei R, Zhao K, 2021. Micromechanics of material de-
tachment during adhesive wear: a numerical assessment of
Archard’s wear model. Wear, 476:203739.
https://doi.org/10.1016/j.wear.2021.203739.

Aghababaei R, Warner DH, Molinari JF, 2016. Critical length
scale controls adhesive wear mechanisms. Nature Com-
munications, 7(1):11816.
https://doi.org/10.1038/ncomms11816

J Zhejiang Univ-Sci A 2026 27(6):569-582 | 581

Archard JF, 1953. Elastic deformation and the contact of sur-
faces. Nature, 172(4385):918-919.
https://doi.org/10.1038/172918a0

Brinkschulte L, Mattes J, Geimer M, 2018. An approach to wear
simulation of hydrostatic drives to improve the availability
of mobile machines. 11th International Fluid Power Con-
ference, p.392-407.
https://doi.org/10.18154/RWTH-2018-224523

Burwell JT, Strang CD, 1952. On the empirical law of adhe-
sive wear. Journal of Applied Physics, 23(1):18-28.
https://doi.org/10.1063/1.1701970

Ernst M, Vacca A, 2021. Hydrostatic vs. hydrodynamic com-
ponents of fluid pressure in the tribological interfaces
of axial piston machines. Tribology International, 157:
106878.
https://doi.org/10.1016/j.triboint.2021.106878

Fleischer G, 1973. Energetische methode der bestimmung des
verschleiles. Schmierungstechnik, 9(4):269-274.

Girtner M, Holzer A, Fischer F, et al., 2019. EHL simulation
model for an abstracted piston—bushing test rig. Tribologie
und Schmierungstechnik, 66(6):9-16 (in German).
https://doi.org/10.30419/TuS-2019-0028

Ghatrehsamani S, Akbarzadeh S, Khonsari MM, 2021. Exper-
imental and numerical study of the running-in wear coef-
ficient during dry sliding contact. Surface Topography: Me-
trology and Properties, 9(1):015009.
https://doi.org/10.1088/2051-672X/abbd7a

Gong TM, Yao PP, Xiao YL, et al., 2015. Wear map for a copper-
based friction clutch material under oil lubrication. Wear,
328-329:270-276.
https://doi.org/10.1016/j.wear.2015.02.055

Guo LC, Zhu WT, Shi LB, et al., 2019. Study on wear transi-
tion mechanism and wear map of CL60 wheel material
under dry and wet conditions. Wear, 426-427:1771-1780.
https://doi.org/10.1016/j.wear.2018.12.049

Ivantysyn R, Shorbagy A, Weber J, 2020. Investigation of the
wear behavior of the slipper in an axial piston pump by
means of simulation and measurement. 12th International
Fluid Power Conference, p.315-326.

Khonsari MM, Ghatrehsamani S, Akbarzadeh S, 2021. On the
running-in nature of metallic tribo-components: a review.
Wear, 474-475:203871.
https://doi.org/10.1016/j.wear.2021.203871

Kumar S, 2024. Comprehensive review on role of surface mod-
ification techniques to prevent failure of IC engine parts.
Protection of Metals and Physical Chemistry of Surfaces,
60(2):218-269.
https://doi.org/10.1134/S2070205124701600

Lin Y, Wang HJ, Wang HG, et al., 2024. A novel wear prediction
method and wear characteristic analysis of piston/cylinder
pair in axial piston pump. Wear, 550-551:205402.
https://doi.org/10.1016/j.wear.2024.205402

Lyu F, Zhang JH, Sun GM, et al., 2020. Research on wear pre-
diction of piston/cylinder pair in axial piston pumps. Wear,
456-457:203338.
https://doi.org/10.1016/j.wear.2020.203338

Lyu F, Zhang JH, Zhao SJ, et al., 2023. Coupled evolution of
piston asperity and cylinder bore contour of piston/cylinder



582 | JZhejiang Univ-Sci A 2026 27(6):569-582

pair in axial piston pump. Chinese Journal of Aeronautics,
36(8):395-407.
https://doi.org/10.1016/j.cja.2022.09.001

Mattei L, Di Puccio F, Ciulli E, et al., 2020. Experimental inves-
tigation on wear map evolution of ceramic-on-UHMWPE
hip prosthesis. Tribology International, 143:106068.
https://doi.org/10.1016/j.triboint.2019.106068

Mesa G. DH, Vésquez-Chacén 1A, Gémez-Guarneros MA, et al.,
2022. A pin-on-disk wear map of rail and wheel materials
from different standards. Materials Letters, 307:131021.
https://doi.org/10.1016/j.matlet.2021.131021

Patir N, Cheng HS, 1978. An average flow model for deter-
mining effects of three-dimensional roughness on partial
hydrodynamic lubrication. Journal of Lubrication Tech-
nology, 100(1):12-17.
https://doi.org/10.1115/1.3453103

Ransegnola T, Shang LZ, Vacca A, 2022. A study of piston and
slipper spin in swashplate type axial piston machines. 7ri-
bology International, 167:107420.
https://doi.org/10.1016/j.triboint.2021.107420

Schenk AT, 2014. Predicting Lubrication Performance Between
the Slipper and Swashplate in Axial Piston Hydraulic
Machines. PhD Thesis, Purdue University, West Lafayette,
USA.

Wang WT, Chao Q, Shi JJ, et al., 2025. Condition monitoring
of axial piston pumps based on machine learning-driven
real-time CFD simulation. Engineering Applications of
Computational Fluid Mechanics, 19(1):2474676.
https://doi.org/10.1080/19942060.2025.2474676

Wen SZ, Huang P, 2017. Principles of Tribology. John Wiley &
Sons, Hoboken, USA, p.1-21.
https://doi.org/10.1002/9781119214908

Wondergem AM, Ivantysynova M, 2015. The impact of micro-
surface shaping on the piston/cylinder interface of swash
plate type machines. ASME/BATH Symposium on Fluid
Power and Motion Control, p.1-12.
https://doi.org/10.1115/FPMC2015-9610

Xia SQ, Xia YM, Xiang JW, 2022. Piston wear detection and
feature selection based on vibration signals using the im-
proved spare support vector machine for axial piston pumps.

Materials, 15(23):8504.
https://doi.org/10.3390/mal5238504

Xu B, Zhang JH, Yang HY, et al., 2013. Investigation on the
radial micro-motion about piston of axial piston pump.
Chinese Journal of Mechanical Engineering, 26(2):325-
333.
https://doi.org/10.3901/CIME.2013.02.325

Yin FL, Chen YT, Ma ZH, et al., 2023. Investigation on mixed
thermalelstohydrodynamic lubrication behavior of slipper/
swash plate interface in water hydraulic axial piston pump.
Tribology International, 189:108896.
https://doi.org/10.1016/j.triboint.2023.108896

Zhang CC, Zang YR, Wang HY, et al., 2023. Theoretical and
experimental investigation on the efficiency of a novel roller
piston pump. Journal of Zhejiang University-SCIENCE A,
24(9):762-781.
https://doi.org/10.1631/jzus.A2200378

Zhang JH, Lyu F, Xu B, et al., 2021. Simulation and experi-
mental investigation on low wear rate surface contour of
piston/cylinder pair in an axial piston pump. Tribology
International, 162:107127.
https://doi.org/10.1016/j.triboint.2021.107127

Zhang JH, Shen YN, Lyu F, et al., 2024. Tolerance design
guideline for piston/cylinder interface of electro-hydrostatic
actuator (EHA) pumps based on a thermal—fluid—structure
model. Tribology International, 191:109208.
https://doi.org/10.1016/j.triboint.2023.109208

Zhang X, Zhang K, Kang X, et al., 2021. Friction maps and
wear maps of Ag/MoS,/WS, nanocomposite with different
sliding speed and normal force. Tribology International,
164:107228.
https://doi.org/10.1016/j.triboint.2021.107228

Zhu D, Wang QJ, 2012. On the 4 ratio range of mixed lubrica-
tion. Proceedings of the Institution of Mechanical Engi-
neers, Part J: Journal of Engineering Tribology, 226(12):
1010-1022.
https://doi.org/10.1177/1350650112461867

Electronic supplementary materials
Sections S1-S3, Figs. S1-S7



