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The tribological properties of the cylinder liner are of great significance in reducing energy loss from
an internal combustion engine’s system. In order to improve the antiwear performance of the cylinder liner at top
dead center (TDC), the friction and wear of the honed cylinder liner during the running-in process are investi-
gated. Using a UMT TriboLab multifunction friction wear tester, the coefficients of friction (COFs) are analyzed
under different lubrication conditions and loads, and the surface roughness and profile of the cylinder liner are
obtained using a three-dimensional (3D) laser scanning confocal microscope (LSCM). The COF, roughness and
surface profile are compared in order to investigate the variation in tribology parameters under different operat-
ing conditions. To monitor the COF in real time, it is predicted using the polynomial fitting method. It is shown
that the COF decreases with an increase in the lubrication oil and load and that the surface profile more easily
becomes smooth under dry (lubrication) conditions; this can effectively shorten the operation time during the
running-in process. The polynomial fitting method can achieve an assessment of the COF with a very small

standard error.

As the main equipment of large ships and power generation
systems, the development prospect of internal combustion
engines (ICEs) has attracted great attention in recent years.
The piston ring—cylinder liner (PRCL) system is one of the
most important parts of high-performance ICEs, and the en-
ergy loss caused by friction and wear of the PRCL accounts
for more than 50 % of the total energy loss, greatly reducing
the power conversion efficiency and service performance of
ICEs (Tomanik et al., 2018; Biberger et al., 2017). Wear of
the cylinder liner decreases power and reliability, and severe
wear may lead to major accidents. In order to improve the
energy conversion efficiency and to reduce emissions, the an-
tifriction and antiwear technology as well as the tribological

characteristics of the PRCL system have become a hotspot
and nodus in engine design and manufacture.

The tribological characteristics of the PRCL system are
linked with factors such as lubrication, material, surface
quality and coatings. Lubrication can effectively reduce fric-
tion and wear, and many scholars have investigated lubrica-
tion characteristics in order to improve the antiwear perfor-
mance of the system. In order to reduce friction and wear,
calcium sulfonate and an organic antiwear additive have been
blended into lubricant to study the wear of the PRCL system,
and a large-scale friction film has been produced on the con-
tact surface (Burkinshaw et al., 2013). As an engine additive,
liquid boron has been used to improve the lubrication proper-
ties of the engine, and the wear performance has been found
to be significantly improved compared with an engine with-
out additive lubricating oil (Ogut et al., 2019). With the de-



The technical parameters of the multifunction friction and
wear tester.

Parameters Values
Linear velocity  0.1-50 mm g1
Frequency 0-50Hz
Temperature —25-1000°C
Load 0.1-1000N
Displacement 1-150 mm

velopment of new materials, many nano-materials have also
been applied to improve the lubrication performance (Asnida
et al., 2018; Javeed et al., 2021). To reduce the friction and
wear rate, cellulose nanocrystals have been used as a green
additive to improve the tribological properties of the PRCL
under different operating conditions (Awang et al., 2019).
Lubricating oil additives can effectively reduce friction and
wear; however, the lubrication mechanism of additives is dif-
ficult to describe quantitatively. Thus, in order to reveal the
friction and wear mechanisms of the PRCL, researchers have
established numerical models to investigate wear under dif-
ferent lubrication conditions. A flow model has also been es-
tablished to analyze lubrication performance under different
engine operating conditions (Sun et al., 2019). Moreover, a
dynamic numerical model of the piston and lubrication has
been presented, and the influence of the thermal effect on lu-
brication has been considered (Hamid et al., 2018). By taking
the oil film thermal effect, the cavitation phenomenon and
surface roughness into account, the effects of compression
ring wear and cylinder liner deformation on mixed lubrica-
tion and tribological performance have been studied (Liu et
al., 2018, 2019). Due to the characteristics of friction and
wear, the surface topography of the PRCL has a great in-
fluence on the antifriction and antiwear characteristics. Con-
sidering the surface technology and lubrication conditions,
the tribological properties (surface texture, mixed lubrica-
tion, surface roughness and wear) of the PRCL system have
been studied for different contact surfaces (Guo et al., 2013;
Usman and Park, 2016, 2017; Zhang et al., 2018a). Most of
the abovementioned studies have investigated the effects of
lubrication and surface quality on wear performance using
modeling and numerical simulation. However, the wear of
the PRCL system is influenced by different factors during
the operation process, and its tribological behaviors are com-
plex. Therefore, the reciprocating sliding testing method is
widely used to study friction and wear of the PRCL system.
The tribological experiment has become one of the im-
portant technical methods to investigate the friction experi-
enced by the PRCL. The surface topography parameters have
a significant impact on friction and wear, and the effect of
the cylinder liner surface topography on abrasive wear has
been studied at different honing settings (Michalski and Wos,
2011). Research on the surface texturing of the cylinder liner

The evaluation parameters of the coefficients of friction
(COFs) under different loads.

Load 200N 300N
a 0.106 0.106
b 6.64x~4  —1.30x"7
c —4.96x 11 2.38x 11
d 1.55x~ 15 —7.08x~16

has attracted more attention with respect to reducing friction
(Babu et al., 2020; Walker et al., 2019), and the wear rates
of the cylinder liner have been studied at different engine
speeds, loads and cylinder rotation angles (Musmar et al.,
2019). Meanwhile, the influence of the lubrication conditions
and temperature on wear and friction of the PRCL has been
studied using a reciprocating test (Obert et al., 2016). Due to
complex forces and lubrication conditions, the friction and
wear of the PRCL increase sharply, and surface coating tech-
nology can effectively improve the tribological performance
of the system. To investigate the effect of the coating on wear,
hard and soft coatings have been applied to piston rings, and
the effects of the variation in the coats on the wear rate have
been investigated (Kumar et al., 2018). In addition, the PRCL
has been coated with CrAl,O3 and diamond-like carbon in
order to improve the surface performance, and it has been
found that the surface finishing process can decrease the fric-
tion coefficient and wear loss; thus, the scuffing resistance
of the system is improved (Ma et al., 2019; Ferreira et al.,
2021).

The friction and wear of the honed cylinder liner have
been investigated by many scholars (Kim et al., 2018; Liu
et al., 2018). However, there are few experimental stud-
ies on the friction and wear of the PRCL at top dead
center (TDC), especially for the honed cylinder liner and
coated piston ring during the running-in process. Therefore,
in this work, tribological testing of the coated piston ring
and honed cylinder liner is designed to investigate the fric-
tion and wear of the cylinder liner at TDC. The coeffi-
cient of friction (COF) and surface profile are analyzed us-
ing a UMT TriboLab multifunction friction and wear tester
and a three-dimensional (3D) laser scanning confocal micro-
scope (LSCM), and the effects of different lubrication and
load conditions on roughness parameters are investigated. In
order to shorten the test time and costs, a predictive model
of the COF under different operating conditions is proposed.
By testing and analyzing the friction and wear of the PRCL
at TDC, the wear characteristics are explored.
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Figure 2. The 3D laser scanning confocal microscope (LSCM).

2 Experiments

2.1 Experimental apparatus

The UMT TriboLab multifunction friction and wear tester
are the most widely used instruments in its class. It can sim-
ulate the multiple movements of the friction pair due to its
unique modular design. A dual-channel force sensor is used
to collect and record the vertical load and horizontal friction
to the computer, and the relationship between the COF of
the sample surface and time can be obtained. In order to im-
prove the accuracy, high-sensitivity sensors are used in the
UMT TriboLab tester. The resolution of the vertical stroke is
0.5 pm, the resolution of the horizontal stroke is 0.25 pm, and
the accuracy of the positioning is 1 um. Due to the good per-
formance of the laboratory bench, it is used to investigate the
friction and wear of the PRCL under different operating con-
ditions. To simulate the motion of ICEs, the piston ring and
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cylinder liner are processed into fresh slices, and the recip-
rocating motion module of the testing machine is applied to
obtain the COFs and the wear samples of the cylinder liner.
In order to improve the testing efficiency, the reciprocating
stroke is set to 4 mm. This can satisfy the measurement range
of the LSCM, which is 16-2560 pym. The working principle
of the wear tester is shown in Fig. 1, and the technical pa-
rameters are listed in Table 1.

The LEXT4000 LSCM uses a 405 nm short-wavelength
semiconductor laser as the light source, and a surface mi-
croscopic image with horizontal resolution can be obtained
by scanning the two-dimensional (2D) surface of the sample
using the high-precision scanning device. Based on confocal
technology, a high-precision stepping motor and focusing de-
vice are used to obtain the longitudinal spatial coordinates of
each 2D image and focal plane. The 3D shape of the sample
surface can be obtained by superimposing the microscopic
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Figure 3. A schematic diagram of the testing process.

0.12

COF

0.10 -

——200N
— 300N
—— 400N

L L ) L
0 200 400 600 800 1000
Time (s)

Figure 4. The COF of the cylinder liner under dry lubrication con-
ditions.

image of each focal plane, and the geometric parameters can
be obtained by calculating the sampling data. Accurate mea-
surement is the basis of analysis. A 3D LSCM uses a laser
beam with a diameter of 0.4 um to scan the surface of the
sample; the accuracy of the grating control is 0.8 nm, the
horizontal resolution is 0.12 pm, and the moving accuracy
is 10 nm. Therefore, the 3D LSCM is used to collect infor-
mation on the wear surface. The measurement equipment is
shown in Fig. 2.

2.2 Material preparation

A boron—phosphorus alloy cast iron cylinder liner is used as
the testing sample. For the purpose of testing, the cylinder
liner is processed into 43.18 mm x30.48 mm slices by wire
cutting. A chromium-coated piston ring is used as the ring
sample, and the piston ring is processed into 5 mm x2 mm
slices. Generally, the gap between the cylinder liner and the
piston is about 0.2 mm; this can realize the conformal contact
between the cylinder liner and the piston ring when the sam-
ples are processed into slices. The experimental lubrication
oil is CD5W-40, and the sample was washed in anhydrous
ethanol with an ultrasonic cleaner for 15 min before and af-
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ter the test. The processed piston ring and cylinder liner are
shown in Fig. 3.

3 Results and discussion

The COF, surface profile, and roughness of the cylinder
liner continuously change during the running-in process. The
changes in surface topography significantly affect the lubri-
cation and wear of the PRCL system. Due to the poor lubri-
cation of the cylinder liner at TDC, the working condition is
complicated, and the wear is relatively higher than in other
areas. Using the test rig in Sect. 2, the tribology performance
of the honed cylinder liner at TDC is investigated under dif-
ferent operating conditions. The COF, surface roughness, and
morphology characteristics are used to characterize the fric-
tion and wear, and the evolution of the tribological surface
is discussed and summarized. The COF and the wear model
can be expressed as follows:

F
COF = —, 1
N ey

where F is the friction force, and N is the normal load.

NS

H
where V is the wear volume, K is the wear coefficient, S is
the sliding distance, and H is the material hardness.

3.1 Tribological performance during running-in

The change in the cylinder liner surface during the running-
in process affects the friction performance of the system.
The COF, surface roughness and profile are very important
to control the lubrication, the friction and the wear. There-
fore, in order to reveal the wear performance of the cylinder
liner during the running-in process, the relationship between
the tribological parameters and the surface topography is in-
vestigated based on the wear test. Generally speaking, the
mechanical and thermal loads are concentrated at the TDC,
and the lubrication oil is depleted or insufficient in the top

https://doi.org/10.5194/ms-13-101-2022
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Figure 5. The 3D surface topography of the wear surface under dry friction.
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Figure 6. Profile curve of the wear surface under dry friction.

0.12

COF

0.10
— 200N
——300N
—— 400N
0.08 L L L L
0 200 400 600 800 1000
Time (s)

Figure 7. The COF of the cylinder liner under boundary lubrication
conditions.
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Figure 8. Profile curve of the wear surface under boundary lubrica-
tion conditions.
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region. Thus, the dry and boundary lubrication conditions
are considered to investigate the tribological performance
of the cylinder liner under different loads for a 15 min test
time. Figure 4 shows the change curve of the COF during
the running-in process under dry friction conditions. It can
be seen that the COF decreases with an increase in the load
(200, 300 and 400 N with respective contact pressures of 20,
30 and 40 MPa). The COF varies little when the load changes
from 200 to 300 N, whereas it changes greatly when the load
increases to 400 N. From Eq. (2), it can be seen that the wear
volume increases with an increase in the load (N); hence, the
honing peak of the contact surface is quickly worn off un-
der a heavy load. The influence of surface morphology on
the COF has been described in the literature (Grabon et al.,
2018). Smoothness is the degree of unevenness on the sur-
face of the testing sample: the lower the surface roughness,
the smoother the surface. Therefore, smoothness is used to
qualitatively describe the surface quality of the testing sam-
ple. Figure 5 shows the 3D surface topography of the wear
surface. It can be clearly observed that the surface roughness
successively decreases from Fig. 5a to d. Using the LSCM,
the 2D surface profile curves under dry lubrication conditions
can be measured, as shown in Fig. 6. Compared with the un-
worn surface, it can be seen that the surface peak heights
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The COF and surface roughness under different loads.
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were worn off and that the surface of the cylinder liner is
smoother.

Full film lubrication can greatly reduce friction and wear.
However, due to the poor lubrication of the cylinder liner
at TDC, it is generally in a boundary lubrication condition.
Therefore, the wear of TDC under boundary lubrication is
tested. Figures 7 and 8 show the COF and profile curve of the
wear surface under boundary lubrication. Similar to Fig. 4,
the COF decreases as the load increases. In Fig. 7, it can
be found that the COF is larger than the dry friction at the
beginning of the test, and the average COF is smaller than
dry lubrication. Similar research can also be referenced in
literature (Vrcek et al., 2019). In Fig. 8, it can be seen that
the surface topography changes less when the load is small,
and the surface topography gradually becomes smoother as
the load increases. Figure 9 compares the average COF and
surface roughness under different lubrication conditions. It
can be seen from Fig. 9 that the COF and surface roughness
under boundary lubrication are lower than under dry lubrica-
tion conditions. Although the change in the COF is small, the
change in the surface roughness is relatively large (Zhang et
al., 2018b).
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Running-in can enhance the lubrication and wear perfor-
mance. During the running-in process, the tribology parame-
ters change with time. Due to the harsh and complex working
conditions of the cylinder liner at TDC, the surface roughness
decreases significantly. Thus, plateaus are polished during
the running-in process (Yousfi et al., 2015; Hu et al., 2017),
and the running-in process is vital to reduce wear of the cylin-
der liner.

As mentioned earlier, the operating conditions of the PRCL
system have a great impact on the tribological parameters.
In order to investigate the effect of the load on cylinder
liner wear, the relationships between different loads and wear
parameters of the cylinder liner at TDC are studied under
boundary lubrication conditions. In this section, the testing
time was 4 h. Figure 10 shows the COF curves of the cylinder
liner under different loads. It can be observed that the COF
decreases as the load increases; hence, with changes in load,
the COFs are quite different. In order to illustrate the varia-
tion in the surface topography more clearly, the changes in
the surface profile of the cylinder liner are shown in Fig. 11.

It can be found that greater loads result in a smaller surface
profile value. The main reason for this is that the peaks on the
cylinder liner surface are worn down under heavy load under
the same operating conditions. In Fig. 12, the average COF
and surface roughness under different loads are shown. The
figure demonstrates that the COF decreases slowly under the
same contact conditions, but the surface roughness changes
greatly. Generally, if the running-in process is finished, the
surface roughness will remain stable around a certain con-
stant; hence, the surface topography will not change further
due to wear over a longer period of time (Pei et al., 2019).
Obviously, the cylinder liner is still in the running-in period
after 4 h of wear.

Based on the above analysis, the COF and surface rough-
ness decrease with load increases. The wear rate of the cylin-
der liner is related to the surface roughness, and the wear re-
sistance of the cylinder liner increases as surface roughness
decreases. The load can lead to a significant increase in wear
(Macian et al., 2021), and increasing the load can reduce the
surface roughness and shorten the running-in period of the
system.

The lubrication of the cylinder liner at TDC is prone to insuf-
ficiency. In order to analyze the influence of the lubrication
state on the surface performance for longer operation peri-
ods, the testing is designed using different lubrication condi-
tions and operation times. Figure 13 illustrates the COF un-
der boundary lubrication and dry lubrication conditions, re-
spectively (boundary lubrication for 2 h, dry lubrication for
3h). Compared with dry friction, it can be observed that the
COF is relatively small under boundary lubrication condi-
tions (Fig. 13). The COF shows a tendency to increase dur-
ing the test. The main reason for this is that the abrasive parti-
cles caused by wear under dry sliding wear conditions cannot
be cleaned away by lubricating oil and remain on the con-
tact surface. Thus, the wear environment of the joint surface
becomes worse, and the COF increases. According to the
changing characteristics of the COF, it can be concluded that
the surface topography changes rapidly under dry lubrication
conditions. Figure 14 shows the profile curve under bound-
ary lubrication conditions for 2 h and dry lubrication condi-
tions for 3 h, respectively. It is observed from Fig. 14 that the
surface topography quickly becomes smooth under dry lu-
brication conditions. In order to further illustrate the changes
in the surface quality under different lubrication conditions,
Fig. 15 lists the average COF and surface roughness. It can
be seen from Fig. 15 that when the load is the same, the lu-
brication conditions have a great influence on the tribological
parameters of the system.

In summary, the results of this work show that wear un-
der dry lubrication conditions is significant during the en-
gine cycle (Zabala et al., 2017). Due to the insufficiency of
oil lubrication, the antifriction and antiwear performance of
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the cylinder liner at TDC is weak. The contact surface under
boundary lubrication conditions supplies antiwear additives,
which are beneficial with respect to better preventing wear.
The antiwear performance of the cylinder liner at TDC can
be more thoroughly investigated in the future.

The COF is an important parameter with respect to the tri-
bological performance and is related to the load, speed and
lubrication conditions. In general, the COF is usually diffi-
cult to predict. In order to reduce the test time and test costs
under the same conditions, the COFs are estimated based
on test data which included the operating conditions (such
as load, speed and lubrication condition). For the observa-
tion and analysis of the COF data, the polynomial function
method is used to estimate the evolution rule of the COF.
The fitting function can be expressed as follows:

y:a+bx+cx3+dx3, 3)

where y is the COF; x is the operation time; and a, b, ¢ and
d are the respective polynomial coefficients.

Figure 16a and b show the evaluation curve of the COF
after 4 h of testing under different loads (200 and 300 N). It
can be observed that the estimated curve is consistent with
the testing value, and the standard error is very small. Ta-
ble 2 lists the evaluated parameters of the COF under differ-
ent loads, and the polynomial prediction method can obtain
the average path and realize the real-time prediction of the
COF. Using the estimated parameters, the COF can be pre-
dicted in the future, and the monitoring cost can be reduced.
As the method is similar, the COF curve with a 400 N load is
not shown in this paper.

In a piston ring—cylinder liner system, the friction and wear
lead to more than 50 % of the total frictional losses. The TDC
is the most seriously worn part of the cylinder liner during the
running-in process; thus, it is vitally important to investigate
the tribological properties of this region. To this end, friction
and wear tests were designed, using on the UMT TriboLab
multifunction friction wear tester, under different operating
conditions. The changes in the COF, roughness and surface
profile were analyzed during the running-in process. Mean-
while, in order to monitor the COF of the cylinder liner in
real time, a prediction method was proposed.

The COF decreases continuously with an increase in the
load and with time at the beginning of the running-in pro-
cess; as the load increases, the profile peak of the honed
cylinder liner wears off rapidly. Meanwhile, the surface mor-
phology and profile curve are also continuously reduced, and
the friction and wear change more quickly under dry lu-
brication conditions. After 4h of testing, the change trend
in the COF and surface quality is the same as the initial
stage under boundary lubrication conditions. However, due
to prolonged wear, the changes in the surface roughness are
relatively large. Under dry lubrication conditions, the COF
shows a tendency to increase over the test period, and the an-
tifriction and antiwear are greatly reduced. The polynomial
fitting method can predict the COF under different loads with
small errors.

All of the data used in this paper can be obtained
from the corresponding author upon request.
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