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Abstract: The running-in of cylinder liner-piston rings (CLPRs) is the most important process that must be
performed before a marine diesel engine can be operated. The quality of running-in directly affects the
reliability of a CLPR. The surface texture of a CLPR has been proven to significantly affect its lubrication
performance. In this study, the tribological behavior of a CLPR during running-in is investigated. Three types
of surface textures are generated on the CLPR via laser processing: dimple texture on piston rings, groove
texture on cylinder liners, and co-texture on both sides. Subsequently, a series of tests are performed on a slice
tester. A load of 300 N (1.64 MPa) is applied, and two speeds (50 and 100 rpm) are adopted. The CLPR running-in
quality is characterized based on three parameters, i.e., the friction coefficient, contact resistance, and wear
topography. Experimental results show that, compared with a non-textured surface, the three types of surface
textures mentioned above improved the friction performance during running-in. The lubricant supply capacity
of the dimple texture on the piston ring, as a mobile oil reservoir, is stronger than that of the groove texture on
the cylinder liner serving as a static oil reservoir. By contrast, the wear resistance of the dimple texture, as a
movable debris trap on the piston ring, is weaker than that of the groove texture on the cylinder liner, which
serves as a static debris trap. It is demonstrated that the co-texture combines the advantages of dimples and
groove textures. Compared with non-textured surfaces, the friction coefficient decreased the most at 100 rpm
(44.5%), and the contact resistance improved the most at 50 rpm (352.9%). The coupling effect provides the
surface with improved running-in quality by optimizing the tribological performance, particularly at the
dead center. This study provides guidance for the tribological design and manufacturing of CLPR in marine
diesel engines.
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1 Introduction

The cylinder liner-piston ring (CLPR) wear process
comprises different stages, in which running-in is
inevitable prior to steady wear [1]. In particular,
running-in is an important process for new or over-
hauled CLPRs before they are used. When running-
in commences, the CLPR undergoes a transient
period, which results in an increase in the actual
contact area. This increase is due to the gradual wear
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and tear of two complexes, particularly the flattening
of sharp and rough surfaces [2, 3]. Running-in
transforms the lubrication mode from boundary
and mixed lubrication to hydrodynamic lubrication.
It can prevent gluing, reduce the wear rate, improve
the reliability, and extend the service life [4, 5]. The
running-in quality not only directly affects the
lubrication performance of the steady wear process,
but also affects fuel consumption and air tightness [6].
Hence, the lubrication performance of the CLPR during
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running-in must be improved. Operating conditions,
surface topography, operating media, and running-in
duration are factors that affect the quality of running-
in [7, 8]. The operating conditions and operating
media of a marine diesel engine are determinants.
Hence, surface topography is a key factor affecting
running-in quality.

Surface texturing is a new surface treatment
technology originating from bionics. It can yield desirable
surface properties by machining a certain topography
on friction pair surfaces under oil lubrication. The
lubricating oil stored in the texture can provide a
certain pressure, which depends on the operating
conditions, texture parameters, types, and supply of
lubricating oil [9-12]. Moreover, textures can store
wear debris and prevent it from repeatedly scratching
the surface [13, 14]. Surface texturing is effective in
improving the lubrication characteristics of CLPRs
[15-17]. Morris et al. [18] and Yin et al. [19] indepen-
dently established numerical models to prove that the
dimple texture on a cylinder liner is beneficial to the
friction performance of CLPRs. Guo et al. [20] and Shen
et al. [21] experimentally validated this hypothesis.
It is noteworthy that grooves are a type of texture
that is typically used in cylinder liners. Based on
simulation results, Mohamad et al. [22] discovered
that cylinder liner oil grooves can be used efficiently
to maintain the hydrodynamic effect, and optimum
surface texturing might substantially reduce friction
losses. Rao et al. [23] optimized the width of thread
grooves to achieve better friction performance through
a cylinder liner test. Owing to the limitation of
machinable areas, the option of texture on the piston
ring was fewer compared to that on the cylinder liner.
Consequently, dimples are the most feasible textures
on piston rings [24]. Kligerman et al. [25] developed
an analytical model to evaluate the optimum dimple
parameters such as dimple depth, texture area density,
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and textured portion of the nominal contact surface
of a piston ring. Shen and Khonsari [26] and Zhang
et al. [27] conducted the experiments and discovered
that (i) the friction performance of the ring surface
improved significantly via surface texturing, (ii) the
running-in duration shortened, and (iii) the sealing
performance improved.

To improve the efficiency and reliability of diesel
engines, surface texture is a potential technology, which
can be adapted for low-speed and heavy-load marine
diesel engines. The cylinder liner or piston ring is
typically regarded as a separate component when a
surface texture is applied. However, as an integral part
of the friction pair, the texture of the cylinder liner
or piston ring should be considered simultaneously.
Research regarding co-textured CLPRs, particularly
the running-in process, is insufficient. This study was
conducted to provide a reference for the texture design
of CLPRs in marine diesel engines. First, texture
patterns were generated on the surfaces of the cylinder
liners and piston rings via laser processing. Sub-
sequently, a series of experiments were conducted on
a reciprocating slicing tester to evaluate the lubrication
performance of textured CLPRs during running-in and
to investigate its mechanism. The amount of friction
reduction, oil film characteristics, and morphological
features of the co-textured surface were analyzed
and compared with those of non-textured and single-
textured surfaces.

2 Experimental

2.1 Experimental device

All the experiments were conducted using a
reciprocating sliding tester. A schematic diagram of
the sliding tester and the dimensions of the CLPR
slices are shown in Fig. 1. The tester can simulate a

Fig.1 Schematic diagram of slicing tester and dimensions of CLPR slices.
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marine diesel engine under various operating con-
ditions: rotational speed, applied load, and lubrication
oil supply. However, the tester differs from the actual
diesel engine. Periodic high temperature and pressure
due to combustion, which is not conducive to lubri-
cation, cannot be simulated. The cylinder liner slices
measured 120 mm x 80 mm. The chord of the piston
ring slices was 60 mm long. The reciprocating action
was provided by the motor and crank train. The piston
ring travel distance was 115 mm. A load sensor was
used to ensure load stability. The friction resistance
was measured using a horizontal friction sensor. An oil
film measuring system based on the contact resistance
principle was assembled in the tester. Two wires were
tied to the cylinder liner and piston ring slices,
separately.

2.2 Test sample preparation

The test samples were cut from intact CLPRs of the
5195 small marine diesel engine. The cross-sectional
shape of the piston ring was rectangular. The material
of the cylinder liner was a wear-resistant boron cast
iron. The piston ring slices were made of untreated
ductile iron gas rings. To achieve a fully contacting
and interacting co-texture, a dimple texture on the
piston ring and a groove texture on the cylinder liner
were implemented.

Laser surface texture has been proven to be a
convenient and effective processing method for CLPRs
[28]. Groove and dimple textures were independently
machined on cylinder liners and piston rings via laser
processing. The texture parameters were based on
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existing studies and have been proven effective [23, 29].
The processed samples of the CLPR are shown in
Fig. 2, and the texture parameters are listed in Table 1.
The cylinder liner comprised 10 parallel rectangular
groove textures. The groove texture was 40 mm in
length, 1 mm in width, and 120 + 10 um in depth. The
interval between two adjacent grooves was 10 mm,
and the angle between the groove texture and cylinder
liner was 30°. The coverage was 5.0%. When the piston
ring was compressed, two circular dimple textures
were machined at 4° of rotation angle.. The diameter
and depth of the dimple texture were 1 mm and 120 +
10 pum, respectively. The interval between the centers
of two adjacent grooves was 1.2 mm. The coverage
rate was 14.5%.

2.3 Wear experiments

The experiments were performed to investigate the
lubrication performance of the co-textured CLPR
during running-in and compare it with non-textured
and single-textured CLPRs. The experimental groups
are listed in Table 2.

Each group of the experiment lasted for 4 h,
whereas the normal running-in process lasted for 1-2 h.
The running-in load was 300 N, and the pressure
calculated by dividing the load by the contact area
was approximately 1.64 MPa. Two running-in speeds
were used: 50 rpm (I) and 100 rpm (II), both of which
were simulated using a low-speed marine diesel
engine. To observe the lubricating behavior more
clearly, a 70 N base oil without additives was used
as the lubricant. The CLPR may be in starved or fully
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Fig. 2 Processed samples of the cylinder liner-piston ring: (a) cylinder liner and (b) piston ring.
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Table 1 Structural texture parameters.

Parameter Groove Dimple
Shape Rectangle Circular
Length (mm) 40 1
Width (mm) 1 —
Depth (um) 120+ 10 120+ 10
Interval (mm) 10 1.2
Angle (°) 30 4
Coverage (%) 5.0 14.5

Table 2 Experiment settings.

Group Cylinder liner Piston ring
A Non-textured Non-textured
B Textured Non-textured
C Non-textured Textured
D Textured Textured

flooded lubrication, depending on its operating
conditions. The lubricating oil was injected into CLPRs
at a rate of 1 mL/min, which was significantly greater
than the actual consumption. The contact was fully
flooded by supplying oil such that the experimental
variables were not affected by the amount of lubricant.
The viscosity of the 70 N base oil was 13 mm?/s at
40 °C. The experiments were performed at room
temperature, which ranged from 20 to 40 °C. Because
the properties of the 70 N base oil were stable, the
effects of temperature variation were negligible.

2.4 Characterization of running-in quality

Figure 3 shows the system to evaluate the running-in
quality. The running-in quality of the non-textured and
textured CLPRs was evaluated based on the energy
loss, running-in efficiency, lubrication performance,
and surface characteristics. Three parameters, Sq, Sbi,
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Fig. 3 System for evaluating running-in quality.

and Sa [30], were used in the evaluation system. Sq
represents the smoothness of the surface. Svi is the
surface bearing index, which is the ratio of Sq to the
contour height at 5% contour bearing area; it denotes
the load-carrying capacity of the surface. S. is the core
fluid retention index, which is the ratio of the body
volume to Sq per unit area in the central region. The
evaluation criteria used are specific introduced next.

Energy loss is an important index for describing the
operating efficiency of CLPRs. The friction coefficient
is the ratio of friction to the applied force. It can
intuitively reflect the frictional resistance between
friction pairs; hence, the energy loss caused by friction
can be determined. The friction coefficient was
measured throughout the experiment, and the
sampling frequency was 1,000 Hz. The average friction
coefficient over time and the instantaneous friction
coefficient of one stroke at 0, 0.5, 1, 2, and 4 h were
used in the analysis. The average friction coefficient
is the average value of the instantaneous friction
coefficient of a reciprocating motion.

The contact resistance can qualitatively and
directly represent the CLPR oil film thickness based
on the resistance between the CLPRs [31]. The contact
resistance was calculated from the measured voltage.
The acquisition and use of the contact resistance were
consistent with the friction coefficient.

Surface characteristics are an important criterion
for evaluating the running-in quality. The wear
morphology after running-in affects the wear rate, oil
film-forming capacity, and load-bearing capacity during
running-in. The wear topography comprises two parts:
the wear surface of the piston rings and the wear
surface of the cylinder liners. The wear topography was
measured after the completion of the experimental
cycle. Although the final period of the experiments had
entered a stable wear process, the effect of the stable
wear process on the surface morphology was less pro-
minent than that of running-in. The wear topography
of the piston rings was obtained using a super-depth-
of-field microscope (VHX-2000, KEYENCE, Japan) to
observe the surface wear. The observation magnifi-
cation was 1000X. The worn surface of the cylinder
liner was measured using a laser interferometer profi-
lometer (LI-3, Huazhong University of Science and
Technology, China). The surface roughness parameters
of the cylinder liner were used to evaluate the surface

www.Springer.com/journal/40544 | Friction
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characteristics. The dimensions of the measuring area
were 0.8 mm x 0.8 mm. This represents the oil-storage
capacity of the surface core area. The smaller value
of Sq and larger values of Sviand S« indicate that the
running-in quality of the worn surface is higher. The
surface topography of the cylinder liner before wear
is presented in Fig. 4. The values of Sq, Svi, and S. are
0.430, 0.586, and 2.227, respectively.

-

Fig. 4 Surface topography of cylinder liner before wear.

3 Results and discussion
3.1 Friction coefficient

Figure 5 shows the average friction coefficient of the
experimental groups with respect to the running-in
duration. With reference to the running-in duration,
the average friction coefficients of groups A, B, C, and
D decreased with time. Among them, the extent of
decrease in D-II was the largest (38.4%), whereas that
of B-I was the smallest (21.4%). Running-in reduced
the damage to the oil film by flattening the peaks on
the contact surfaces. When the peaks on both sides of
the contact surface were smoothed and the oil film
was stabilized, stable wear occurred. The variation in
the friction coefficient reduced significantly. It was
observed that group A had a greater average friction

Average friction coefficient

Time shift (h)
Fig. 5 Average friction coefficient of experimental groups (groups A—D, Table 2) with respect to time: I-50 rpm and II-100 rpm.

UANERSIA Pazss

coefficient than the textured CLPR under all operating
conditions and durations of the experiments; this
indicated that the texture of this structural parameter
had anti-friction properties. The oil storage capacity
of the texture can reduce the friction coefficient to a
certain extent. Meanwhile, group D had the lowest
friction coefficient, thereby proving the feasibility of the
co-texture. The co-texture exhibited the best friction-
reduction performance and the lowest friction energy
loss. After the stable wear process occurred, the friction
coefficient of group A was used as a reference. At
50 rpm, the average friction coefficients of groups B,
C, and D decreased by 15.8%, 24.7%, and 34.2%,
respectively. At a speed of 100 rpm, the average friction
coefficients of groups B, C, and D decreased by 17.4%,
28.5%, and 44.5%, respectively. A comparison of the
friction coefficients of groups B and C shows that the
friction reduction performance of group C was better
than that of group B. As small oil reservoirs, the
texture of the piston ring can supplement the oil film
with the movement of the piston ring. By contrast, the
texture on the cylinder liner was effective only when
the piston ring was swept through the texture region.
This resulted in the formation and replenishment of an
oil film in group B, which was inferior to that of group
C, and the friction coefficient was correspondingly
greater. From low to high, the energy saving level was
ranked as groups A, B, C, and D.

When focusing on one stroke in these periods, it was
observed that the instantaneous friction coefficients
differed significantly, as shown in Fig. 6. The first
stroke was selected at the start of the measurements.
Time #; and ¢, referred to the time of one stroke, which
were 0.6 and 0.3 s, respectively. Whether based on
the running-in duration or texture type, the overall
characteristics of the instantaneous friction coefficient
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Fig. 6 Time-dependent variation of instantaneous friction coefficient of a stroke (groups A—D, Table 2): 1-50 rpm and I1-100 rpm.

were similar to those of the average friction coefficient.
The difference analysis primarily focused on com-
parative interpretation within one stroke. Except for
group D, all friction coefficients in the other stroke
groups exhibited a U-shaped profile. The friction
coefficient of the dead center was greater than that of
the middle. Because of the steady speed and small
acceleration in the middle, the oil film formed stably,
and the friction coefficient was low. The oil film could
not be stabilized, and the friction coefficient was high at
the dead center because the speed was approximately
zero and the acceleration was high.

Under conditions I and II, the non-textured CLPR
group A exhibited the same variation. As time
progressed, the friction coefficient of the dead center
remained unchanged, whereas the friction coefficient
in the middle of the stroke decreased significantly. The
poor lubrication condition of the dead center resulted
in mixed lubrication or dry friction in the CLPR. The
wear debris was scraped repeatedly at the dead center,
thereby resulting in a scratched surface. The friction
coefficients of groups B, C, and D differed from that
of group A, and they not only decreased in the middle,
but also decreased to a certain extent at the dead center
as running-in progressed. The oil storage capacity of
the texture provided lubrication, and the wear debris
trapping capacity optimized the running-in conditions.
Therefore, even when the speed of the stop point was
approximately zero, running-in gradually changed
the dead center from dry friction to mixed lubrication.
This indicates that the capacity of oil storage and
debris trapping can improve the lubrication performance

at the dead center when the friction pair is sliding at
a low speed.

During the entire wear process, the co-textured
CLPR exhibited different characteristics. The difference
in friction coefficient between the dead center and the
middle was much smaller than that of the other three
groups in the first half hour. However, the friction
coefficient no longer exhibited the U-shaped behavior
and became smooth after stable wear occurred. When
the piston ring passed through the groove texture, the
lubricant in the groove texture can be supplemented
to the dimple texture owing to extrusion. The coupling
effect of the co-texture yielded the greatest friction
coefficient reduction at the dead center.

The friction coefficient is an important parameter
for evaluating friction performance in both modeling
and testing. A comparison between the friction
coefficient calculated by modeling and that obtained
by testing can verify the accuracy of the model. The
obtained results imply that the model can be optimized
and improved to yield a more realistic performance
prediction.

3.2 Contact resistance

Figure 7 shows the average contact resistance of the
experimental groups with respect to time. Compared
with the average contact resistance under the two
conditions, the oil film thickness at a higher speed was
larger than that at a lower speed. When the piston ring
moved, oil pressure was established on the contact
surface to form an oil film. Because of the viscous
nature of the lubricant, the lubricating film gradually

www.Springer.com/journal/40544 | Friction
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Fig. 7 Average contact resistance of experimental groups (groups A-D, Table 2) with respect to time: I-50 rpm and II-100 rpm.

disappeared after the piston ring was removed. The
increase in the piston ring speed shortened the interval
of the oil film re-formation, thereby improving
the oil-film-forming ability. In addition, the oil film
thickness of the four textures corresponded to the
average friction coefficient. Compared with the average
contact resistance (0.34 QQ) of the non-textured surface
at 50 rpm, the average contact resistances of groups
B, C, and D increased by 58.8%, 108.8%, and 352.9%,
respectively. Compared with the average contact
resistance (1.31 Q) of the non-textured surface at
100 rpm, the average contact resistances of groups
B, C, and D increased by 33.6%, 57.3%, and 92.4%,
respectively. The larger the oil film thickness, the smaller
was the friction coefficient. It was demonstrated that
oil film thickness was one of the key factors affecting
the friction coefficient. The co-texture had the largest
oil film thickness, which formed earlier in the initial
stage of the test. This occurred primarily because the
lubricants stored in the texture complemented each
other.

Figure 8 shows the instantaneous contact resistance
in one stroke for different experimental groups. The
first stroke in the measurement period was selected.
The crank angle is the angle that the crank rotates from
one dead center to the other, and the angle of one stroke
is 180°. The contact resistance of all experimental groups
increased with the running-in time. Subsequently,
it stabilized during the stable wear stage. The contact
resistance and friction coefficient showed this
characteristic simultaneously. Running-in increased
the actual contact area between the friction pairs by
flattening the peaks of the contact surface, thereby
facilitating the formation and stability of the oil film.
Furthermore, by guaranteeing a certain speed and
pressure, the friction pair was under hydrodynamic

lubrication. As shown in Fig. 8 A-], the contact resistance
of the middle increased continuously during running-in,
whereas the contact resistance of the dead center was
always approximately zero and no significant changes
were observed. This shows that speed was an important
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Fig. 8 Contact resistance in one stroke for different experimental
groups (groups A-D, Table 2): I-50 rpm and II-100 rpm.
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factor in determining the formation of the oil film.
Moreover, the irremovable debris accumulated in
the dead center, scratched the surface repeatedly, and
generated new debris.

In terms of the texture types, the results from
experimental groups A, B, C, and D indicated significant
differences. Comparing Figs. 8 A-I and B-I, the crank
angle with contact resistance increased from 120°
(30°-150°) to 150° (15°-165°). As a static oil reservoir,
the groove texture was not effective at all time. When
the piston ring passed through the grooves, the
lubricating oil was ejected from the grooves into

2

the contact through the “inlet suction” mechanism.
[15, 32]. The groove texture provided lubricating oil
to form an oil film. The dimple texture in group C
served as a movable oil reservoir, providing lubricating
oil to the piston ring at all time. Therefore, its contact
resistance was higher than those of groups A and B in
the entire stroke, particularly in the dead center.
Hence, the friction coefficient of group C was lower
than those of groups A and B. The contact resistance of
group D was the highest among all the experimental
groups, indicating that group D possessed the best
oil film characteristics.

Regarding the running-in speed, the oil film
characteristics of condition II were better than those
of condition I. The increase in speed allowed the
piston rings to scrape the lubricants more often.
After the piston ring has passed, the oil film can be
maintained for a certain duration without breakage.
Therefore, all the experimental groups exhibited a
certain oil film thickness in one stroke. The perfor-
mance of the oil film depended on the thickness of
the oil film, i.e., the value of the contact resistance.
The ranking of the contact resistances was opposite
to the ranking of the friction coefficients above. From
small to large, the ranking of the contact resistance
was groups A, B, C, and D. This confirms that
the interaction between the static and movable oil
reservoirs exerted effects at different speeds.

In summary, the oil film characteristics based on
the contact resistance coincided with those based
on the friction coefficient. Increasing the speed can
enhance the oil film distribution in all experimental
groups. The texture used can improve the oil film
distribution because of its oil storage capacity. The

dimple texture on the piston ring served as a mobile
oil reservoir, and its lubricant supply capacity was
greater than that of the groove texture on the cylinder
liner, which served as a static oil reservoir. The
complementary features of the co-texture enabled it
to possess the optimal film thickness and the best
distribution throughout the experiment.

3.3 Wear topography

The topographies of the worn surfaces of the piston
ring are shown in Fig. 9. By comparing the wear surfaces
of the piston rings under operating conditions I and 1II,
it was discovered that the distance between the peak
and bottom of the wear surface decreased as the
speed increased. This occurred because the increase
in speed improved the distribution of the oil film,
which reduced both the pressure of wear debris on
the piston rings and the wear degree on the surface.
Apparent and regular wear marks were observed,
as shown in Figs. 9 A-I and A-II, and the depth and
width of the wear marks were the greatest in the four
groups of experiments. Running-in removed the sharp
areas of the surface and formed wear debris between
the cylinder liner and piston ring. Under the applied
pressure, the surface was repeatedly damaged. Hence,
wear marks were generated. As shown in Figs. 9 C-1
and C-II, regular wear marks remained, but the scales
of the wear marks were significantly smaller. As a
movable debris trap, the dimple texture on the piston
ring trapped and stored the debris and reduced its
damage to the surface. However, in the reciprocating
movement of dimple-textured surfaces, owing to inertia
and gravity, the ability to collect debris was reduced.
Some debris shifted from the dimple texture and
damaged the surface. However, the wear topographies
of the piston rings of groups B and D exhibited
different characteristics. Although a few wear marks
remained on the surface, the flake shedding replaced
the regular and uniform wear marks and became the
main wear form. As a static debris trap, the groove
texture trapped and stored debris while preventing
debris from escaping. During the piston ring movement,
the debris was swept into the groove texture, and the
debris collection ability was enhanced. The flake
shedding was primarily caused by the interaction
between the lubricant and piston rings at the friction

www.Springer.com/journal/40544 | Friction
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Fig. 9 Worn surface topographies of piston rings (groups A-D, Table 2): [-50 rpm and II-100 rpm.

interface. Because the lubricant had a certain viscosity,
it was adsorbed on the piston rings. When the piston
rings moved on the oil film, they were subjected to
the reaction force of the lubricating oil. To overcome
this force, flake shedding was generated on the piston
ring surface.

The 3D topography and parameters of the cylinder
liners after running-in are listed in Fig. 10. As shown
in Fig. 10, the wear marks on the surface of the cylinder
liner were uniform. Hence, it can be inferred that the
main wear form of the cylinder liner surface was
abrasive wear as a result of less oil film movement near
the cylinder liner. As the running-in speed increased,
Sq and Sa at the dead center and the middle increased,
whereas Svi decreased. With the increase of speed, the
formation of the oil film was easier, even when the
surface was rougher, a stable wear process was possible.
However, the load-carrying capacity of the cylinder
liner surface decreased because of the relatively
bumpier surface.

The wear surfaces of the dead center and the middle
indicated significant differences. First, the Sq of the
dead center was at least 48.0% larger than that in the
middle. This implies that the running-in quality of the
middle was much better than that of the dead center.
The accumulation of debris and difficulties in oil film
establishment caused by low speed resulted in the
worsening of wear at the dead center and decreased
the running-in quality. Subsequently, the Swi of the
four groups at the dead center was smaller than that
in the middle. This indicates that the load-carrying
capacity in the middle was stronger. Finally, the Sc of
all groups at the dead centers was smaller than that in
the middle. Because of the poor operating conditions
of the dead center, the load-carrying capacity and oil
storage capacity of the middle were stronger than
those at the dead center.

The topographical characteristics of the cylinder
liner were consistent with those of the piston rings.
The Sq of group A was the largest among those of the

'EN%IEI}SSQYI‘EIE?S @ Springer | https://mc03.manuscriptcentral.com/friction



Friction 10(6): 878-890 (2022)

887

Experimental
group Dead center Middle Dead center Middle
3D NG »
topography S N o
A
S4:8.432 S4:3.914 5,:9.604 S4:5.338
Roughness
parameters Sb10494 Sb10516 Sb10470 Sbi:O.Sl 1
S.i:1.923 S.:2.287 S.:2.012 S.:2.400
3D : -~y
topography SN ‘\ & ™
B .y
S:4.645 54:1.896 5,:4.769 S;:2.981
g;‘ﬁgg: Si:0.568 54:0.625 $p;:0.522 54:0.536
S.i:2.335 S.i:2.355 S.:2.535 S.:2.572
3D . B
topography R \\ " »
C
54:6.797 54:2.356 5,:6.937 S4:3.810
Roughness
parameters Sb10529 Sb10568 Sb10496 Sb10526
S.:2.278 S.:2.293 S;:2.484 Sei:2.541
3D - ‘.v.-.%
topography R o~ 3
D 1
54:2.862 54:0.917 5,:3.356 S4:1.853
g‘r‘ﬁl;z: 54:0.607 84,:0.777 84:0.536 54,:0.543
S.i:2.433 S.i:2.587 S.:2.752 S.i:2.964

Running-in condition I

Running-in condition II

Fig. 10 3D topography and parameters of cylinder liners after running-in (groups A-D, Table 2): I-50 rpm and II-100 rpm.

four groups, followed by those of groups C and D. The
running-in qualities of the cylinder liners from best
to worst were ranked as groups D, B, C, and A. The
variation in Svi was similar to that of Sq, indicating
that the loading capacity was in the same order. The
oil storage capacity of the running-in surface depended
on Sd and showed the same trend as that of the contact
resistance. These topographical parameters show
that the co-texture effectively improved the surface
smoothness, load-carrying capacity, and oil storage
capacity of the contact surface, compared with the
non-textured and single-textured surfaces.

3.4 Coupling mechanism

Based on the previous analysis, it was discovered that

using surface texture as surface treatment reduced
friction, improved the oil film, and resisted wear. For
the dimple texture on the piston ring as a mobile oil
reservoir, its lubricant supply capacity was greater
than that of the groove texture on the cylinder liner,
which served as a static oil reservoir. By contrast, the
running-in quality of the dimple texture as a movable
debris trap was weaker than that of the groove texture
on the cylinder liner.

The co-texture combines the advantages of the
dimple and groove textures to yield an optimal
lubrication performance. Figure 11 shows a schematic
diagram of the co-texture’s coupling mechanism. The
dimple texture stored the lubricant. However, with the
reciprocating motion of the piston rings, particularly
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Fig. 11 Schematic diagram of the co-textured coupling mechanism.

during reverse motions at the dead center, lubricating
oil loss occurred in the dimple texture. At this time,
the groove texture on the cylinder liners served as the
filling station. When the piston ring passed through
the groove texture, the lubricant was drawn into the
groove texture owing to the inlet suction mechanism.
When the piston ring left the groove texture, the
groove texture was refilled with lubricant. Meanwhile,
the dimple texture trapped the debris. When the groove
texture was absent, some collected debris escaped and
damaged the contact surface owing to the reciprocating
motion. When a groove texture was present on the
cylinder liners, the groove texture served as collectors.
The debris trapped by the dimple texture was washed
into the groove texture because of the oil pressure.
Owing to the favorable oil film distribution and
efficient debris trapping, the running-in quality, load
carrying capacity, and oil storage capacity of the
co-texture improved.

4 Conclusions

A co-texture was formed by processing the texture on
both sides of cylinder liners and piston rings based
on a single texture. The tribological performance of
non-textured surface and textured surfaces, i.e., dimple
texture on piston rings, groove texture on cylinder
liners, and co-texture on both sides, were investigated.
A series of experiments were conducted using a slicing
tester at two different running-in speeds. A comparative
analysis was performed based on the friction coefficient,
contact resistance, and wear topography, and the wear
mechanism of the texture was discussed. The following
conclusions were obtained:

1) Three types of surface textures can improve the
friction performance of CLPRs during running-in
under the experimental conditions. Among them, the
co-texture yielded the optimum tribological perfor-
mance, particularly at the dead center. Compared with
the non-textured surface, the average friction coefficient

of the co-texture reduced by 34.2% and 44.5% at 50 and
100 rpm, respectively. The average contact resistance
of the co-texture increased by 352.9% and 92.4% at 50
and 100 rpm, respectively.

2) The dimple texture on the piston ring, as a mobile
oil reservoir, provided lubrication to the piston rings
at all time. Its lubricant supply capacity was greater
than that of the groove texture on the cylinder liner,
which served as a static oil reservoir. By contrast, the
dimple texture on the piston ring served as a movable
debris trap, and debris was able to escape. Its wear
resistance was weaker than that of the groove texture
on the cylinder liner, which served as a static debris
trap, but remained stronger than that of a non-textured
surface.

3) Compared with non-textured and single-textured
surfaces, the co-texture combined the advantages of
dimple and groove textures. The coupling effect of
the co-texture provided the surface with the optimal
oil film thickness and the highest debris trapping
efficiency. The co-textured CLPR yielded the best
running-in quality.

The feasibility of adopting a co-texture was
confirmed, and the tribological performance of the
co-texture during running-in was characterized under
different experimental conditions. Further studies are
being conducted to analyze the tribological performance
of co-textured CLPRs using a theoretical model.
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