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Abstract

Purpose — The purpose of this study was to develop a new approach using a pulse YAG laser with rational power density and pulse width to texture
desired discrete distribution morphology on the cylinder wall.

Design/methodology/approach — Variational rules of the effects of these three parameters were found by calculating the oil film on the
cylinder/piston ring system. The experiment results were compared between laser texturing cylinders and conventional honing cylinders.
Findings — It was found that the coefficient of friction and wear rate of laser texturing cylinders were reduced by 50 and 85.7 per cent, respectively,
and the piston ring wear rate was decreased by 50 per cent under full lubrication condition. Under starved lubrication condition, the cylinder liner
wear was reduced by 34.3 per cent.

Originality/value — The effectiveness of which was determined by three control parameters: depth-to-diameter ratio, area density and distribution
angle of the dimples.
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1. Introduction LST modes are available for reducing the friction loss. The
first is piston ring LST mode (concept proposed by
Kligerman ez al., 2005) and the second is cylinder wall LST
mode. Ryk ez al. (2005) found that with LST barrel-shaped
rings, the reduction in friction was much less than that with
a flat-shaped specimen. Yu er al. (2002) found that the
friction torque and friction coefficient of laser-textured
mechanical seals with a porous face were much lower
compared with conventional mechanical seals.
Kovalchenko ez al. (2004, 2005) studied the impact of LST
on lubrication regime transitions and found that the
beneficial effects of LST were more pronounced at higher
speeds and loads and for oils with higher viscosity.
Rapoport er al. (2008) studied the effect on the tribological
properties of solid lubricant surfaces where micro-reservoirs

Cylinder liner and piston rings worked in high-temperature,
high-speed and high-pressure conditions are prone to all
kinds of wear. Since 1990, researchers have studied the
effect on friction and wear behavior of laser-textured
micro-morphology, which could increase hydrodynamic
lubrication oil load capability and reduce friction coefficient of
cylinder wall-piston ring. Laser-textured cylinder walls
included two main morphologies: one was grooves, which was
beneficial to the removal of loose material particles, and the
other was dimples, for increasing the oil reservoir and load
capacity, leading to increased collection ability of the wear
particles.

Most of the total engine friction, about 50-60 per cent,
comes from the cylinder/piston ring system. The service life

of the engine depends to a large extent on this friction were produced by laser surface texturing under dry friction.
system. The friction and wear characteristics of the It was shown that the adhesion of solid lubricant in the
cylinder/piston ring system have long been the focus of space between the dimples was provided by mechanical
related research works. engagement of particles in the rough surface and by

Ronen et al. (2001) studied the piston ring/cylinder smearing the solid lubricant around the dimples. Meng
system with laser surface-textured (LST) piston rings. It et al. (2010) found that the friction force for the parallel
was found that a friction reduction of 30 per cent or more surfaces could decrease due to the dimple effect over the
was feasible with textured surfaces. Ryk ez al. (2002) found range of the larger sliding speed, larger load or smoother
good correlation in a subsequent experimental work. Two surfaces. Additionally, for the smaller sliding speed or the

smaller load, the effect of the dimples on the friction force

became weak, and even could be ignored.

The current issue and full text archive of this journal is available at Since 2000, the Laser Texturing Center at the Institute of

www.emeraldinsight.com/0036-8792.htm Mechanics, Chinese Academy of Sciences, has reached a
conclusion that the process of texturing micro-pits could, by
using laser texturing technology, achieve fast speed and high
efficiency, which had important significance to internal
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2. Main controllable parameters of
laser-textured dimples on the cylinder wall

After the dimples were textured on the cylinder liner wall by
laser beams, the variable parameters were the dimples’
diameter, 2r,; dimples’ depth, hp; area density, S,
(mr3/(2r,)%), which is the ratio of the dimples’ area to the total
laser texturing area; and distribution angle, 0, as seen in
Figure 1, which could describe very well the morphology of
one dimple and the distribution of multiple dimples.

For reducing the experimental difficulty and times, the
diameter of the dimples was kept at a certain constant value in
this work. So, the effect of hp would be reflected in the
depth-to-diameter ratio & (hp/2r;). It was found that the
dimple parameters affecting the friction and wear
characteristics were &, S, and 6. In this work, the friction and
wear characteristics of the whole cylinder liner/piston ring
system were studied for three controllable laser-textured
dimple parameters, i.e. &, S, and 6 on the cylinder wall, under
two extreme conditions, one was full lubrication and high
reciprocation velocity condition and the other was starved
lubrication and low reciprocation velocity condition.

3. Lubrication theory for cylinder liner/piston
ring system with laser-textured dimples

Figure 1(b) gave the geometry of a single-unit cell with a
dimple morphology. Assuming a thin Newtonian lubrication
film undergoing laminar, incompressible flow and neglecting
temperature and inertial effects, the oil film pressure P of the
system under full lubrication and high reciprocating velocity
condition could be calculated by the following Reynolds
equation (1). Because the clearance between ring and cylinder
liner varied with time during each cycle of the ring reciprocal
motion, the equation of piston ring radial motion was given by
equation (3).

J
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Here, h is lubrication oil film thickness, which was calculated
by equation (2), c(t) is the minimum oil film thickness,
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Figure 1 Schematic diagram of laser-textured dimples on the cylinder
wall (a) and a single dimple (b)
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F, = [, PdA is the capacity of the lubrication oil, Fe is the
operating normal load of the system, w is the viscosity of
lubrication oil and U is the system’s reciprocating velocity
given in equation (4). In this test, Fe was 13.72 MPa.
Equation (5) was the boundary condition used for calculation.

h@® = @ + h, — h,(x* + y?)/1? (in dimples);

() = c(® (others) 2)
9%c(D)
—— =F, — F 3
m 97 [ . 3)
rC
U= mo(sin 0 + Zsin 20) 4
x=-1nP=0x=r P=0, P(X,—1) = Px,1);
P oP
a(x, -r) = a(x, ) 5)

P was calculated by finite difference method, in which r, = 60 um
and r; = 120 wm, and the results are shown in Figures 2 and 3.

The results showed that when the values of &, S, and 0 were
varied in the range of 0.1-0.2, 20-35 per cent and 45°-60°,
respectively, the average hydrodynamic lubrication oil load
capability of dimples was better compared with other cases
under full lubrication condition.

Figure 2 Relationship between the average capacity and ¢
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4. Description of the laser texturing technology

The cylinder was fixed on the four-jaw chuck of the machine,
and the YAG pulse laser passed through the optical guidance
system to process its wall, as seen in Figure 4. By adjusting
the pulse laser parameters, different & (texturing dimple
depth-to-diameter ratio) was achieved. At the same time, as
the coaxial encoder with 100,000 lines accuracy was installed
on the machine, the dimples’ density and distribution angle
were controlled by altering the machine parameters, such as
dot pitch, screw pitch and rotating speed.

In this test, the dimples were produced by a 5-kHz pulsating
Nd:YAG laser with a power of 200 W. In this test, the material
of the cylinder liner was not changed and the laser processing
parameters were the same, so the depth and width of the
dimples were uniform. By laser texturing waveform
modulation technology, the laser pulse power density was
controlled in the range of 2.5 X 107 — 5 X 107 W/cm?
(Figure 5), with the pulse width in the range of 1-10 us, and
thus the aforementioned requirement on the morphology of
the dimples was satisfied, which had not only a certain depth
but also a narrow recast layer, as shown in Figure 6(a). Figure
6(b) shows the profile of a single dimple by laser etching, and

Figure 4 Laser-texturing device

Figure 5 Laser pulse waveform
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the recast layer was hard to see. This was because the
workpiece surface’s material in this test was mainly gasified and
not melted under the laser power density (2.5 X 107 — 5 X 107
W/cm?) and pulse width (1-10 us). Even so, there were a
small amount of bulges, and post-texturing lapping to remove
the bulges at the rim of the dimples was required. All samples’
dimples were textured and then polished to remove the molten
rim around the dimple.

5. Friction and wear test

According to the reciprocating sliding conditions and the
characteristics of the cylinder/piston ring system, the frictional
district of cylinder wall could be divided into two parts. The first
one was TDC, where the lubrication oil film was not easy to
retain, the velocity of the reciprocating movement was low and
the surface was badly worn. The functions of dimples were
mainly collection of wear particles and storage of lubrication oil,
so that wear of the system could be reduced. And thus in this
district, the main effect of dimples was wear reduction. The
second one was the central and thereafter sections of the cylinder,
where the oil film was thick enough; the role of dimples was to
increase the load capability of the oil film, so that the friction
coefficient of the system could be reduced. And thus in this
district, the main effect of dimples was friction reduction.

5.1 Test under full lubrication condition

The cylinder-piston ring of XiChai6107 engines was selected
as the sample for friction pair, and the piston ring test block
was selected at a length of 10 mm by the first ring, as seen in
Figure 7. Figure 8(a) showed the original surface of the
cylinder wall; the roughness was 0.393 um. After laser
texturing, the cylinder was cut into blocks, and then the
surface bulges were removed, as seen in Figure 8(b).

Through experiments on the cylinder liner-piston ring block
under reciprocating movement, the friction and wear
characteristics were investigated for the friction pair with the
cylinder wall textured by laser beams. Figure 9 shows the
schematic diagram of the experiment. The piston back
pressure was loaded directly by a loading device, and the
piston rings were reciprocally sliding on the cylinder block by
motor crank drive. The lubrication oil between the friction
pair was rich, which was provided by oil flowing via a guiding
oil hole with a certain speed from an oil cup.

The ultimate load was 13.72 MPa, the maximum speed was
960 r/minute, the effective sliding distance was 160 mm per
revolution, the adding rate of oil was 1 drop/1s and the type of
lubrication oil was Mobil-10W30. The total test time was 8
hours. The dimple parameters were: ¢ = 0.18, S, = 20 per
cent and 0 = 60°. The test results are shown in Figures 10-12.
Compared with mechanical honing, the friction coefficient
and wear of the cylinder liner/piston ring system were reduced
by 50 and 85.7 per cent, respectively, and the wear of the
corresponding piston ring was reduced by more than 50 per
cent. The results also explained that the effect of dimples by
laser etching was to improve the cylinder/piston ring system’s
lubrication condition, which caused the system’s friction
coefficient and wear to decrease accordingly. By only
increasing the cylinder’s micro-hardness, the wear of cylinder
could be reduced, but the piston ring’s wear and the system’s
friction coefficient cannot be reduced.
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Figure 6 Morphology of the dimples
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Notes: (a) Dimples etched on the cylinder wall; (b) profile of a single dimple

Figure 7 The test block of the cylinder and piston ring
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5.2 Test under starved lubrication condition

A cylinder liner-piston ring friction and wear tester was used in

the current study, as shown schematically in Figure 13. The

cylinder liner was fixed on a fixture, which supplied the up and

down reciprocating movement. The piston ring was connected to

two symmetrical disc springs by using a hydraulic equipment

which supplied load on the frictional pairs’ surface with a

pressure sensor. The friction of the cylinder liner/piston ring

system was recorded by a friction sensor, and the displacement

and temperature of the test cylinder liner were controlled by a

computer. The total quantity of lubrication oil was limited, and

the test conditions were set as follows:

¢ the frequency was 4 Hz;

¢ the stroke was 6 mm;

¢ the maximum load was 85 MPa;

¢ the total experimental time was 10 hours, in which the test
ran for 4 hours with an oil feeding rate of 1 drop/10 s, and
for 6 hours with zero feeding rate; and

e the temperature value of the cylinder wall was kept at
100°C throughout the test.

The dimples could store the lubrication oil and collect wear
particles, which would reduce total wear of the system. The oil
storage capacity depends on dimples’ depth, diameter ratio and
area density, and the wear-particles-collecting capacity depends
on the dimples’ distribution angle. The best dimple parameters
under starved lubrication condition were not the focal point in
this test, so the dimple parameters were the same as mentioned
earlier.

The test results are shown in Figure 14. Compared with
mechanical honing, the wear scar depth of the textured
cylinder wall was reduced by 34.3 per cent.

Figure 8 Surface topography of the cylinder wall
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Figure 9 Cylinder—piston ring reciprocating test machine
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6. Conclusions

The dimples with well-selected textured morphology
parameters on the cylinder wall could reduce the friction
coefficient and wear rate of the cylinder liner/piston ring
system and improve the dynamic performance of the engine.

The ranges of parameters adopted in the present laser
texturing were laser pulse duration of 1-10 ws and power
density of 2.5 X 107 — 5 X 107 W/cm?.
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Figure 12 Wear of the piston ring block
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Figure 13 Schematic diagram of the friction test rig
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Based on the lubrication theory, the ranges of dimple
parameters on the cylinder wall used for the laser texturing
were selected as follows: & = 0.1-0.2, S, = 20-40 per cent and
0 = 45°-60°.

According to the friction and wear test results, under the full
lubrication condition, compared with mechanical honing, the
laser texturing technique could reduce the friction coefficient
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Figure 14 Wear scar depth
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7r 2: Laser etching
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of the cylinder—piston ring by 50 per cent, and reduce the wear
of the cylinder and the piston ring by 87.5 and 50 per cent,
respectively. Under the starved lubrication condition,
compared with mechanical honing, the laser texturing
technique could reduce the wear scar depth of the cylinder by
34.3 per cent.
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