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Abstract: In this work, laser processing technology was utilized to fabricate micro-textures on the
surface of 42CrMo steel to improve its wear resistance under high load conditions and provide an
effective method to solve the wear of tooth plates in oil drilling wellhead machinery. Firstly, the
friction process of the textured components was conducted by finite element analysis. Additionally,
various forms of textures were compared and measured by this method to optimize the shape and
parameters of the patterns. Secondly, three types of texture shapes, such as micro-dimples, micro-
grooves, and reticular grooves, were created on the surface of 42CrMo steel. Lastly, the tribological
characteristics of the micro-textures were analyzed in the dry friction experiments. Compared with
the untextured surface, the wear resistance of the textured 42CrMo steel has been improved, and
the anti-wear property of the micro-dimples was better than micro-grooves and reticular grooves.
Along the direction of friction sliding, the wear of the front end is more worn than the rear end.
Micro-dimples with a diameter of 0.8 mm, a spacing of 1.2 mm, and an area occupancy of 34.8% were
fabricated at an output power of 200 W and a frequency of 5 Hz. The wear of the textured surface
has been reduced by more than 80% in the process of ring-block dry friction with a load of 50 N, a
rotation speed of 35 r/min, and a time of 15 min. The wear mechanism is mainly abrasive wear. The
results showed that the hardness of the surface could be improved by laser hardening. In addition,
micro-dimples on 42CrMo steel can store abrasive particles, mitigate the formation of furrows and
reduce the abrasive wear of tooth plates.
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1. Introduction

The surface texturing technique has been considered a promising method in tribology
applications because it could improve the performance of the friction system, including
the wear resistance, the lifespan, and the bearing capacity due to the ability of surface
textures to function as micro-containers for lubricant and particles [1]. Therefore, surface
texturing has been used to manufacture mechanical components, for example, thrust
bearings, cutting tools, piston rings, and seals [2-7]. Electric discharge machining (EDM),
micro-grinding, and laser surface texturing are applied to fabricate textures on specimen
surfaces researchers [8-12]. Compared with the other techniques, laser surface texturing
has the advantages of high automation, high repeatability, and fine-scale processing [13].

At present, a large number of research on surface texturing has been expected to im-
prove the tribological properties at the interface by reducing the contact area and increasing
the lubrication pocket area on the surface. Ran Duan et al. created micro-textures on an
Al,O3/TiC ceramic cutting tool and the textured tool to machine the AISI H13 steel in the
conventional cooling condition [14]. The results showed that the structures of the surface
textures performed with good integrity at different cutting speeds. Yougiang Xing et al.
fabricated micro-textures on the surface of an Al,O3/TiC ceramic specimen to investigate
the wear mechanism by using a ball-on-disk tribometer. The micro-textures were used
in combination with different solid lubricants [15]. Results showed that laser surface tex-
tures combined with WS, solid lubricants could decrease wear and friction significantly.
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Chi-Wai Chan et al. explored the effects of laser surface treatment on enhancing the proper-
ties of commercial Ti6Al4V and CoCrMo alloy implant materials [16]. The results indicated
that the laser-treated Ti6 A4V surfaces exhibited a noticeable reduction in adhesion. Such
properties were attributable to the combined effects of reduced hydrophobicity, thicker and
stable oxide films, and the presence of laser-induced textures. Tao Wang et al. produced
micro-textures on end faces of two-phase mechanical face seals by using laser surface
texturing [17]. They found that the textures with suitable parameters could attain a higher
speed in comparison with the seal with a plain end face. Etsion L. et al. investigated the
effects of partially laser surface textured piston rings on the fuel consumption and exhaust
gas composition of a compression-ignition IC engine [18]. It was found that t the fuel
consumption of the partial LST piston rings decreased by 4%. Julius Caesar Puoza et al.
fabricated micro-dimples on the surface of the cylinder bore by Nd:YAG laser texturing [19].
The results showed that the cylinder bore with surface textures could effectively decrease
the reverse drag power and torque. The fuel consumption was also reduced significantly in
comparison with the standard one. Karam Kang researched the effects of surface textures on
the punch in the Aluminum can manufacturing process [20]. The micro-textured punches
with Ra in the range of 0.15-0.3 um were preferred over polished and grounded punches to
obtain fine surface roughness of the can body sheet. Tatsuhiko Aizawa et al. investigated
the Engineering durability of surface texture by exposure testing to air at the atmospheric
condition [21]. The testing results showed that modification of the AISI304 surface had suf-
ficient stability for its long-term usage in the air. Georg Schnell et al. created micro-textures
on the half-bearing shells of the journal bearings to research the wear mechanism [22].The
findings showed that the journal bearings with micro-textures formed a thicker lubricant
film than the untextured journal bearings. Jian Zhan et al. manufactured dimples on the
cylinder wall to investigate the wear mechanism by using a cylinder liner-piston ring wear
tester [23]. The results showed that the distribution angle of the dimples had a significant
effect on the tribological characteristics of the cylinder liner-piston ring system. The wear
resistance of the system was effectively improved when the dimple distribution angle was
60°. Xingyu Liang et al. studied the effect of partial laser surface texturing on piston rings
by simulation and experiment investigation [24]. The results of the study indicated that the
micro-dimple textures on both sides of the ring surface can improve the friction coefficient.
Kafayat Eniola Hazzan et al. investigated the influence of the laser parameters and the
current limitations of laser processing [25]. Laser parameters could affect ect heat-affected
zone on the surface of the specimen. The heat-affected zone was related to the surface finish.
They found the optimized multi-pass scanning speeds could deliver sufficient energy to
process textures to the required depth and profile with minimal defects. Kairui Zheng et al.
investigated the effects of micro-textured tools on cutting performances [26]. The results
showed that the cutting force was effectively reduced by manufacturing suitable micro-
textures on the surface of the cutting tool. Mourier et al. manufactured micro-cavities
by laser surface texturing and carried out EHL tests with a tribometer [27]. The results
showed that the micro-cavities, whose depth was 300 nm, could get an increase in the
thickness of the lubricant film. Shunchu Liu et al. investigated the effects of laser surface
textures and lubrication with graphene on the tribological and dynamical performance
of non-conformal sliding contacts [28]. The results showed that laser surface textures
have a more significant effect on the reduction of frictional vibrations and noise generated
from sliding contacts, and laser textures enhanced the frictional reduction performance of
lubrication. Zhaoqiang Wang et al. fabricated three kinds of micro-textures on the surface
of the valve plates to investigate the effects of textures with different parameters on the
tribological characteristics [29]. The experimental results showed that surface textures had
significant effects on pressure, load-carrying capacity, and elastic deformation. The square
textures were the preferable shape, and the tribological characteristics were improved when
the depths of textures were from 20 um to 50 um. Akshay Gaikwad et al. investigated the
effects of laser texturing on the tribological properties of Ti6Al4V in contact with a ceramic
ball [30]. Results showed that wear and friction were reduced for all the textured samples
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as compared to an untextured surface. Chen Li et al. fabricated surface micro-textures on
the electrosurgical blades by the long-pulse fiber laser [31]. The results showed that the
electrosurgical blades with surface micro-textures exhibited good performances of adhesion
and anti-friction, which minimized the potential danger for the patients. Caraguay et al.
created micro-textures on the AISI-A30 carbon steel to study the adhesion strength by using
a pull-off test and a shaft load blister test [32]. The results showed that the textured area
had a significant effect on the adhesion mechanism of the carbon steel. Tooth plates are
the key components of the oil drilling wellhead machinery, which are commonly made of
42CrMo steel. During the operation of the oil drilling wellhead machinery, tooth plates
are prone to wear under high pressure. They need to be replaced frequently, which would
reduce production efficiency. In this paper, how to reduce wear has been a vital problem.
A model of the micro-textured surface friction pairs was established and simulated by
the finite element analysis software. Nd: YAG laser was used to fabricate three types of
textures on the surface of 42CrMo alloy steel, which were micro-dimples, micro-grooves,
and reticular grooves. Then the dry friction experiments were carried out to analyze the
influence of surface textures on the wear resistance of 42CrMo steel surface.

2. Finite Element Simulation
2.1. A Model of Friction Pairs

During the operation of the wellhead machinery, the motion pairs consisted of the
tooth plate and the drill pipe, which contacted each other and produced relative motion
under the external load. Therefore, the friction contact between the tooth plate and the
drill pipe could be considered linear sliding friction pairs. Figure 1 shows the schematic
diagram of the tooth plate and the drill pipe. It can be seen from Figure 1 that the drill pipe
made contact with the tooth plate under load conditions. The load applied on the drill
pipe is P. The radius of the drill pipe is R. Elastic moduli of the friction pairs are E; and E,
respectively. Their Poisson ratios are €1 and ;. E’ is the equivalent elastic modulus. b is the
half-width of the contact area.

Drill pipe

Tooth plate

2b

Figure 1. Schematic diagram of the contact between the tooth plate and the drill pipe.

According to the Hertz contact theory, the half-width of the contact area can be
calculated as follows.
4PR /2
b prm—
nE’
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The equivalent elastic modulus can be calculated as follows.
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Actually, there are eight tooth plates of the same size (100 mm x 40 mm x 20 mm) in
the oil drilling wellhead machinery. The drill pipe and the tooth plate are both made of
42CrMo steel. The elastic modulus and the Poisson ratio are 210 GPa and 0.3, respectively.
The diameter of the drill pipe is in the range of 88 to 160 mm, and the torque value is in
the range of 81,350 to 108,465 N-m. The load is in the range of 508,437.5 to 1,232,556.8 N. It
can be calculated that the contact half width of a single tooth plate is in the range of 0.66 to
1.01 mm.

The friction pairs were composed of upper and lower sliding blocks. There are three
kinds of micro-textures on the friction surface of the upper sliding blocks. The surface
textures included micro-dimples, micro-grooves, and reticular grooves. The models of
friction pairs are shown in Figure 2. The sizes of the upper sliding block and the lower
sliding block were 10 mm x 10 mm x 5 mm and 30 mm x 10 mm x 10 mm, respectively.

Figure 2. Friction pairs models. (a) Upper block with micro-dimples; (b) Upper block with micro-
grooves; (¢) Upper block with reticular grooves.

According to the calculation of the Hertz contact theory, the selective sizes of micro-
dimples are a diameter of 0.8 mm, the dimple spacing is 1.2 mm, and the area occupancy
of dimples is 34.8%. In order to obtain the same area occupancy of textures, the width of
the single micro-groove is set at 0.75 mm. The inclination angle is 45°, and the spacing is
2.3 mm. The width of the reticular groove is 0.75 mm, the angle of the reticular groove is
90°, and the spacing is 3.5 mm. The upper and lower sliding blocks used in this experiment
are 42CrMo alloy steel. The material properties are shown in Table 1.

Table 1. Material properties of 42CrMo.

. Melting Heat Transfer . p Elastic
Hardness Density . . . Poisson’s
HV) (kg/em®) Point Coefficient Ratio Modulus
(C°) (W/m-K) (GPa)
410 7.85 1530 10 0.3 210

For the model of friction pairs firstly, the model of the friction pairs was meshed. The
mesh units of the upper block specimen and the lower block specimen were set as 0.25 mm
and 0.4 mm, respectively. Secondly, initial boundary conditions were set. The positions
of all mesh nodes on the bottom of the lower sliding block remained unchanged, and
displacement constraints were imposed in X and Y directions. Then load conditions were
applied for all mesh units on the upper surface of the upper sliding blocks, and a load of
3 MPa was applied on the surface. All the grid nodes on the lower surface of the upper
sliding blocks moved 20 mm along the Y direction. Finally, the contact equivalent stress of
the surfaces with different textures was obtained.
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12,503 Max
11.61
10.717
9.8238
8.9307
B.0376
7.1446
6.2515
5.3584
4.4654
3.5723
2.6792
1.7862
0.89311

4.4664x10° Min

(a)

2.2. Simulation Results

According to the load conditions of the sliding friction pairs of the above three different
types of micro-textured surfaces, the equivalent contact stresses are obtained, as shown
in Figure 3. It can be seen from Figure 3 that stress concentration zones are focused on
the left and right sides of the three types of micro-textured surfaces. In addition, the
equivalent stresses of the left sides are larger than that of the right sides, which indicates
that the left sides of the textured surfaces are more worn than the right sides along the
sliding direction. The maximum equivalent stress of the three micro-textured surfaces is
10.275 MPa, 17.093 MPa, and 12.885 MPa, respectively. The stress gradient on the surface
of the micro-groove textures is the largest compared with other textures. The simulation
results show that the wear resistance of the micro-dimples is better than that of the micro-
grooves and the reticular grooves.

17,093 Max
15.872
14.651
1343
12.208
10.989
0.7676
8.3467
73257
61048
43839
345029
2442
1221

0.92363
9.1551x10°° Min 4.2948x10° Min

(b) ()

Figure 3. Equivalent stress cloud diagram of sliding frictional contact with different textured surfaces.
(a) micro-dimples; (b) micro-grooves; (c) reticular grooves.

3. Experimental Procedure
3.1. Preparation of Friction Specimen

The dry friction test was conducted by the wear testing machine (MMH-5UMT-2,
CETR, San Jose, CA, USA). The mechanism of surface contact friction is shown in
Figure 4. The lower surface of the upper block specimen contacted the upper surface
of the lower block specimen and slid counterclockwise. The upper specimen is a block
(20 mm x 20 mm x 10 mm). The lower specimen is a fixed annular block (inner diameter
340 mm, outer diameter 380 mm) with a surface roughness of Ral12.5 pm.

Lower block specimen

Upper block specimen

Figure 4. Schematic diagram of the friction motion of ring-block surface contact.

The Nd: YAG laser was used to fabricate the textures at the average laser power of
200 W and a frequency of 5 Hz (DPL20-532, CHUTIAN, Wuhan, China). According to the
sizes of the above simulation design, three kinds of micro-structures, which included micro-
dimples, micro-grooves, and reticular grooves, were prepared on the friction surface of the
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upper block specimen. Furthermore, two groups of textured specimens with spacing of
1.5 mm and 1.8 mm were prepared for the micro-dimples. Micro-dimples were fabricated by
using the fixed-focusing processing method. The micro-grooves and the reticular grooves
were created by utilizing the laser scanning processing method. The work platform was
moved during the laser texturing process. Table 2 shows the laser texturing parameters.
Due to the existence of molten metal sputtering on the surface of the micro-structure
fabricated by laser, the specimen was repeatedly polished with sandpapers (200#-2000#) of
different grain sizes after laser texturing. Then, the particles produced from the wear were
removed by an ultrasonic cleaning machine (DA-968, DADI, Nanning China). Figure 5
shows the surface morphology of micro-grooves and reticular grooves observed under a
three-dimensional microscope with a super depth of field(VHX-2000, Hitachi, Tokyo, Japan).
Figure 6 shows the surface morphology of three kinds of micro-dimples with different
spacing observed with the scanning electron microscopy (S-3400N, Hitachi, Japan).

Table 2. Laser texturing parameters.

Pulse Pulse Repetition Spot Focusing Scanning
Duration Energy Rate Size Lens Distance Speed
(ms) ()] (Hz) (mm) (mm) (mm/s)
0.5 33 60 0.5 150 1

16 OkV 10 Omm x38 SE

Figure 5. Laser textured surface: (a) Micro-grooves with a pitch of 2.3 mm; (b) Reticular grooves with
a pitch of 3.5 mm.

15 OkV 10 Omm x35 SE

Figure 6. Micro-dimples with different pitch: (a) L = 1.8 mm; (b) L = 1.5 mm; (¢) L = 1.2 mm.

3.2. Friction Tests

In the dry friction test, the upper block specimen and the lower block specimen were
in dislocation contact. After the friction test, the laser-textured surface of the upper block
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specimen had an obvious boundary that could distinguish the worn area from the non-
worn area. The friction test was designed properly. The initial height of the unworn zone
can obtain a uniform reference when the thickness of the worn layer is measured. The load
of friction test was set at 50 N, and the rotation speed of the upper block specimen was set
at 35 r/min. Each test was repeated 3 times, and each time was 15 min.

For the friction test results, the wear layer thickness can be obtained by observing the
three-dimensional morphology of the laser-textured surface of the upper block specimen
with an ultra-depth of field three-dimensional microscope. High precision electronic
balance was used to weigh the upper block specimen before and after the friction test,
and the wear amount could be obtained. The effect of different micro-textures on wear
resistance was explored by observing the morphology of the laser-textured surface.

4. Results and Analysis
4.1. Wear Resistance Comparison of Different Laser-Textured Surfaces

Under the condition of the same textured area occupancy, the wear resistance of three
types of laser micro-textured surfaces such as micro-dimples, micro-grooves, and reticular
grooves, were compared. Figure 7 is the surface topography of three different laser-textured
specimens after the friction test.

A

F.Q...
Anan

Figure 7. Morphology of different textured surfaces after friction tests. (a) Specimen with micro-
dimples; (b) Specimen with micro-grooves; (c) Specimen with reticular grooves.

It can be seen from Figure 7 that the wear of the specimens with the micro-grooves
and the reticular grooves are severer than the specimen with micro-dimples. As can be
seen from the simulation results above, the equivalent stresses of the micro-grooves and
the reticular are also larger than that of the micro-dimples. The experimental results are
consistent with the simulation results.

In addition, three types of textured surfaces show the same wear characteristics. It
can be seen the wear of the front end is more worn than the rear end in the direction of
friction sliding. As can be seen from the simulation results above, the equivalent stress of
the front end is larger than that of the rear end. Thus, the wear mechanism is the same
for the different micro-textures. And the wear mechanism is abrasive wear. Under the
same condition of area occupancy, the micro-dimples improve the tribological performance
significantly in comparison with the other textures.

Figure 8 is the three-dimensional surface topography of the untextured specimen
surface and three kinds of laser micro-textured surfaces. It can be seen from Figure 8 that
the different kinds of specimen surfaces have clear boundaries between the worn areas and
the unworn areas. In Figure 8b—d, the worn areas and unworn areas of specimens all have
micro-textures. The height differences between the unworn zone and the worn zone in the
figure are used to evaluate the thickness of each wearing layer.
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Figure 8. 3D morphology of upper work-pieces surface after the friction test: (a) untextured surface;
(b) micro-dimples surface; (c¢) micro-grooves surface; (d) reticular grooves surface.

It can be seen from Figure 8 that the thickness of the wearing layer on the surface of
the untextured specimen is the largest, which is 379.5 pum; The wearing layer thickness of
three laser-textured surfaces are 117.7 um, 137.1 pm, and 122.4 pm respectively. Although
the bearing areas of the textured surfaces are reduced in comparison with the untextured
surface, it can be seen in Figure 8 that the wear of three textured surfaces is less than that
of the untextured surface. It shows that the laser micro-textured surface can effectively
improve the wear resistance of 42CrMo steel. Under the condition of the same textured
area occupancy, micro-dimples are the most reasonable micro-textures for improving the
friction properties of 42CrMo steel. The simulation results show that the stress on the
surface of the micro-dimple textures is smaller than other surface textures. The wearing
layer thickness of the micro-dimple textures is 117.7 um, which is the lowest in comparison
with others. Thus, the wearing layer thicknesses of the friction experiments are consistent
with the stress gradients of the simulation.

4.2. Wear Resistance Comparison of Laser Textured Surfaces with Different Spacing
of Micro-Dimples

The effect of dimple spacing on the wear resistance of textured surfaces is compared
and analyzed under the condition of a certain pit diameter. The distances of the three
groups are 1.2 mm, 1.5 mm, and 1.8 mm respectively. The average value of the mass
difference of the block specimen before and after three friction tests is taken as the friction
and wear amount. Figure 9 shows the wear weight and wear reduction rate with untextured
and textured surfaces. Compared with the untextured surface, the wear of the textured
surface with 1.2 mm spacing is reduced by more than 80%.
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Figure 9. Comparison of wear weight for upper blocks surface friction.

4.3. Wear Mechanism Analysis of Laser-Textured Surface with Micro-Dimples

Figure 10 shows the textured specimen with micro-dimples (the diameter of the dimple
is 0.8 mm, the spacing is 1.8 mm) after the friction test for 5 min. After the friction test, the
specimen was cleaned by ultrasonic cleaning machinery, and there were obvious particles
in the dimples, which indicates that a large number of abrasive particles were produced in
the process of friction tests. These abrasive particles play an important role in the wear of
the specimen. The micro-dimples have the ability to trap debris, which decreases the effect
of abrasive wear and improves the tribological properties at the interface.

Figure 10. Surface morphology of the textured block specimen with micro-dimples after
friction experiment.

Figures 11-13 show the morphology of the specimen after the friction test when the
dimple spacings are 1.8 mm, 1.5 mm, and 1.2 mm, respectively. By comparison, it can be
found that the surface wear of the three laser-textured specimens with different spacing
has similar characteristics. In the vertical direction, which is the friction direction of the
specimen, obvious continuous furrows appear in the untextured area among adjacent
rows of dimples. In the horizontal direction, there is no furrow among adjacent rows of
dimples. It indicates that abrasive wear occurred on the surface of the specimens during
the dry friction test, and obvious furrows were formed in the untextured region. While
in the textured region, the continuous formation of furrows is prevented by the dimples
distributed in the array.
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Figure 11. Wear morphology of micro-dimples surface with a spacing of 1.8 mm. (a) the overall wear
morphology; (b) the local wear morphology.
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Figure 12. Wear morphology of micro-dimples surface with a spacing of 1.5 mm. (a) the overall wear
morphology; (b) the local wear morphology.

By further comparing the furrow length and depth of the three surfaces, it can be found
that the furrow length and depth of the surface with the largest texture area occupancy
are smaller than those of the other surfaces, which indicates that with the decrease of the
dimple spacing. The abrasive wear on the surface of the specimen is reduced, which is
consistent with the test results of the front wear. Based on the above analysis, it can be
concluded that the wear resistance mechanism of laser textured surface is that the dimples
prevent the continuous formation of furrows, and the effect of micro-dimples increases
with the increase of the density of dimples.
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Figure 13. Wear morphology of micro-dimples surface with a spacing of 1.2 mm. (a) the overall wear
morphology; (b) the local wear morphology.

5. Conclusions

In this paper, the wear resistance of 42CrMo steel surface with laser micro-texture has
been studied. On the basis of the results from the research, the following conclusion can
be drawn:

(1)  Under the condition of surface contact dry friction, the front end of the textured surface
is more worn than the back end along the sliding direction. The wear resistance of
laser-textured surfaces with micro-dimples is better than that of micro-grooves and
reticular grooves.

(2) Compared with the untextured surface, the wear loss of the textured surface with
1.2 mm spacing and 34.8% area occupancy is reduced by more than 80%.

(3) The main reason for the improvement of the wear resistance of the laser-textured
surface is that the micro-dimples can store the abrasive particles and effectively
prevent the continuous formation of furrows.
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