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Abstract: Laser surface texturing technology was employed for fabricating textured 

structures on cylinder liners. The tribological behaviour of the cylinder liners with different 

texturing structures including line, dimple and line + dimple and texturing area ratio was 

investigated under the lubrication of esterified bio-oil with and without MoS2 microsheets as 

additives. The experimental results indicated that all the three textured surfaces showed 

better lubricating effects than untextured one except for the line + dimple structures leading 

to a higher wear rate to the cylinder liner; the dimple structures have better friction and wear 

performance than other structures. In addition, the textured surfaces lubricated with 

esterified bio-oil with MoS2 microsheets presented the optimal friction reduction and 

antiwear properties. This might be ascribed to the fact that besides the adsorbed film 

composed of carbon and organics from the base oil, there was a robust complex composite 

tribo-film composed of MoS2, MoO3, FeOOH, FeO, Fe2O3, FeS, FeSO4 and etc. on the 

rubbing surfaces. Furthermore, the dimples acted as an oil reservoir and provided a sink to 

pull wear debris away from the contacting surfaces. The combined actions of these factors 

gave rise to the lowest friction and wear of the tribopairs tested. The synergistic combination 

of the 12% area ratio dimples and MoS2 microsheets showed great potential for application 

in IC engines, when coupled with bio-oil to reduce parasitic losses and energy consumption. 

 

Key words: Cylinder liner; Piston ring; Laser surface texturing; MoS2 microsheets; Boron 

cast iron surfaces 
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1. Introduction 

In the pursuit of increased energy efficiency and an increasingly important requirement 

to reduce dependence on energy derived from fossil fuels, there is a growing corpus of 

research that seeks to both develop energy-saving technologies [1-4] and reliably harness 

renewable new energies [5]. This is no clearer than in Internal combustion engines, where, 

as an example, major efforts have been made to reduce frictional losses as an effective 

method to increase fuel efficiency. The tribological interaction between the Cylinder 

liner-piston ring (CLPR) forms the basis of the single most important friction pair in internal 

combustion (IC) engines, accounting for more than 50% of the frictional loss in an IC engine 

[6].  

Laser surface texturing (LST) is a technology that has shown great potential for 

alleviating friction and wear of CLPR pairs [7-13]. Kligerman et al. [14] developed a partial 

LST on a piston ring set to improve tribological performance. They developed a theoretical 

model to optimize the texturing parameters, finding that the friction force was not affected 

by dimple diameter but decreased with an increasing texture area density. They found that 

frictional forces in textured CLPR were up to 30% lower than untextured piston rings. Guo 

et al. [10] reported significant differences in the friction and wear behavior of diesel 

simulated CLPR friction pairs with different surface texture structures. A concave texture 

was shown to provide the best antifriction and antiwear performance. Additionally, an 

appropriate depth-diameter ratio was shown to provide the optimum tribological 

combination. Hua et al. [9] found that using LST on the cylinder liner decreased oil 
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consumption by 45.5% , compared with a standard honed liner, due to the improved 

lubrication conditions.  

Using lubricating additives is another important method to enhance the tribological 

performance of CLPR pairs. Among them molybdenum disulfide (MoS2) nano-additives 

have been shown to provide excellent friction-reducing and antiwear properties. Sgroi et al. 

[15] dispersed inorganic fullerenes structures MoS2 (IF-MoS2) nanoparticles in an SAE 

5W30 engine oil and reported a 50% reduction in friction coefficient under simulated diesel 

engine conditions. Demas et al. [16] reported that MoS2 nanoparticles (nominal size 50 nm) 

significantly reduced both friction and wear of CLPR pairs, compared with a base oil. 

Raman spectra indicated that MoS2 nanoparticles in the oil formed an aligned MoS2 

tribo-film resulting in a lower friction coefficient and reduced wear in the tribological 

samples.  

It seems reasonable to assume, based on the above, that there may be some synergy 

when combining laser surface textures and lubricating additives, to further improve the 

tribological performance at the CLPR interaction, especially for the bio-oil lubricated 

conditions. However, little work has covered this area.  

In this paper the results of an investigation in to the iterations between LST and a 

lubricant additive are reported. The tribological properties of three textures applied as a 

dimple, on the liner and on the ring are compared against a control. Due to the high cost of 

the nano-MoS2 and the difficulties that are encountered when dispersing it in a base oil, 

commercially available MoS2 microsheets were used as the lubricating additives. Esterified 
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bio-oil, a potentially effective renewable fuel, was used as the base oil for the lubricating 

additives [17]. Therefore, tests were also conducted to assess the magnitude of the effect of 

the lubrication additives working synergistically with the LST. 

 

2. Experimental 

2.1 Materials 

Boron cast iron cylinder liners were supplied by Kaishan Cylinder Co. Ltd, China, and 

ductile iron piston rings were purchased from the Nanjing Feiyan Piston Ring Co., Ltd, 

China. Samples were cut to the following dimensions: liner -122 x 15.6 x 6.3 mm and piston 

ring 8 x 2 x 4 mm, to fit the tribometer. The liners were supplied without surface treatment 

and with a surface roughness (Ra) of 0.30 μm. The piston rings were received with a surface 

roughness of 0.25 μm. A detailed elemental analysis of the composition of the cylinder liner 

and the piston ring materials are shown in Table 1.  

The MoS2 micro sheets were bought from Shanghai chemical agents Ltd. Co., China. 

The size distribution, Raman spectra and powder X-ray diffraction (XRD) pattern of the 

MoS2 are shown in Fig. 1. The results indicate that the mean size of the MoS2 was 40.9 µm. 

Two characteristic peaks at 377 cm
-1

 and 403 cm
-1

 can be observed and are ascribed to the 

E2g
1
 and A1g modes of MoS2 [18]. In addition, the typical peaks of (002), (100), (103), (105) 

and (110) in the XRD pattern imply a crystalline structure to the MoS2 microsheets [19]. 

According to the previous experimental results [20], the MoS2 microsheets were dispersed in 
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the base oil with concentration of 1 wt.% using ultrasonic treatment for 15 min before 

tribological testing. 

Esterified bio-oil was used as the base oil, which was synthesized via esterification of 

crude bio-oil derived from Spirulina algae with ethanol at 50 
o
C for 5 hours, using 5 wt.% 

KF/Al2O3 as a catalyst. The main components (peak area content) were as follows: esters 

17.23%, ketones 5.28%, N-containing organics 14.97%, aldehydes 5.62%, alkanes 1.9%, 

and furan 3.03%. The basic properties of the esterified bio-oil are given in Table 2. More 

details of the esterification process, oil components and physical properties of the esterified 

bio-oil can be found in [17].  

 

2.2  Laser surface texturing  

The LST was carried out on an YLP-F10 fiber laser machine. A power of 5 W and a 

laser beam velocity of 300 mm/s was applied 10 times in the same area across the specimen. 

Line, dimple and line + dimple textures (LDT) were selected and fabricated into the surface 

of the liner samples. To facilitate additives and lubricating oil retension, both of the 

diameters of the line and dimple were about 1 mm, and the depth-to-diameter ratio was kept 

at 0.008 and 0.005 for dimple and line, respectively. The surface texturing area ratio (i.e. 

area of the textures/total area) was varied between 6%, 12% and 24%. Any bulge flash 

caused by the LST process was polished away with 3000# and 1200# metallographic 

abrasive paper. The textured surfaces were then ultrasonically treated in an acetone solution 

before the sliding tests. An optical microscope was employed to confirm the debris was 
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completely removed and to ensure that the bluges of samples were polished and the surface 

was suitable for the tribological tests. Examples of the texturing are shown in Fig. 2. The 

surface profile was measured using a Taylor Hobson surface profilometer. An enlarged 

image of a dimple and its profile are shown in Fig. 3. The widths and depths of the line and 

dimples were both about 1 mm and 8 µm, respectively. The interval between two dimples or 

lines was 3 mm. 

 

2.3 Tribological tests and characterization 

The tribological experiments were performed on a bespoke multi-functional cylinder 

liner-piston ring tribometer. A photograph of the tribometer and the schematic diagram of the 

friction pairs are shown in Fig. 4. The experimental conditions are listed in Table 3. The 

friction coefficient was recorded automatically during the tests and repeated twice for each 

experiment to reduce the experimental errors. The wear rate of the cylinder liner was 

calculated from the formula: R = (Wo-Wi)/(FS), where Wo is the weight of the cylinder 

liner/piston ring before sliding (grams), and Wi is the weight of the cylinder/the piston ring 

after sliding (grams), F is the normal load (N), and S is the sliding distance (m).  

The experimental specimens were washed with acetone after the tribological tests. To 

investigate the friction and wear mechanisms, the worn surfaces were observed with a 

scanning electron microscope (SEM, JSM-6490LV, JEOL, Japan) and a field emission 

scanning electron microscope (FESEM, SU8020, Hitachi, Japan) and analyzed using a 

LabRam HR Evolution Raman spectrometer (Horiba Jobin Yvon, France) with a 532 nm 
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laser. The chemical valences of the typical elements on the rubbed surfaces were measured 

by an ESCALAB 250 X-ray photoelectron spectroscope (XPS, Thermo Scientific, USA) 

equipped with a hemispherical electron analyzer and a non-monochromatic Al Kα X-ray 

source (1486.6 eV).  

 

3. Results and discussion 

3.1 Influence of texture structures 

Fig. 5. shows the effect of texturing on the friction coefficient and wear rate under the 

lubrication of the base oil. Compared with the untextured cylinder liners, the textures 

induced a lower friction coefficient, which is in good agreement with literature [21, 22]. 

Both the untextured and textured surfaces had a run-in stage followed by a steady-state wear 

region. In the steady state region, the dimpled textures had the lowest friction coefficient, 

which decreased by 22% compared to the untextured surfaces. For the LDT surfaces, the 

friction coefficient was between that of the line textured and dimple textured surfaces, but 

the wear rate for LDT was much higher than that of untextured surfaces. This can be 

explained by the distance between textures and the sharp corners of the square angle cause a 

stress concentration [23] inducing surface cracking, leading to higher rates of wear. The 

wear rate of the corresponding piston ring samples did not increase. Both the dimple 

textured cylinder liners and piston rings samples presented the lowest wear rates, being some 

58% and 46% lower respectively, compared the untextured test pieces. Based on these 

results, the dimple texturing was selected for the lubrication additive studies. 
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The texturing area ratios of 12% and 24% are shown in Fig. 6, the 6% area ratio is 

shown in Fig. 2 (c) and the tribological behaviours of the these samples lubricated with 

esterified bio-oil are shown in Fig. 7. When the area ratio was increased from 6% to 12%, 

both of the friction coefficient and wear rate decreased. A further increase area ratio however, 

to 24%, increased the steady-state friction coefficient by 17%, when compared to a 12% 

ratio. There was a very large increase in the wear rates, amounting to some 120% increase 

for the cylinder liner and 55% for piston ring samples. Although there are no obvious stress 

concentrations, the high texturing area ratio is likely to result in fatigue wear [24] because of 

the small interval between the textures. Moreover, the high texturing area ratio also resulted 

in higher contact pressures that might have increased the friction and wear of the tribological 

pairs. The surface with the texturing area ratio of 12% had the best antifriction and antiwear 

properties and was chosen for the lubrication additive studies. 

 

3.2 Influence of the MoS2 microsheets 

Fig. 8. presents the comparison of the friction coefficient and wear rate of the textured 

and untextured surfaces lubricated by esterified bio-oil with and without MoS2 microsheets. 

It can be seen that with the addition of MoS2 both of the friction coefficient and wear rate of 

the untextured and textured surfaces decreased. For the untextured surfaces, the steady-state 

friction coefficient decreased by 8%. For the textured surfaces, the friction coefficient 

decreased by 26% after using the MoS2 microsheets. Similar trends were observed for the 

wear rates of the frictional pairs. These results indicate that texturing not only helped to 
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reduce friction and wear between the samples [25], but also magnified the beneficial 

lubricating effects of the MoS2 microsheets.  

It is evident from Fig. 8(b) that, although only the cylinder liner was textured, both 

specimens benefited from lower wear rates compared to the untextured frictional pairs. Due 

to the similar chemical components (Table 1) and the antifriction and antiwear performances 

of the cylinder liner and piston ring specimens, the worn surfaces of the cylinder liner 

specimens were selected for further surface analysis to further understand the resulting 

lubricating mechanisms. 

 

3.3 Worn surfaces analysis  

Fig. 9 shows the SEM images of the worn surfaces under different conditions. It can be 

observed that the untextured surfaces without MoS2 lubrication (Fig. 9a) have many severe 

furrows, indicative of severe wear. With the addition of the MoS2 microsheets, wear severity 

was reduced to some light furrows and a few wear pits (Fig. 9b). This suggests that the 

introduction of the MoS2 microsheets to the esterified bio-oil reduced both friction and wear. 

For the textured cylinder liners, irregular dimples and some cracks can be seen on the worn 

surfaces without MoS2 lubrication (Fig. 9c). The dimples will have distorted due to 

deformation during the frictional process [26]. This distortion was reduced after adding the 

MoS2 microsheets, as there was little change in the geometry of the dimples and no clear 

cracks on the worn surfaces (Fig. 9d). These results agree well with those in Fig. 8.  
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The Raman spectra from the worn surfaces are shown in Fig. 10. There are four wide 

peaks between 1250 and 1750 cm
-1

 under all conditions, indicating that an adsorbed film 

was formed on the rubbing surface [13]. For the untextured surfaces (Fig. 10a), the peak 

located at 790 cm
-1

 might be associated with iron oxides [27]. The intensity of this peak 

increased with the addition of MoS2 microsheets, suggesting an increase of the oxide film on 

surface. Moreover, some peaks at 198, 282, 481, 564 and 944 cm
-1

 occurred on the worn 

untextured surfaces (Fig. 10b), which might be attributed to molybdenum oxide or sulfate 

[28]. If this is the case then the MoS2 will have reacted with the components in the base oil 

and formed a tribo-film during the sliding process. In addition to the oxide or sulfate peaks, 

there are two typical MoS2 peaks at 376 and 403 cm
-1

, both detected on the textured surfaces 

with MoS2 microsheets (Fig. 10d). The traces of MoS2 detected on the rubbed surfaces 

suggest that the lubricating film formed might be more complex than that of untextured 

surfaces. 

Raman spectra of the wide peaks, which are indicative of the adsorbed film, between 

1250 to 1750 cm
-1

 in Fig. 10 were analyzed in Fig. 11. These peaks are likely to be the result 

of the carbonisation of the lubricating oil due to the local high temperature during the sliding 

[29]. Multi-Peaks Gaussian Fitting was used to deconvolve Raman spectra. The curves can 

be divided into two main peaks: D and G. The ID/IG ratio reflects the degree of graphitization, 

and the low ID/IG ratio suggests a high level graphitisation [30], which would help to reduce 

friction and wear. Comparing with the untextured surfaces (Fig. 11a, b), the textured ones 

(Fig. 11c, d) have a lower ID/IG ratio. This implies that the textured surfaces were covered 
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with an adsorbed film containing carbon with a higher degree of graphitization. This will 

have contributed to the better lubricating performance of the textured surfaces. In addition, 

with the introduction of MoS2, the ID/IG ratios of both the untextured and textured surfaces 

decreased. The presence of MoS2 was beneficial, facilitating the deposition of a carbon 

based tribo-film, which was good for lubrication.  

The typical chemical elements on the rubbed surfaces were also analyzed by XPS, and 

the results of Fe2p are shown in Fig. 12. Multi-Peaks Gaussian Fitting was also employed to 

deconvolve XPS spectra. There are two typical Fe2p3/2 and Fe2p1/2 peaks detected on the 

surfaces tested for all of the frictional conditions. For the untextured surfaces, the peaks 

positioned at 709.09 (709.49) eV and 722.69 (722.53) eV belonged to the –Fe(II)–O– of FeO 

[31]; while the peaks at 710.63 (710.94) and 724.67 (724.96) eV are attributed to the –

Fe(III)–O– of Fe2O3 [32]. These results indicated that a similar oxide film was formed on the 

rubbing surfaces. Moreover, a higher peak area ratio of Fe2O3 can be seen after adding MoS2 

microsheets. This suggests that with the introduction of MoS2 a stable and robust oxide film 

was formed, resulting in better lubricating properties for the untextured surfaces after the 

introduction of the MoS2 into the lubricating oil. These results are consistent with those in 

the Raman spectra. For the textured surfaces, the components of the oxide film were 

somewhat different. The peaks of FeO were detected, but the peaks at 711.25 (711.2) and 

724.78 (724.43) eV could be ascribed to the –Fe(III)–O– of FeOOH [33], indicative of new 

species in the lubricating film. Furthermore, with the introduction of MoS2, the new peaks at 

713.49 and 725.72 eV could be ascribed to –Fe(II)–S– of FeS or FeSO4, which promotes 
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antifriction and antiwear properties [34]. A more effective tribo-film was formed on the 

textured surfaces. 

The C1 XPS spectra shown in Fig. 13 give more information of the adsorbed organic 

components. For all of the experimental conditions, each main peak can be divided by three 

small peaks at ~284.67, ~286.11 and ~287.69 eV, ascribed to C-C/H, C-OH and C-COOR, 

respectively [35]. All of these are likely to have been derived from the hydrocarbons within 

the esterified bio-oil, i.e. carbon chains, alcohols and esters. With the same measurement 

conditions, the relative peak area can reflect the relative thickness of the adsorbed film. Thus, 

the textured surfaces had thicker adsorbed films than the untextured surfaces. This is to be 

expected as the textured dimples served as an oil reservoir under boundary lubrication 

conditions [36]. For the untextured surfaces, the introduction of MoS2 seems to have had no 

significant effects on the amount of adsorbed organics on the surfaces, but clearly increased 

the concentration of alcohol organics, which may have been helpful to reduce friction and 

wear due to the excellent adsorbed abilities of the hydroxyl groups [37]. For the textured 

surfaces, the introduction of MoS2 resulted in a little higher concentration of alcohols and 

esters in the tribo-film, which also contributed to improving the tribological performances of 

the tribosystem. 

As shown in Fig. 14 (a, b), the typical characteristic peaks of Mo3d and S2p were 

found on both the textured and untextured surfaces lubricated by base oil with MoS2 

microsheets. There were no obvious peaks at the same binding energy detected on the 

surfaces of samples lubricated with base oil but without MoS2. This implies that the MoS2 
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microsheets in the base oil are transferred to the surfaces during the sliding. To investigate 

the detailed composition of the tribo-film, the Mo3d and S2p peaks were divided and are 

shown in Fig. 14(c-f). For the untextured surfaces, the peak at 225.78 eV in Fig. 14 (c) is 

ascribed to S2s; the peaks at 229.07 and 232.36 eV belong to Mo3d5/2 and Mo3d3/2 of –

Mo(IV)–S– in MoS2 [38], indicating that some MoS2 remained on the surfaces as a result of 

deformation. This seems to be contrast to the Raman spectra in Fig.10b since no obvious 

MoS2 peaks were detected. This might be because of a very low concentration of MoS2 on 

the worn surfaces and so it is hard detected using Raman spectra, but can be measured by 

XPS with a higher resolution. The peaks positioned at 233.65 and 235.64 eV are attributed to 

Mo3d5/2 and Mo3d3/2 of –Mo(VI)–S– in MoO3 [39], suggesting some oxide components in 

the tribo-film are formed. In addition to this, the peaks at 161.81 and 163 eV in Fig. 14 (d) 

indicate that some sulfides such as FeS and MoS2 might be present on the worn untextured 

surfaces. This corroborates the results given of Mo3d in Fig. 14 (c) but do not agree with 

those of Fe2p spectra in Fig. 12 since there were no obvious peaks of FeS. This may again 

be a result of the resolution of the equipment.   

For the textured surfaces, the concentrations of Mo and S are much higher than those 

on the untextured surfaces since they have bigger relative peak areas under the same 

measured conditions, suggesting that the tribo-film on the textured surface was much thicker 

than that on the untextured surface. There are also two new peaks at 167.73 and 168.26 eV 

shown in Fig. 14(f), which can be ascribed to S2p3/2 and S2p1/2 of –S(IV)–O–in FeSO4. 
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This is consistent with the Fe2p results shown in Fig. 12. This provides further proof of the 

complexity of the tribo-film, relative to the untextured surfaces. 

Based on the above, a schematic diagram of the lubricating mechanisms under different 

conditions is given in Fig. 15. For the untextured surface lubricated with base oil (Fig. 15a), 

an adsorbed film dominated the lubricating process, and it was composed of carbon and 

organics including hydrocarbons with carbon chains, alcohols and esters from the base oil. 

There was also a thin oxide tribo-film composed predominately of FeO and Fe2O3 on the 

substrate,. Due to the unstable properties of the oxide tribo-film, the rubbed surfaces 

presented a relative heavy wear (Fig. 9a). With the introduction of MoS2 microsheets, a more 

stable oxide film was present, strengthened by a higher concentration of Fe2O3 and a thicker 

adsorbed film (Fig. 15b), leading to decreased friction and wear of the tribo-pairs.  

For the textured surfaces lubricated with base oil (Fig. 15c), the dimples acted as an oil 

reservoir, leading to a thicker adsorbed film, and better lubricating performance.  

When MoS2 was added to the base oil (Fig. 15d), a stable and robust composite 

tribo-film including MoS2, MoO3, FeOOH, FeO, Fe2O3, FeS, FeSO4 etc. was formed in 

addition to the adsorbed film described above, result in the lowest friction and wear.  

 

4. Conclusions 

This paper assessed the interactions between laser surface texturing and a lubricant 

additive leading to reduced friction and wear in simulated cylinder liner/ piston ring. The 

tribological properties of three textures applied on the liner sample were compared against a 
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control. A renewable base oil esterified bio-oil was chosen for the lubricating media and 

MoS2 micro-sheets were used as the solid lubricating additives. The tribological tests were 

performed on a cylinder liner-piston ring tribometer and a variety of analytical equipment 

was used to discern the synergistic interactions between the physical and chemical measures 

taken to improve tribological performance. The following conclusions can be drawn from 

this work:  

 All of the textured surfaces assessed including line, dimple, and line + dimple 

structures had a better tribological performance than untextured surfaces of 

cylinder liners. The only exception to this was the line + dimple structures which 

might lead to a higher wear rate to the cylinder liner, as a result of fatigue at the 

sharp edges of the textures.  

 Among the investigated textures, the dimple geometry showed the best antifriction 

and antiwear properties. Friction levels decreased by 22% and wear rates by 58% 

and 46% for the cylinder liners and piston rings respectively, compared to those of 

untextured surfaces. 

 Increasing the texture area ratio of the cylinder liners with dimples from 6% to 24% 

lead to mixed results, with the optimal friction and wear behavior at 12% textured 

area ratio under the tested conditions.  

 For the untextured surfaces lubricated with the bio oil, the main lubricating film 

was composed of a thin oxide film and a larger adsorbed film including carbon and 

organics from esterified bio-oil. When MoS2 microsheets were added, both the 
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oxide film and the adsorbed film became thicker. There was also a new tribo-film 

composed of FeS and MoO3 formed leading to better lubricating performance.  

 For the textured surfaces lubricated with the bio oil, the dimples provided a debris 

absorbing function and led to a dynamic adsorbed film. When MoS2 microsheets 

were added, a robust composite tribo-film composed of MoS2, MoO3, FeOOH, 

FeO, Fe2O3, FeS and FeSO4 was formed. When coupled with the adsorbed film 

seen in the other tests, the composite film led to the best tribological performance, 

showing great potential for application in IC engines to reduce parasitic losses and 

reduce energy consumption.  
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Table 1 Chemical components of the cylinder liner and piston ring specimens 

 

Components 

/wt. % 

C Si P Mn B Cr Mg Fe 

Cylinder liner 3.22 2.33 0.25 0.81 0.05 0.36 - Balanced 

Piston ring 3.55 2.72 <0.08 <0.5 - - 0.03 Balanced 
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Table 2 Properties of the esterified bio-oil 

 

 

 

 

 

 

 

 

* By difference 

 

  

Parameters Values 

C/wt% 45.49 

H/wt% 8.57 

N/wt% 0.97 

O*/wt% 44.97 

Frozen point/
o
C <-58 

Density/kg m
-3

 866.25 

Viscosity at 40 
o
C /mm

2
 s

-1
 1.34 
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Table 3 Tribological testing conditions 

 

Testing conditions Value 

Reciprocating frequency / Hz 5  

Stroke / mm 80  

Testing temperature / 
o
C 90 

Oil feed rate / mL·h
-1

 20  

Sliding velocity / m·s
-1

 0.8  

Normal Load / N 210  

Duration / min 160  
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Fig. 1 Size distribution (a), Raman spectra (b) and XRD pattern (c) of MoS2 microsheets 
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Fig. 2 Images of untextured (a) and textured surfaces: liners (b), dimples (c) and liners plus 

dimples (d) 
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Fig. 3 Amplified images of single dimple (a) and its profile scanning curve (b) 
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Fig. 4 A photograph (a) of the multi-functional cylinder liner–piston ring tribometer and 

the schematic (b) of the friction pairs  
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Fig. 5. Influence of texturing structures on the friction coefficient (a) and wear rate (b) 
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Fig. 6. Images of different texturing area ratio: (a) 12% and (b) 24% 
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Fig. 7. Influence of texturing area ratio on the friction coefficient (a) and wear rate (b) 
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Fig. 8. Comparison of the friction coefficient (a) and wear rate (b) under the untextured 

and textured surfaces with or without MoS2 microsheets 
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Fig. 9. SEM images (insets are partial enlarged detail with FESEM) of the worn 

untextured (a, b) and textured (c, d) surfaces with (b, d) or without (a, c) MoS2 

microsheets 
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Fig. 10. Raman spectra on the worn surfaces under the untextured (a, b) and textured 

surfaces (c, d) with (b, d) or without MoS2 microsheets (a, c) 
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Fig. 11. Raman spectra of the carbon on the worn surfaces under the untextured (a, b) 

and textured (c, d) surfaces with (b, d) or without (a, c) MoS2 microsheets 
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Fig. 12. XPS spectra of Fe2p on the worn surfaces under the untextured (a, b) and 

textured (c, d) surfaces with (b, d) or without (a, c) MoS2 microsheets 
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Fig. 13. XPS spectra of C1s on the worn surfaces under the untextured (a, b) and 

textured (c, d) surfaces with (b, d) or without (a, c) MoS2 microsheets 
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Fig. 14. XPS spectra of Mo3d (a, c, e) and S2p (b, d, f) on the worn surfaces under the 

untextured (I, II) and textured (III, IV) surfaces with (II, IV) or without (I, III) MoS2 

microsheets   
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Fig. 15. Schematic explanation of the lubricating mechanisms under the untextured (a, b) 

and textured (c, d) surfaces with (b, d) or without (a, c) MoS2 microsheets 

  

Cylinder liner Base oil MoS2 Adsorbed film Tribo-filmWear debris

(a)

(b)

(c)

(d)

Note:

Before sliding After sliding

Friction

FeO, Fe2O3

Carbon (ID/IG=1.48), 
hydrocarbons with carbon 
chain, alcohols, esters

Carbon (ID/IG=0.87), 
hydrocarbons with carbon 
chain, alcohols(more), 
esters

Fe2O3 (more), FeS (few), 
MoO3, FeO, MoS2(few)

Carbon (ID/IG=0.11), 
hydrocarbons with carbon 
chain, alcohols, esters

Fe2O3 , FeO

Carbon (ID/IG=0.05), 
hydrocarbons with carbon 
chain, alcohols, esters

MoS2, MoO3, FeOOH, FeO, 
Fe2O3, FeS, FeSO4

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

42 

 

Highlights 

 

 Three typical micro-structure textured boron cast iron surfaces were fabricated. 

 Friction and wear behaviors of the textured surfaces were investigated. 

 The dimple microstructures show the optimal performances. 

 Corresponding micro-mechanisms were illustrated. 
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