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Abstract: Lubrication conditions have significant influences on the formation of tribofilms 

and then affect tribological behavior. In this work, the influence of tribofilm formation on the 

tribological behavior of textured surfaces with oval shapes was measured using a pin-on-plate 

tribometer. The results show that, under full lubrication, the adsorbed oil film controlled the 

friction and wear behavior of steel/steel tribopairs but under starved lubrication, the formation 

of a tribofilm significantly influenced the tribological behavior. The appropriate textured 

surfaces with oval-shaped dimples contributes to obtaining excellent antifriction and antiwear 

behavior. However, excessively high ratios of the major to the minor axis of the oval can 

result in high contact stresses which can destroy the tribofilm. 
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1. Introduction 

The control and prediction of friction and wear has become increasingly important with 

the need for more efficient machines and more advanced manufacturing strategies. Over the 

last two decades, laser surface texturing has been intensively explored as a means for 

improving tribological properties [1-3] and has been shown to reduce friction and wear [4-7]. 

As a consequence, work has focused on understanding the mechanisms by which surface 

texturing operates [8-13]. However, under some conditions, textured surfaces can also result 

in higher wear compared to untextured ones [14] and, in many cases, the desired friction and 

wear performance still cannot be precisely predicted for textured surfaces. 

Widely accepted models for the friction and wear reduction of textured surfaces include 

the formation of micro-reservoirs of the lubricating oil under starved conditions [15] or the 

presence of micro-traps for wear debris [16]. In addition, the formation of hydrodynamic oil 

pockets is regarded as beneficial for the lubrication of textured surfaces under full fluid 

lubrication [17]. Recently, it was also shown that, in addition to these roles, tribofilm 

formation during sliding can play an important role in the tribological behavior of the textured 

surfaces [18]. Furthermore, the nature of the lubrication regime can have a significant 

influence on tribofilm formation [19-21], which ultimately affects the tribological behavior. 

However, the exact lubrication mechanisms for textured surfaces under different lubrication 

regimes are still unknown; understanding the influence of texturing on tribofilm formation 

during sliding is central to understanding the tribological behavior under different lubrication 

conditions. 

Although the shapes of the textured dimples have been shown to significantly affect 
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tribological behavior in many cases [22-24], there is no uniform view on which texture can 

provide the optimal tribological properties. In addition, oval-shaped textures have seldom 

been studied [8]. This is likely to be due to the fact that the most commonly used 

laser-surface-texturing technology does not easily lend itself to making oval textured surfaces 

with micro-size. Furthermore, the debris produced by laser texturing requires the sample to be 

polished after texturing, thereby adding complexity to the process. These issues can be 

avoided by using the photolithographic etching [18, 25, 26], which affords a facile method for 

making complex textured surfaces merely by changing the shape of the mask used for 

defining the etching pattern, and obviates the need for polishing the sample after the textures 

have been formed. The oval shapes textured surfaces have shown good antifriction and 

antiwear properties in some cases [27]. However, the lubrication mechanisms of these 

surfaces under full and starved lubrication have not yet been illustrated. In this work, 

oval-shaped dimples were prepared by photolithographic etching, and the tribological 

behavior was investigated under both full and starved lubrication and their tribological 

properties and the resulting nature of the tribofilms were investigated. 

 

2. Experimental 

2.1 Tribological tests 

The friction and wear tests were carried out on a pin-on-plate tribometer under the 

reciprocating motion as shown in Fig. 1. Based on the previous literatures [17, 28-30] for the 

fully lubricated condition, the lubricating oil was supplied dropwise into the contact zone at a 

rate of 1×10-4 dm3/min, and the interval of the oil drops was 20s. To create starved-lubrication 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

 

conditions, only two oil drops were added to contact zone at the beginning of the test, after 

which no further lubricant was added. The detailed test conditions are listed in Table 1. The 

experiments under each condition were repeated twice and the friction coefficient was 

continuously recorded by the instrument. The wear volume was calculated by multiplying the 

cross-sectional area of the wear track by the stroke length. The cross-sectional area was 

calculated from the base line and the profile which was perpendicular to the sliding direction 

and did not pass the dimples. 

 

Fig. 1 Schematic of the pin-on-plate tribometer 

Table 1. Tribological test conditions 

Test conditions Item or value 

Lubricant L-AN32 machine oil 

Stroke length /mm 5  

Testing temperature /oC 25-27 

Sliding velocity /mm·s-1 50 

Normal load /N 100 

Sliding direction

Load:100N
SEM

2D image

3D image

XPS

Wear scar

Pin

Plate

Profile scanning path

Φ5mm

Textures
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Duration /min 80 

 

 

2.2 Materials 

The lower specimen plate was composed of SAE1020 steel with a pristine surface 

roughness Ra of 0.75 µm. The upper pin specimen was made of SAE1045 steel with the 

diameter of 5 mm and the flat end surface roughness Ra less than 0.05 µm. The lubricant was 

L-AN32 machine oil obtained from Sino Petroleum Corporation, China. The main chemical 

components of this lubricating oil are hydrocarbons with sulfur-containing additives 

(concentration less than 0.5%). The basic physiochemical parameters of the L-AN32 machine 

oil are shown in Table 2. 

Table 2 Physiochemical properties of the lubricating oil 

 

 

 

 

 

 

 

2.3 Surface texturing with photolithographic etching 

The protocol for forming the textured surfaces has been described in detail elsewhere 

[18]. Briefly, Shipley S1813 photoresist was first spun onto the surface of the SAE1020 steel 

plate. The coated plate was then heated at 115 °C for 2 min, covered by the lithography mask 

Item Value ASTM method 

Dynamic viscosity /40 °C mm2·s-1 32 D445 

Pour point /°C -18 D97 

Mechanical impurities /% 0.007 D473 

Water by distillation /% Trace amount D95 

Flash point (open cup) /°C 220 D92 

Copper strip corrosion /100 °C, 3h, grade 1 D130 
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and radiated for half an hour with ultraviolet. The processed coating was then washed by a 

MF-321 developer and rinsed by deionization water. After being backed, the specimen was 

plunged in a 3% dilute nitric acid solution for etching and then rinsed in acetone to remove 

the photoresist. The masks used for photolithographic patterning were printed on a laser 

printer with the resolution of 1200 dpi and consisted of ovals with a distance between 

adjacent oval centers of 2 mm. The ratios of the major to the minor axes of the ovals were 

designed to vary from 900/600, 1200/600 to 1800/600 µm, which are referred to as ST, MT 

and LT surfaces.  

 

2.4 Surface analysis 

A VK-X100 3D laser-scanning microscope (Keyence, Japan) was applied to observe the 

2D and 3D optical micrographs and the surface profiles before and after sliding as well. An 

Thermo Scientific ESCALAB 250 X-ray photoelectron spectrometer (XPS) was used to 

measure the components and chemical shifts of the rubbed surfaces on the steel plate with Al 

Kα radiation at a power of 150 W. The spectra were collected using a pass energy of 20 eV 

and the components of the XPS profiles were fitted with XPSPEAK software using mixed 

Lorentzian-Gaussian profiles.  

 

3. Results and discussion 

3.1 Friction and wear results under full lubrication 

Fig. 2 presents the optical images and profiles of the lower plate specimens before and 

after texturing. A smooth surface can be seen before texturing (Fig. 2a). The oval dimples 
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were evenly distributed over the surfaces, suggesting the successful fabrication of the textured 

surfaces (Figs. 2b-d).  

 

 

Fig. 2 Optical images and profiles of the untextured surface (UT) (a) and the textured surfaces 

with different ratios of the major to minor axes of the ovals (µm/µm): 900/600 (ST) (b), 

1200/600 (MT) (c), and 1800/600 (LT) (d) 

 

Fig. 3 shows the friction coefficient of the tribopairs and the wear volume of the plate 

under full lubrication. As can be seen, for all four surfaces, the run-in period lasted for ~35 

min. At this stage, the ST and MT surfaces had a lower friction than the UT surface, while the 

LT surface had higher friction. Subsequently, sliding became stable, and all friction 

coefficients became constant, which implies the formation of similar surface films [31]. The 
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final wear volume of the UT surface was higher than those of the ST and MT surfaces, but 

lower than that of the LT surface, indicating a good antiwear performance of the ST and MT 

surfaces (Fig. 3b).  

 

Fig. 3 The variation of friction coefficient versus sliding time (a), and wear volume of the 

plate (b) under fully lubricated conditions 

 

The 2D images, surface profile curves and 3D images of the worn surfaces are presented 

in Fig. 4. The wear tracks on the worn surfaces are clearly seen for all specimens. The widths 

of the wear tracks are less than the pin diameter, and the cross-sectional profiles are close to 

parabolic. This indicates that the lubrication effects in the boundary area were better than that 

in the center of the rubbing surfaces. Both the widths and depths of the wear scars of the ST 

and MT surfaces are smaller than those of the UT surface, which agrees well with the wear 

results in Fig. 3b. Moreover, the boundaries of the wear tracks become vague due to the 

lubrication improvement of the ST and MT surfaces [32]. However, the LT surface shows a 

wider and deeper wear furrow than the UT surface, again matching well with the results in 

Fig.2b. This is consistent with the textured surfaces being able to hold more oil in the sliding 

interface, which is helpful for the formation of an adsorbed oil film on the ST and MT 
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surfaces.  

 

Fig. 4 2D images, surface profile curves and 3D images of worn surfaces under full 

lubrication: UT (a), ST (b), MT (c), and LT (d) 

 

3.2 Friction and wear results under starved lubrication 

The friction and wear results under starved lubrication conditions are shown in Fig. 5. As 

can be seen, all the specimens had higher friction and wear under starved lubrication than 

under full lubrication (Fig. 3). Moreover, under starved lubrication, all textured surfaces had 

lower friction than the UT surface. Under starved lubrication, the ST and MT surfaces show 
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relatively stable friction, while the friction coefficient increases monotonically with sliding 

time on the LT surface. The wear volumes of the ST and MT surfaces decreased by ~10 and 

~23% compared to that of the UT surface. However, the wear of the LT surfaces increased 

significantly by ~35%, again suggesting that too large a ratio of the major to the minor axis of 

the oval does not provide antiwear effects. This phenomenon, LT surface having a higher wear 

rate, is similar to that found under full lubrication. 

 

 

Fig. 5 The variation of friction coefficient versus sliding time (a), wear volume of the plate (b) 

under starved lubrication conditions 

 

The 2D images, profile curves and 3D images of the worn surfaces under the staved 

lubrication are shown in Fig. 6. A wide and deep wear scar is found for the worn UT surface, 

but narrower and shallower scars were seen for the ST and MT surfaces while the LT surface 

had a wider and deeper wear scar. These results are consistent with the 3D images of the wear 

tracks. These results are also in accord with the wear results (Fig. 5b). 
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Fig. 6 2D images, surface profile curves and 3D images of worn surfaces under starved 

lubrication: UT (a), ST (b), MT (c), and LT (d) 

 

3.3 XPS analyses of the worn surfaces 

Although XPS analysis reflects the information from the surfaces at the nano-scale, the 

thicknesses of the tribofilms are usually in nano-scale range, especially under starved or 

boundary lubrication. In addition, XPS results can provide information on the relative 

concentrations of the components on the surfaces, which can represent the relative thickness 

of the tribofilm [33, 34]. Table 3 shows the relative surface concentrations of the predominant 
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elements (Si, Mn, S, Fe and C) on the worn surfaces under different lubricating conditions 

measured using XPS. Si, Mn and Fe should come from the steel-plate substrate, and C, O and 

S are assigned to the presence of an adsorbed oil film from the base oil or a tribofilm formed 

from the additives. Under full lubrication, the relative coverages of carbon and oxygen were 

higher than those formed under the starved lubrication. This is consistent with the formation a 

thicker adsorbed oil film during the final stable stage of friction (Fig. 3a) [35], and the 

resulting better friction reduction and antiwear properties under full lubrication than those 

under starved lubrication. Under the same lubrication conditions, the ST and MT surfaces had 

a higher sulfur content than the UT and LT surfaces. This suggests that the ST and MT 

surfaces might form a thicker tribofilm, which contributed to the lower wear (Fig. 3b).  

On the other hand, the ratio of the total areas of dimples to the area for the ST, MT and 

LT surfaces is 10.6%, 14.1% and 21.2%, respectively. This indicates that the contact pressure 

on LT surfaces was much higher than on the ST and MT surfaces. Furthermore, the highly 

elliptical wear scar of the LT surface can lead to a higher stress concentration, which may 

interfere with the formation of an adsorbed oil film [14], resulting in higher friction during the 

initial stage of rubbing, and a resulting higher wear rate. In addition, combining the XPS 

results in Table 3 and tribological behavior in Fig. 3 and Fig. 5, it can be seen that the 

adsorbed oil film dominated the tribological behavior under full lubrication, while the 

formation of a tribofilm could significantly affect sliding under starved lubrication [36]. 
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Table 3 The content of the main elements on the worn surfaces detected by XPS under 

different lubrication conditions 

Lubrication 

condition 
Worn surface 

Atomic percent (%) 

Si Mn S Fe C O 

Full lubrication 

UT 1.23 0.31 1.18 1.24 73.01 23.03 

ST 1.35 0.53 1.78 2.19 71.18 22.97 

MT 1.87 0.47 1.91 3.21 67.31 25.23 

LT 1.56 0.36 0.64 3.61 68.85 24.98 

Starved 

lubrication 

UT 2.11 2.13 0.66 25.83 38.15 31.12 

ST 1.28 1.19 0.89 25.63 41.55 29.46 

MT 1.93 1.45 0.98 22.11 44.57 28.96 

LT 2.03 2.36 0.47 28.87 35.67 30.6 

 

In order to gain further insights into the lubrication mechanism, XPS spectra were 

collected for the main elements detected on the worn surfaces and are presented in Figs. 7 (C 

1s), 8 (Fe 2p), 9 (O 1s) and 10 (S 2p). The C 1s spectra in Fig. 7 can be fitted to three 

components at ~288.5 (peak 1), ~286.5 (peak 2), and ~284.7 (peak 3) eV binding energies, 

which can be assigned to the presence of COOR or carbonate species (peak 1), a 

carbon-hydroxyl group (peak 2) and carbon chain containing C–C(H) functionalities (peak 3) 

[37]. The coverage of carbon-chain containing hydrocarbons on the rubbed surfaces under full 

lubrication (Figs. 7a-d) are higher than those under starved lubrication (Figs. 7a’-d’), but the 

contents of the alcohols (with carbon-hydroxyl group) show the opposite trend. This might be 

due to the fact that the alcohols adsorb more easily on the sliding metal surfaces under starved 

lubrication because of the stronger binding of the hydroxyl groups for the H-bonding on metal 

surfaces [38]. In addition, the contents of esters or carbonates changed slightly under different 
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lubrication conditions.  

 

Fig. 7 C 1s spectra of the worn surfaces under full lubrication (a-d) and starved lubrication 

(a’-d’): UT (a), ST (b), MT (c), and LT (d) 

 

Fig. 8 displays the Fe 2p spectra of the worn surfaces under full (Figs. 8a-d) and starved 

lubrication (Figs. 8a’-d’). The doublet is due the spin-orbit split Fe 2p1/2 and Fe 2p3/2 

components. The Fe 2p profile can be fit to two components with an Fe 2p3/2 state at ~711.9 

(peak 1) and 710.8 (peak 2) eV binding energies and can be ascribed to the presence of 

ferrous sulfide (peak 1) and iron oxide (peak 2) [39]. No Fe 2p in iron feature was detected at 

706.7 eV indicating that the rubbed surfaces were covered by a tribofilm. The UT, ST and MT 

surfaces had the highest concentrations of ferrous sulfide under starved lubrication compared 

to that under full lubrication, indicating that starved lubrication facilitated the formation of a 

tribofilm. In addition, a higher coverage of ferrous sulfide was found on the ST and MT 

surfaces than on the UT and LT surfaces under starved conditions, which is consistent with 

the tribological behavior and implies that tribofilm formation controlled the friction and wear 

behavior during starved lubrication. In contrast, the coverage of ferrous sulfide in the wear 
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tracks under full lubrication did not correlate with the friction and wear behavior and might 

indicate that, in addition to forming a tribofilm, the adsorbed lubricant film under full 

lubrication contributed to the friction and wear properties [40]. 

 

 

Fig. 8 Fe 2p spectra of the worn surfaces under full lubrication (a-d) and starved lubrication 

(a’-d’): UT (a), ST (b), MT (c), and LT (d) 

 

Fig. 9 shows the O 1s spectra, which can be fitted to three components at ~533 (peak 1), 

~531.7 (peak 2), and ~530.6 (peak 3) eV binding energies, assigned to the presence of SiO2 

(peak 1) [41], hydroxides (peak 2) and iron oxide (peak 3) [42]. It is proposed that these 

components derive from the substrate, adsorbed film and the tribofilm, respectively. The 

relative intensity of the O 1s components in Fig. 9 suggests that the hydroxide coverage 

decreased, while that of the iron oxide increased when the lubrication conditions changed 

from full to starved lubrication. This is also in accord with the proposal that starved 

lubrication aided tribofilm formation and resulted in a decrease in the thickness of the 

adsorbed film.  
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Fig. 9 O 1s spectra of the worn surfaces under full lubrication (a-d) and starved lubrication 

(a’-d’): UT (a), ST (b), MT (c), and LT (d) 

 

The corresponding S 2p spectra are displayed for samples under full and starved 

lubrication in Fig. 10 which have noisier profiles than for the other elements implying a 

relatively lower coverage of sulfur-containing species on the worn surfaces. The fitted 

components are at ~162.5 (peak 1), ~161.3 (peak 2) eV binding energies. These features are 

assigned to the overlapping spin-obit split S 2p1/2 and 2p3/2 doublets of metal sulfides [43], and 

is associated with an Fe 2p feature with a Fe 2p3/2 binding energy of ~711.9 eV (peak 1, Fig. 

8). The fitted components at ~170.5 (peak 3) and ~169.3 (Peak 4) eV binding energy are 

assigned to the combined S 2p1/2 and 2p3/2 features of sulfates [18]. However, sulfate features 

are not detected in the O 1s (Fig. 9) or the Fe 2p (Fig. 8) spectra, which implies that it is 

present in very low concentrations. The relative higher intensity of iron sulfides on the ST and 

MT wear tracks under starved lubrication conditions is in accord with their lower friction, 

because of the laminar structure of the iron sulfides [44]. In contrast, the formation of iron 

sulfates as wear debris on the LT surface under full and starved lubrication and the UT surface 
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under starved lubrication lead to worse lubrication [18].  

 

 

Fig. 10 S 2p spectra of the worn surfaces under full lubrication (a-d) and starved lubrication 

(a’-d’): UT (a), ST (b), MT (c), and LT (d) 

 

The results of the surface analysis lead to the following conclusions regarding the 

lubrication mechanisms. Under full lubrication, the presence of an adsorbed oil film 

dominated the tribological behavior of the tribopairs. After completion of the run-in period, 

both textured and untextured surfaces reached similar friction coefficients, and the samples 

with ST and MT dimples had lower wear than the UT and LT surfaces. This is proposed to be 

due to the presence of the untextured surfaces and very high ratio of the major to minor axis 

of the wear scars that were deleterious to or even destroyed the adsorbed oil film.  

Under starved lubrication, the formation of the tribofilm dominated the sliding process 

and all textured surfaces had lower coefficient than the untextured sample. In addition to the 

formation of lubricant micro-reservoirs and their ability to trap wear debris, the formation of 

the tribofilm within the wear scar significantly affected the tribological behavior. The ST and 
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MT surfaces had better antiwear performance than the UT surface, while the LT surfaces had 

worse antiwear properties, and this is proposed to be due to the fact that the excessively high 

ratio of the long axis to the minor axis of the oval contributed to wear debris formation and 

increasing wear due to the destruction of the tribofilm by high contact stresses. The 

appropriate ST and MT surfaces helped the formation of a tribofilm containing lubricious 

metal sulfides, which accounted for their good tribological performances.  

 

4. Conclusions 

The tribological behavior of the textured surfaces with oval shapes by chemical etching 

was investigated on a pin-on-plate tribometer. The formation of the tribofilm was studied 

under full and starved lubrication. It was found that the friction coefficient and wear loss of 

the tribopairs under full lubrication were lower than those under starved lubrication for both 

textured and untextured surfaces, suggesting that the lubrication regime played a more 

important role than surface texture.  

Under full lubrication, at the stable stage, the friction coefficient was similar for all the 

textured and untextured steel/steel surfaces since they were dominated by the adsorbed oil 

film. Under starved lubrication, the formation of tribofilm including slippery iron sulfide was 

responsible for the lower friction and wear of the ST and MT surfaces.  

The excessively high ratio of the long axis to the minor axis of the oval can enhance the 

contact stress and destroy the tribofilm resulting in formation of wear debris, which was 

deleterious to the lubrication. Besides the micro-reservoirs of lubricating oil and wear debris 

trapping roles, the formation of the tribofilm on the textured surfaces should be considered 
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since it can significantly affect friction and wear properties. 
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Highlights 

� Textured surfaces with oval-shaped dimples were facilely fabricated. 

� Influence of tribofilm formation on the surface tribological behavior was investigated. 

� The adsorbed-film controlled the friction and wear behavior of tribo-pairs under full 

lubrication. 

� The formation of tribofilm dominated the interface behavior under starved lubrication.  


