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Abstract
A photolithography etching technique was used to fabricate textured surfaces on steel samples. The friction and wear behavior 
of the textured surfaces were studied with surface contact sliding. The influence of the diameter and the density of the dimples 
were investigated. The results show that the textured surfaces with appropriate diameters and densities had excellent fric-
tion reducing and antiwear properties. Large-diameter dimples can destroy the integrity of the lubricating film, and low- or 
high-density dimples produce more iron sulfates and fewer ferrous sulfides on the rubbing surfaces due to the tribo-reactions, 
which resulted in higher friction coefficients. The tribo-chemical films, oil micro-reservoir and wear debris-containing roles 
of the dimples together help the textured surfaces to provide improved antiwear properties.
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1  Introduction

Control of the friction and wear of the friction pairs is 
an important issue in mechanical engineering in order to 
save energy, reduce emission and enhance the efficiency of 
machines. Surface texturing has been considered to be an 
effective friction- and wear-reducing technology over the 
last two decades [1]. Many workers including Etsion [2–4] 
and others [5–8] have carried out extensive work on surface 
texturing, both theoretically and experimentally, and they 
found that the texture shape, dimple diameter, density and 
ratio of diameter/depth could affect the tribological behav-
ior. Dimples can operate by creating additional load-bearing 
capacity [9], but it has also been proposed that under starved 
conditions they can also function by providing lubricant 
micro-reservoirs [10] or by trapping wear debris [11].

Besides having good antifriction and antiwear proper-
ties, the textured surfaces can also prolong wear life and 
improve fuel efficiency of internal combustion engines [12]. 

However, not all the textured surfaces have a positive effect 
and the rules are different with the variation of the lubrica-
tion regime [13], and how to precisely obtain desired tribo-
logical performances via surface textures is a problem still 
remaining unsolved [14].

Most textured surfaces are made by laser ablation 
[15–18], known as laser surface texturing (LST), but it is dif-
ficult to make textured surfaces on parts with complex mor-
phologies, and requires expensive equipment, while other 
techniques such as machining [19], ion beam texturing [20] 
and photolithographic etching have been used. However, the 
accumulation of the metallic debris adjacent to the dimples 
during the laser processing requires a secondary polishing 
treatment to remove it. Therefore, simpler methods for pre-
paring textured steel surfaces are needed.

Among these techniques, photolithographic etching has 
been a commonly used method to fabricate well-defined 
structures on surfaces in the semiconductor industry for 
more than 50 years [21]. There are several advantages to 
this method. First, compared with traditional laser texturing, 
this approach is much easier to implement and requires rela-
tively simple equipment. Second, it can be used to fabricate 
dimples with a wide range of shapes and distributions, has a 
deep etching capability, and a relatively expeditious transi-
tion from optical design to device fabrication and can also be 
employed in texturing steel surfaces [22]. Finally, it obviates 
the need for a final polishing step to remove laser ablation 
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debris. Zhang and Meng [23] used photochemical machin-
ing to fabricating microstructures on carbon steel surfaces. 
The influence of the parameters of photolithography and 
wet chemical etching was investigated, and they provided a 
method for precisely controlling the textured morphologies. 
While steel surfaces have been textured by photolithographic 
etching, there are few reports [24, 25] on their tribological 
behavior. In addition, to our understanding one of the main 
roles of the textured surfaces, namely micro-reservoirs for 
lubricant and micro-traps for wear debris, is still far from 
complete. In particular, little work covers the effects of the 
tribo-film on the etched textured surfaces. As is known, the 
tribo-film plays an important lubricating role under bound-
ary lubrication regime. Therefore, the corresponding lubri-
cating mechanism of the textured surfaces with photolitho-
graphic etching is worthy of being clarified.

In the present work, we fabricated a series of textured 
dimples on steel surfaces using photolithographic etching 
and studied their friction and wear behavior under oil-lubri-
cated conditions in boundary lubrication regime. The influ-
ence of dimple diameter and density was investigated, and 
the corresponding mechanisms were also revealed.

2 � Experimental

2.1 � Materials

The substrate was a SAE1020 steel plate with dimensions 
of 25.4 mm × 25.4 mm × 1.57 mm (height), and its surface 
roughness Ra was 0.75 µm before texturing. The pin was 
made of SAE1045 steel and polished to obtain a surface 
roughness Ra ≤ 0.05 µm. The lubricating oil was L-AN32 
machine oil purchased from Sino Petroleum Corp. with the 
viscosity being 32 cSt at 40 °C. The oil is composed of liq-
uid mixtures of hydrocarbons and some (< 0.5%) additives 
containing sulfur.

2.2 � Surface Texturing Process

Shipley S1813 photoresist was spun on the SAE1020 steel 
plate at speed of 300 rpm for 10 s, 900 rpm for 10 s and 
4000 rpm for 60 s, respectively. After that, the coated plate 
was baked at 115 °C for 2 min and shapes with desired 
sizes, distributions and separations were patterned using 
a printed mask, exposed to ultraviolet radiation with 
365 nm for 30 min. According to the previous literature 
[26] and the potential industrial applications, the diameter 
of the dimples is designed to vary from 400 to 800 μm, 
and the density of the dimples varies from 2.5 to 18% 
with the change of the masks. The masks were facilely 
fabricated by printing an image of the mask dimple pat-
tern onto a transparency using a high-resolution (1200 dpi) 

laser printer. Then, the coating was baked at 120 °C for 
6 min and developed using MF-321 developer for 3 min 
and washed with deionization water. After being heated 
at 115 °C for 2 min, the plate was etched by immersion 
in a 3% dilute nitric acid solution for 10 min. The plate 
was then washed in an acetone solution to remove any 
remaining photoresist and finally dried. The densities of 
the dimples vary from 2.5, 7 to 18%. Note that the depths 
of the dimples can be varied by adjusting the etching time, 
although this was not investigated as part of this work.

2.3 � Tribological Tests

The tribological tests were carried on a CFT-I tribometer 
(Lanzhou Zhongke Kaihua Technology Development Co., 
LTD) in a pin-on-plate reciprocating sliding mode. The 
steel pin and plate were lubricated by L-AN32 machine 
oil, and the detailed testing conditions are listed in Table 1. 
The choice of friction test conditions is based on both the 
test range of the experimental instrument and the potential 
application field of the textured surfaces. About 0.5 mL oil 
was added on the surface, and the frequency of the recipro-
cating tests was 5 Hz. The diameter of the pin was 5 mm. 
The nominal contact pressure is 5.1 MPa. The tribo-test 
for each set of textures was repeated twice. After sliding, 
the friction pairs were washed in acetone. The friction 
coefficients were recorded automatically by the instrument 
from the ratio of friction force to the normal load. The 
wear volumes were calculated from the product of the area 
of the wear cross section and stroke length.

2.4 � Characterization

The rubbed surfaces were imaged with a VK-X100 3D laser 
scanning microscope (Keyence, Japan) to obtain 2D and 3D 
optical micrographs and surface profiles of the worn surfaces 
on the steel plate. The chemical states of the typical ele-
ments on the surfaces around the dimples after sliding were 
characterized using an ESCALAB 250 X-ray photoelectron 
spectrometer (XPS, Thermo Scientific, USA) with Al Kα 
radiation. The components of the XPS profiles were fit using 
Origin software by Gaussian fitting function.

Table 1   Tribological testing 
conditions

Testing conditions Value

Stroke length/mm 5
Testing temperature/ °C 25–27
Sliding velocity/mm·s−1 50
Normal load/N 100
Duration/min 80
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3 � Results and Discussion

3.1 � Influence of Diameter of the Dimples

Figure 1 shows optical images of untextured (Fig. 1a) and 
textured surfaces (Fig. 1b–d) with different diameters. It 
can be seen that the dimples are uniformly distributed on 
the surfaces and the center-to-center spacing of the dim-
ples was 2 mm. The samples can be used directly without 
further polishing, indicating the successful preparation 
of the textured surfaces with photolithography etching 
method.

Figure 2a presents the variation in friction coefficient 
with sliding time. In the run-in stage (first 30 min), there 
were no clear differences between the friction coefficients 
of the different samples. At longer time, the textured sur-
faces with small-diameter dimples (TSD, 400 μm) and the 
textured surfaces with medium-diameter dimples (TMD, 
600 μm) had a relatively lower friction than the untextured 
surfaces (UT). However, the textured surfaces with large-
diameter dimples (TLD, 800 μm) had a higher friction 
coefficient than the UT. These results are shown clearly in 
Fig. 2b, which shows the average friction coefficient dur-
ing the stable sliding stage between 30 and 80 min. These 
results confirm the same conclusion from previous laser 
surface texturing that not all the textured surfaces have the 
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Fig. 1   Optical photographs of untextured (a) and textured surfaces with different diameter: 400 μm (b), 600 μm (c) and 800 μm (d)

0.04

0.06

0.08

0.10

0.12

0.14

Fr
ic

tio
n 

co
ef

fic
ie

nt

Time/min

UT
 TSD
 TMD
 TLD

(a)

TLD

UT

TSDTMD

0 10 20 30 40 50 60 70 80

UT TSD TMD TLD
0.00

0.02

0.04

0.06

0.08

0.10

A
ve

ra
ge

 fr
ic

tio
n 

co
ef

fic
ie

nt

(b)

UT TSD TMD TLD
0.0

0.4

0.8

1.2

1.6

2.0

W
ea

r 
vo

lu
m

e×
10

7
( μ

m
3 )

(c)

Fig. 2   Influence of the diameter of the dimples on the friction coefficient (a), average friction coefficient of stable sliding stage (b) and wear vol-
ume (c)
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superior antifriction roles, and too large dimples might be 
harmful for the friction reduction effects.

The wear volumes of the untextured and textured sur-
faces with different dimples are shown in Fig.  2c. All 
the textured surfaces had lower wear volumes than the 
UT sample. Comparing with the wear volume of the UT 
surface, those with TSD, TMD and TLD decreased by 
6 ± 0.2, 24 ± 0.4 and 28 ± 0.1%, respectively, suggesting 

that surfaces textured by photolithographic etching 
improved the antiwear performance [24].

Figure 3 shows 2D optical micrographs and surface 
profiles of the untextured area of the worn surfaces of the 
steel plates. There is a wide and deep worn band on the 
untextured surfaces. With an increase in diameter of the 
dimples, the worn region becomes narrower and shallower, 

Fig. 3   2D optical micrographs 
(a–d) and surface profiles 
(a′–d′) of the untextured area of 
the worn surfaces: UT (a, a′), 
TSD (b, b′), TMD (c, c′) and 
TLD (d, d′)
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resulting in lower wear volumes. These results agree well 
with those shown in Fig. 2c.

Figure 4 shows 3D optical micrographs and surface pro-
files of the textured areas of the worn surfaces of the steel 

plates. The green and blue colors show a deep wear scar 
on the untextured surface in Fig. 4a. In addition, as shown 
in Fig. 4b–d, b′–d′, an increase in the diameter of the dim-
ples increased their depth on the worn surfaces, indicating 

Fig. 4   3D optical micrographs 
(a–d) and surface profiles 
(b′–d′) of the textured area of 
the worn surfaces of the steel 
plates: UT (a), TSD (b, b′), 
TMD (c, c′) and TLD (d, d′)
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reduced wear [27]. Considering these results and the high 
friction coefficients of the surfaces with large dimples, the 
textured surfaces with medium-diameter dimples were cho-
sen for further investigation.

3.2 � Influence of Density of the Dimples

The optical photographs of three kinds of textured surfaces 
with the same medium diameters, but different densities are 
displayed in Fig. 5. The density of the dimples can be easily 
controlled by fabricating different masks [28], which empha-
sized one of the advantages of this method. Three kinds of 
textured surfaces with low-density dimples (TSLD), textured 
surfaces with medium-density dimples (TMD) and textured 

surfaces with high-density dimples (TSHD) were compared 
with the UT surface.

Figure 6 shows the influence of dimple density on the 
friction coefficient and wear volume of the plates. All the 
textured surfaces had lower wear volumes than the UT sur-
face, suggesting good antiwear properties of the textured 
surfaces. Low or high dimple densities did not help reduce 
the wear or increase the friction coefficient of the textured 
surfaces. This is possibly because low dimple densities can-
not provide adequate oil reservoirs [29], while high dimple 
densities might destroy the integrity of the lubricating oil 
film [30]. As is known, high dimple densities can result in a 
decrease in the real contact area and an increase in the real 
contact pressure, which makes a thinner oil film between the 
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Fig. 5   Optical photographs of textured surfaces with different density: TSLD (a 2.5%), TMD (b 7%) and TSHD (c 18%)
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Fig. 6   Influence of the density of the dimples on the friction coefficient (a), average friction coefficient of stable sliding stage (b) and wear vol-
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tribo-pairs by allowing the pressurized oil to escape from the 
contact area. When the thickness of the oil film is less than 
the surface roughness, it can be regarded as the oil film not 
being complete, that is, the integrity of the lubricating oil 
film is destroyed.

Figure 7 shows 2D optical micrographs and surface pro-
files of the untextured area of the worn surfaces with dif-
ferent dimple densities. It only covered TSLD and TSHD, 
which were compared with TMD and UT. The surfaces with 
low and high dimple densities formed wider and deeper wear 
scars, agreeing well with the results shown in Fig. 6c.

Figure 8 shows steel plates with different dimple densi-
ties. The dimple depth of the TSLD was lower than that of 
the TMD, which was in accord with the previous results, 
while the TSHD showed the opposite behavior, perhaps as 
a result of uneven wear [31] due to damage of the lubricat-
ing oil film.

3.3 � Surface Chemical Analysis

The worn surfaces on the whole samples were analyzed 
by XPS to investigate the possibility of chemical changes 
occurring during sliding. As shown in Table 2, the main 
components on the surfaces were carbon and oxygen which 
may arise from either surface contamination on the steel or 
the organic compounds in the base oil. The proportion of 
iron and oxygen in the surface region is higher on textured 
surfaces, perhaps because of the formation of iron com-
pounds due to tribo-reactions during wear [32]. Although 
there is no significant difference in the typical elements 

that were detected on the rubbing surfaces between photoli-
thography etching surfaces and LST surfaces in the previous 
work [33], the concentration and the variation of the chemi-
cal components of the tribo-film are different. Unfortunately, 
it is hard to compare them due to the different sliding con-
ditions. Under the same lubricating condition, the higher 
the concentration of the elements, the thicker the tribo-film. 
Due to the protective role of the thicker tribo-film, the tex-
tured surfaces have a lighter wear than the UT. Moreover, the 
detailed analysis for the main components of the tribo-film 
is necessary to explain their tribological behaviors.

The C1s XPS spectra of worn textured surfaces with dif-
ferent diameter dimples are shown in Fig. 9. They can be 
divided into three peaks located at ~ 288.7 (Peak 1), ~ 285.7 
(Peak 2) and ~ 284.7 (Peak 3) eV, which are ascribed to 
COOR or carbonate, C–OH and carbon chain with C–C(H) 
groups [33, 34], respectively. These results indicate that the 
adsorbed films are composed of oxidized carbons and organ-
ics with carbon chain species, probably arising from the base 
oil. The peak areas reflect the content of the compounds 
under the same measure conditions [35]. Quantitative XPS 
atomic ratios can effectively reflect the chemical compo-
nents in the tribo-film [36]. The larger relative peak areas 
of the carbon chain with C–C(H) groups in TSD and TMD 
samples suggest higher content of these compounds in the 
adsorbed films. Organics with carbon chains with C–C(H) 
groups have excellent adsorbing and slippery roles during 
sliding process. This is the direct reason for the better fric-
tion reduction effects of TSD and TMD than that of the UT. 
Additionally, the TLD had the lowest relative peak areas of 

Fig. 7   2D optical micrographs 
(a, b) and surface profiles (a′, 
b′) of the untextured area of the 
worn surfaces with different 
density of the dimples: TSLD 
(a, a′) and TSHD (b, b′)
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the carbon chain with C–C(H) groups in these four surfaces; 
thus, it has a higher friction coefficient than the UT for the 
same reason.

Figure 10 shows the O1s XPS spectra of the worn tex-
tured surfaces with different diameter dimples, which can 
be resolved into three peaks at ~ 532.5 (Peak 1), ~ 531.8 
(Peak 2) and ~ 530.8 (Peak 3) eV belonged to sulfates, 
hydroxides and iron oxides [37–39], respectively. The sul-
fur in the film arises due to reaction with sulfur-containing 
additive in the lubricating oil. It can be seen that the con-
centration of iron oxide and sulfates decreased after tex-
turing, indicating that the oil micro-reservoir properties 
of the textured dimples helped to inhibit metal oxidation 
during sliding. In addition to this, higher concentration of 
the hydroxides was observed after texturing. This seems to 

be in contrast to the C1s results since fewer C–OH groups 
were measured after texturing. It can be explained by the 
fact that the C–OH groups in alcohols can react with the 
metal during sliding and form metal hydroxides, which 
can reduce the wear of the surfaces [40]. Although the 
TMD had the highest metal hydroxides (Peak 2), its anti-
wear performance was worse than TLD. This means that 
other components in the tribo-film should play an antiwear 
role.

Figure 11 presents the Fe2p XPS spectra of the worn tex-
tured surfaces with different diameter dimples. As can be 
seen, all the Fe2p3/2 peaks can be divided into four compo-
nents located at ~ 712.1 (Peak 1), ~ 711.9 (Peak 2), ~ 711.5 
(Peak 3) and 710.8 (Peak 4) eV, which are proposed to cor-
respond to ferrous sulfate, ferrous sulfide, iron hydroxide 

Fig. 8   3D optical micrographs 
(a, b) and surface profiles 
(a′, b′) of the textured area of 
the worn surfaces of the steel 
plates with different density of 
the dimples: TSLD (a, a′) and 
TSHD (b, b′)
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Table 2   The content of typical elements on the worn surfaces with 
different diameter dimples obtained from the relative areas under the 
peaks for each element, where the atomic percentages were calculated 

using standard sensitivity factors incorporated into the affiliated soft-
ware of the XPS instrument

The lower sample surfaces Atomic percent (%)

Si S Mn Fe C O

UT 2.36 1.46 0.86 1.98 69.43 23.91
TSD 2.61 1.54 1.03 5.15 64.23 25.44
TMD 2.21 1.1 1.27 4.52 65.76 25.13
TLD 1.88 0.59 0.39 2.45 69.9 24.29
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and iron oxide [41–43], respectively. The absence of peaks 
at ~ 706.7 eV indicates that all the rubbing surfaces are 
covered by adsorbed layers and a tribo-film [44]. The main 
antiwear components in the lubricating film were ferrous 
sulfide and iron hydroxide, which might help to reduce wear 
[45, 46]. Although there is a relatively large peak for iron 
hydroxide for the UT sample, the total concentration of the 
iron is the lowest. Thus, the contents of the main antiwear 
components for the UT surfaces are the lowest, resulting in 
the greater wear. For the worn surfaces of the TLD sample, 
the iron oxides had the largest component, indicating that 
textured surfaces with large-diameter dimples destroyed 
the continuity of the lubricating film and formed the oxides 
[47]. The positive effect of these tribo-oxide components is 
that they can firmly combine on the worn surfaces which 
make for the better antiwear properties of the TLD than 
those of the others. Additionally, a relative contribution of 
the peak at ~ 712.1 eV for the worn surfaces of TSD and 
TLD samples suggests a high content of ferrous sulfate [48]. 
The low lubricity of the ferrous sulfate [49] accounts for the 
higher friction coefficient of the TLD sample than that of 
the UT [50]. However, with the help of the lubricating oil 
film, the TSD surfaces still maintain a relatively low friction 
coefficient.

Figure 12 shows the S2p XPS spectra of the worn tex-
tured surfaces with different diameter dimples. The peaks 
at ~ 168.6 and ~ 160.1 eV can be assigned to the sulfates 
and sulfides [51, 52], respectively, originating from the 
base oil. There was a relatively higher content of iron 
sulfate on the TLD samples, in accord with the results 
in Fig. 11, and resulted in higher friction. Meanwhile, a 
higher content of iron sulfides was helpful for both anti-
friction and antiwear [53]. This caused all the textured sur-
faces to have a lower wear volume than the UT surfaces. 
It seems like a contradiction since the total sulfur content 
on the worn surfaces and iron sulfides in the tribo-film 
of the TLD sample is the lowest, but it had a lowest wear 
volume. It can be explained by the fact that higher content 
of the other antiwear components such as tribo-oxide layer 
protects the textured surfaces, causing a light wear.

The content of typical elements on the worn surfaces 
of the UT and the textured surfaces with different density 
dimples is shown in Table 3. The worn surfaces may also 
have been covered by organics from the base oil since 
the carbon and oxygen dominated the components. After 
texturing, the iron content of all samples clearly increased. 
The content of iron and oxygen on the textured samples 
is higher than for the UT surfaces, indicating a thicker 

In
te

ns
ity

 (a
.u

.)
In

te
ns

ity
 (a

.u
.)

In
te

ns
ity

 (a
.u

.)
In

te
ns

ity
 (a

.u
.)

3

2
1

A1/A2/A3=11.1/18.8/70.1

(a) (b)
3

2
1

A1/A2/A3=8.2/17.9/73.9

(c)

A1/A2/A3=9.6/16.9/73.5

Binding Energy (eV)Binding Energy (eV)

3

21

292 288 284 280 292 288 284 280

292 288 284 280 292 288 284 280

(d)

A1/A2/A3=9.2/26.6/64.2

3

2

1

Fig. 9   C1s XPS spectra on the worn surfaces with different diameter dimples: UT (a), TSD (b), TMD (c) and TLD (d)



	 Tribology Letters (2018) 66:55

1 3

55  Page 10 of 15

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)
In

te
ns

ity
 (a

.u
.)

A1/A2/A3=33.5/33.3/33.2

1

2

3

(a)

A1/A2/A3=32.6/36.4/31

(b)

1

2

3

A1/A2/A3=29.6/44.2/26.2

In
te

ns
ity

 (a
.u

.)

(c)

1

2

3

545 540 535 530 525 545 540 535 530 525

545 540 535 530 525 545 540 535 530 525

A1/A2/A3=31.6/38.6/29.8

Binding energy (eV) Binding energy (eV)

(d)

1

2

3

Fig. 10   O1s XPS spectra on the worn surfaces with different diameter dimples: UT (a), TSD (b), TMD (c) and TLD (d)

740 730 720 710 700

In
te

ns
ity

 (a
.u

.)
In

te
ns

ity
 (a

.u
.)

In
te

ns
ity

 (a
.u

.)
In

te
ns

ity
 (a

.u
.)

1 2
3

4

A1/A2/A3/A4=10.1/17.1/42.2/30.6

(a)

740 730 720 710 700

(b)

A1/A2/A3/A4=16/21.2/40.3/22.5

1 2
3

4

740 730 720 710 700

(c)

A1/A2/A3/A4=9.9/35.6/35.7/18.8

Binding energy (eV)

1

2
3

4

740 730 720 710 700

(d)

A1/A2/A3/A4=14.2/19.8/28.9/37.1

Binding energy (eV)

1 2
3 4

Fig. 11   Fe2p XPS spectra on the worn surfaces with different diameter dimples: UT (a), TSD (b), TMD (c) and TLD (d)



Tribology Letters (2018) 66:55	

1 3

Page 11 of 15  55

tribo-oxide film on the textured surfaces. The protective 
role of this layer makes for less wear of the textured sur-
faces than the UT surfaces.

The C1s XPS spectra of the worn surfaces with different 
density dimples, shown in Fig. 13, indicate that the con-
tent of hydrocarbon on the worn surfaces decreased with 
the increase in the density of the dimples. Comparing with 
TMD, the TSLD and TSHD sample both had a high concen-
tration of alcohol groups but a lower concentration of esters, 
which might contribute to the higher friction coefficients of 
TSLD and TSHD sample since esters have good antifriction 
effects [54].

The O1s XPS spectra on the worn surfaces with different 
density dimples shown in Fig. 14 can be divided into three 
components located at ~ 532.5 (Peak 1), ~ 531.8 (Peak 2) 

and ~ 530.8 (Peak 3) eV, which again correspond to sulfates, 
hydroxides and iron oxide [37], respectively. Comparing 
with the results for the TMD sample in Fig. 10, TSLD and 
TSHD samples have higher sulfate peak areas. This is also 
confirmed by the Fe2p XPS spectra in Fig. 15 because there 
were relatively components for ferrous sulfate at ~ 712.1 eV 
on TSLD and TSHD surfaces. Meanwhile, the TSLD and 
TSHD samples had a smaller peak at ~ 711.9 eV than for 
TMD surfaces, suggesting that they had a lower content of 
ferrous sulfide, that is, a thinner or incomplete lubricating 
films. This might be one aspect leads to the higher friction 
coefficient of TSLD and TSHD than that of the UT surfaces.

The S2p peaks at ~ 168.2 and ~ 160.1 eV in Fig. 16 can 
again be ascribed to sulfates and sulfides, respectively, from 
the oil. The relatively higher peak areas of iron sulfates and 
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Table 3   The content of typical 
elements on the worn surfaces 
with different density dimples

The lower sample 
surfaces

Atomic percent (%)

Si S Mn Fe C O

UT 2.36 1.46 0.86 1.98 69.43 23.91
TSLD 3.22 3.47 1.45 5.16 62.41 24.29
TMD 2.21 1.1 1.27 4.52 65.76 25.13
TSHD 4.14 2.42 2.28 4.98 61.19 25
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lower peak areas of iron sulfides of the TSLD and TSHD 
samples than those of TMD in Fig. 12 agree well with 
the results in Figs. 14 and 15. Another aspect is that the 

three-body abrasive role of the iron sulfates and deficiency 
of ferrous sulfides contribute to the higher friction coeffi-
cients of TSLD and TSHD compared to the TMD sample.
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4 � Conclusions

In the present work, a novel method for texturing steel sur-
faces using photolithographic etching was described and the 
tribological behavior was studied. It is apparent that photoli-
thography etching can provide a simple and effective method 
for fabricating dimple arrays on steel samples. Comparing to 
the traditional laser texturing technology, the textured sur-
faces made by photolithography etching do not need further 
polishing. In addition, this approach has the advantage that 
it can easily be adapted to fabricate textured surfaces with 
different shapes, sizes and distributions by merely by chang-
ing the masks.

It was found that textured surfaces had a lower wear 
and lower friction coefficients than untextured (UT) sur-
faces except for the TLD surfaces, which had a higher fric-
tion coefficient. This could be due to the fact that the oil 
micro-reservoir and the ability of the dimples to contain 
wear debris contribute to forming a complete tribo-film 
and improving the friction and wear properties, but larger 
dimples destroyed the continuous oil film and increase the 
friction force.

An increase in the density of the dimples caused the 
wear of the textured surfaces to decrease and then increase 
at higher dimple densities. Both the TSLD and TSHD sam-
ples had higher friction than TMD and UT surfaces. This 
can be attributed to the presence of a thinner or incomplete 
lubricating oil film on the TSLD and TSHD surfaces due 
to the different density of the dimples. Thus, textured sur-
faces with appropriate diameters and densities present an 
opportunity to improve the friction and wear performance, 
which can be attributed to the combined effects of the 
formation of a complete and robust adsorbed and tribo-
reacted film and the ability to contain the wear debris.

The differences of the tribological behavior and tribo-
film of the photolithography etching surfaces and LST 
surfaces under the same conditions are worthy of being 
investigated further to illustrate their tribological mecha-
nisms in the future.
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