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Abstract: A one-step method using under-liquid laser machining (ULLM) is proposed for fabrication
of microdimples on a cemented carbide surface with a wear-resistant amphiphobic property. The
influence of laser processing parameters on the depth, width, and surface roughness (Ra) of the
microstructures were investigated through single-factor experiments. On the basis of single-factor
experiments, multiobjective optimization was carried out so that a desired surface morphology
can be achieved. The model describing the relationships between laser processing parameters and
corresponding responses was developed based on response surface methodology (RSM), and the
adequacy of the model was assessed by analysis of variance (ANOVA) and verified experimentally.
Subsequently, the desired microstructure arrays were then fabricated with the optimal processing
parameters. Finally, the wear-resistant behaviors were comparatively studied for two kinds of
amphiphobic surfaces by rubbing multiple times using 1000 grit metallographic sandpaper. The
textured surface fabricated using the ULLM method exhibits excellent mechanical rubbing resistance
as it maintains its amphiphobic character even after rubbing 300 m under the pressure of 2.4 MPa.
This facile and low-cost method can be not only easily extended to other materials but also applied to
fabricate amphiphobic surfaces with wear-resistance and self-healing properties.

Keywords: under-liquid laser machining method; microdimple arrays; amphiphobic; wear-resistant;
multiobjective optimization

1. Introduction

Functional surfaces intentionally designed to be textured or with preferential wettabilities have
attracted the attention of the researchers due to their practical applications, including tribological
interfaces [1,2], liquid patterning [3,4], droplet manipulation [5,6], and bionic manufacturing [7,8]. On
one hand, this kind of technology for fabricating surface texture is effective in terms of the friction
reduction and wear resistance, which are achieved by storing lubricant and wear particles during the
rubbing process [9]. Over the past few years, surface textures have exhibited excellent performance in
the field of tribological interfaces such as piston rings [10], cutting tools [11], and bearings [12]. Among
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all the fabrication methods for surface textures, the laser machining technique seems to be the most
advanced method for tribological applications [13].

On the other hand, surface wettability significantly affects the tribological condition between the
friction pairs in the case of lubricant [14]. Inspired by the superhydrophobic property of the lotus leaf
in nature [15], a considerable amount of researchers studied surfaces with low wettabilities due to their
practical applications in the areas of self-cleaning [16–18], microfluid transport [19,20], and friction
and wear reduction [21,22]. Overall, surfaces with low wettabilities are achieved by two methods:
one is to fabricate the micro/nanostructures onto the amphiphobic surface [23], while the other is
to fabricate rough surfaces on the lyophilic surface and subsequently decrease surface energy [24].
Specifically, recent studies have shown that certain techniques such as laser machining [25,26], the
sol–gel process [27,28], chemical etching [29], 3D printing [30,31], and spin coating [32,33] are commonly
used to fabricate amphiphobic surfaces. In spite of this diversity of fabrication methods, there are still
many limitations that need to be overcome, such as template assistance, complex fabrication operations,
and specific equipment. Most importantly, few of the surfaces fabricated using the aforementioned
methods have been applied practically due to the poor mechanical strength and durability. In particular,
the poor mechanical strength severely limits the application of amphiphobic surfaces in the field of
tribological interfaces, especially under the conditions of high pressure and long friction length [34],
e.g., bearings [35] and cylinders [36]. Hence, it is essential to fabricate a wear-resistant amphiphobic
surface. Interestingly, the amphiphobic surfaces fabricated using a laser showed a higher critical load
value, thus possibly prolonging the service life of the substrate [37]. In addition, among all the various
fabrication methods, laser machining is the most prominent, due to its convenient operation, high
efficiency and environmental friendliness. At the same time, the surface morphology of a laser-irritated
surface can be theoretically and mathematically predicted [38], and the quantitative evaluation of
the roughness parameters can also be obtained from developed mathematical model [39]. As a
consequence, laser machining may be an effective technique for overcoming the potential barriers of
amphiphobic surfaces and allowing their tribological applications.

The lubricant condition is strongly affected by the wettability of the friction pair surface. However,
from the above analysis, it can be seen that most of the studies focused on the surface textures but
ignored the advantages of the amphiphobic property of the surface when utilizing the surface textures
to improve the tribological performance [11–13]. Thus, it is valuable and necessary to combine the
textures and wear-resistant amphiphobic properties through laser machining for application in the
area of tribology.

In this paper, a reliable and highly efficient method for fabrication of a wear-resistant amphiphobic
surface with microdimple arrays on cemented carbide is proposed. This method is realized in one step
using laser machining. The traditional two-step fabrication method first requires microstructures to
be fabricated on the substrate and then requires a subsequent immersion in a fluorinated solution to
decrease the surface energy [34], while this new technique is achieved by laser machining under a
fluorinated solution. The hydrophobicity of the surfaces fabricated using the new technique can be
well maintained with a water contact angle (WCA) of 97.9◦ ± 0.6◦ even after rubbing for 300 m under
the pressure of 2.4 MPa. This one-step fabricating method for a microstructured amphiphobic surface
shows promise for industrial applications in the field of tribological interfaces.

2. Materials and Methods

2.1. Materials and Reagents

Cemented carbide (YT15-4160511, WC 19%, TiC 15%, and Co 6%) with dimensions of 1.6 × 1.6 ×
0.4 cm3 was selected as the specimen material in this study. The fluorinated solution, which was used
to decrease the surface energy, was composed of (heptadecafluoro-1,1,2,2-tetradecyl) trimethoxysilane
(SICONG, Longyan, Fujian, China) and fluorocarbon solvent (SICONG).
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2.2. Methods

2.2.1. Experimental Setup

The laser used in this study was an ytterbium-doped fiber-laser (YLP-F20, SANKE, Shanghai,
China) with a maximum power of 20 W, a wavelength of 1064 nm, a pulse duration of 100 ns, and a
maximum repetition rate of 200 kHz. A schematic diagram of the under-liquid laser machining (ULLM)
processing platform is shown in Figure 1a. The microsyringes and D series driver are pivotal parts for
controlling the height so that the distances between the top surface of the sample and the fluorinated
solution level is exactly 2 mm (further details can be found in ref. [37], a previous publication by the
present authors).

Figure 1b shows a schematic representation of the laser machining process. The morphology of the
sample surface was obtained by scanning electron microcopy (SEM, S4800, Hitachi High-Technologies
Co., Hitachi, Japan), while the element composition was analyzed by an energy dispersive X-ray
spectrometer (EDS, Bruker, London, UK) in conjunction with the SEM. The EDS analysis mode was
set as automatic. Peak level correction was carried out before experiments to ensure perfect peak
level fitting. After the peak position was obtained, automatic peak identification was carried out by
the software.
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Figure 1. (a) Schematic representation of the processing platform; (b) schematic representation of the
machining process.

Meanwhile, the depth, width, surface roughness (Ra) were measured using an Olympus confocal
microscope (Olympus, Tokyo, Japan). The static contact angles were measured by a contact-angle



Coatings 2020, 10, 559 4 of 16

goniometer (JC2000DM, Beijing Zhongyi Kexin Technology Co., LTD., Beijing, China) using the sessile
drop method.

2.2.2. Experimental Design

In this study, single-factor tests were performed to investigate the influence of single laser
machining parameters on the surface morphology; meanwhile, single-factor tests were also used to
find the central level for the central composite design method (CCD) in the multiobjective optimization.

During the single-factor tests, the laser power used was in the range of 10–20 W, the laser scanning
speed was in the range of 2–20 mm/s, and the number of passes was in the range of 100–500. The zones
on the sample surface where the Ra values were measured were chosen by randomly selecting at least
15 continuous microdimples both in perpendicular and parallel directions, and 5 different zones were
chosen in total. All the measuring lines were set to connect the center of the 15 dimples. The schematic
illustration can be found in supplementary materials. The average value of Ra in the 5 zones was used
as the final Ra value.

In order to find the proper laser parameters to obtain the desired depth of microdimples with
lower Ra, RSM-based mathematical models describing the responses to the factors were obtained and
optimized using the Design-Expert 10.0 software. In these models, the factors are the laser processing
parameters (i.e., power, number of passes, scanning speed) and the responses are the geometric
parameters of the surface (i.e., the depth and width of the microdimples and the Ra).

The establishment of the mathematical models can be divided into the following steps. First, based
on the results of the single-factor experiments, the CCD method considering the surface response was
performed to obtain the different levels of the factors. Subsequently, the experimental design and data
analysis were completed by using the Design Expert 10.0 software. After fabrication using the ULLM
method under the parameters in the 20 groups of experiments designed by the software, the observed
geometric parameters of the samples were inputted into the software. The software then outputted the
mathematical models. Finally, the accuracy of the mathematical models was experimentally verified
using the analysis of variance (ANOVA) method and experiments. The whole experimental process
diagram can be found in Figure 2.
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2.3. Wear-Resistance Tests

The rubbing test was adapted in order to test the wear resistance of the amphiphobic property of
the sample fabricated using the ULLM method (ULLM sample); meanwhile, the sample fabricated by
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using a laser in the air and then treated by fluorinated solution (LMF sample) is also included in the
rubbing tests and is considered as a contrast. Note that the two sample types were fabricated using the
same optimal parameters obtained from the aforementioned mathematical models. Figure 3 shows the
schematic representation of the rubbing test. During the rubbing test, the pressure between the contact
surface was held constant at 2.4 MPa and the sliding length in one direction was set at 0.5 m.
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3. Results and Discussion

3.1. Single-Factor Tests for the Laser Parameters

3.1.1. Effect of Laser Power on Microdimple Structure

When the focal spot of a high-energy laser beam touches the surface of a liquid, a considerable
amount of energy is absorbed by the liquid, in which a rapid vaporization is induced and results in a
keyhole. This keyhole allows the remaining portion of energy to reach the sample surface. The energy
that reaches the material’s surface is absorbed to melt and vaporize the material, resulting in material
removal. At a higher power, the energy that reaches the material’s surface will be increased, resulting
in more material being melted, vaporized, and ionized into a plasma state at a high temperature and
pressure. The plasma expansion in the keyhole, which is known as recoil pressure, serves as a removal
force to remove more material.

The morphologic and geometric parameters of the microdimples on the ULLM sample surface
and the Ra were determined based on the single-factor method. When the average power (P) is 10 W,
the contours of the microdimple structures are indistinct and without any interference in both the
x-and y-direction (see Figure 4a). As P increases, the contours of the microdimples become clearer,
and the overlapping areas in the x-direction are clearly visible. Meanwhile, the longitudinal ridges
in the y-direction become narrow (see Figure 4b). The micropores start to appear in the center of the
microdimples, and their diameters gradually increase due to increased plasma expansion (Figure 4c).
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Overall, the depth, width, and Ra of the microdimples increase with the increasing of P (see
Figure 5). It can be seen that when the laser power is 14 W, the Ra is at its minimum. Therefore, the



Coatings 2020, 10, 559 6 of 16

optimal laser power for obtaining the best surface quality is 14 W; this will be considered as the central
level in the multiobjective optimization.Coatings 2020, 10, x FOR PEER REVIEW 6 of 16 
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3.1.2. Effect of Scanning Speed on Microdimple Structure

It is observed that bubble cavitation occurs in the under-liquid laser machining process. As a
bubble collapses, a high-pressure and high-speed liquid jet will impact the surrounding materials.
If there is no liquid between workpiece surface and bubbles, the pressure applied on the workpiece
surface will be 5.2–12.4 times stronger than that during ambient laser machining [35]. With the increase
of scanning speed (v), the microdimple morphology gradually changes from well-defined and complete
to blurred and incomplete (see Figure 6). The uniformity of the dimples under a certain v could be
described using the shape coefficient, which is a parameter that is used to describe the roundness of a
dimple. The shape coefficient greatly increases with the decrease of diameter [38]. This is because
the number of pulses per unit spot and spot repetition rate decrease with the increase of v, resulting
in a smaller and lower keyhole that serves as a channel for the laser beam to reach the surface and
leaving more liquid to serve as a barrier that blocks the pressure induced by bubble cavitation acting
on workpiece surface. Therefore, when v is 20 mm/s, the pressure is insufficient to form a clear and
intact microstructure (Figure 6c).
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When v is in the range of 12–20 mm/s, the depth and width stay constant (Figure 7a,b), indicating
that the energy absorbed by the surface is insufficient to form a wider dimple structure at a high speed.
The Ra increases as the scanning speed increases (Figure 7c). When v is in the range of 2–12 mm/s, the
depth of the dimples decreases and less melting materials spread around the dimple structures; thus,
the Ra decreases. The reason for Ra variation could be as follows. Bubble cavitation is observed to be
fiercer under the liquid when v increases from 2 to 12 mm/s, resulting in greater material removal at
the re-deposited area and thus a decreased Ra. However, when v is in the range of 12–20 mm/s, less
bubble cavitation is observed and the incompletely molten materials will turn into aforementioned
irregular structures; thus, the Ra increases. It can be seen that when the scanning speed is 12 mm/s, the
Ra is at its minimum; this will be considered as the central level in the multiobjective optimization.
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3.1.3. Effect of Number of Passes on Microdimple Structure

Figure 8 depicts the morphology of the microdimples after different numbers of passes (N).
Overall, as N increases, the morphology of the microdimple becomes more distinct. As can be seen
in Figure 8a, less molten materials are formed when N is 100. As N increases, the center area of the
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laser beam absorbs more energy from laser beam, resulting in an increase of the microporous diameter
(Figure 8b,c). Many microsphere structures are formed on the edge of the dimples. Some molten
materials are in gas phase under the liquid. After laser beam moves, they will be condensed into solid
phase. Thus, the chances for the formation of these structures are increased with increase of N.
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As N increases, the depth and Ra of the microdimple structures increase (Figure 9a,c). After 500
processing passes, the depth is 5.47 µm and the Ra is 3.654 µm. Overall, as can be seen in Figure 9b, the
width increases first and then decreases, reaching the maximum value of 63.17 µm after 300 processing
passes. However, as N increases, the re-melting phenomenon becomes more pronounced. A deeper
microstructure allow an easier flow of the molten metal to the central region, resulting in a slight
decrease in the width of the microdimple. In this study, the microstructures are expected to be wider
when the surface quality is the best. It can be seen that when the number of passes is 300, the width
reaches the maximum with the best surface quality; this will be considered as the central level in the
multiobjective optimization.
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3.2. Multiobjective Optimization

3.2.1. Mathematical Models

The factors and levels are given in Table 1. Experimental response results are listed in Table 2.

Table 1. Values of factors in different levels.

Factors Symbol Unit Level 1 Level 2 Level 3 Level 4 Level 5

Power A W 10 12 14 16 18
Number of passes B 1 100 200 300 400 500

Scanning speed C mm/s 5 8 12 16 18

Table 2. Experimental results of the multiobjective optimization.

Test Number A (W) B (1) C (mm/s) Depth (µm) Width (µm) Ra (µm)

1 12 200 8 2.436 50.583 0.450
2 16 200 8 6.550 57.395 0.948
3 12 400 8 0.513 41.534 0.316
4 16 400 8 12.594 60.444 1.411
5 12 200 16 0.551 47.272 0.192
6 16 200 16 7.012 50.710 1.058
7 12 400 16 7.058 50.169 0.610
8 16 400 16 12.842 56.596 1.456
9 10 300 12 2.625 47.014 0.534

10 18 300 12 10.787 57.756 1.424
11 14 100 12 3.267 52.615 0.501
12 14 500 12 5.778 52.887 0.974
13 14 300 5 6.839 55.198 1.178
14 14 300 18 6.531 52.768 1.310
15 14 300 12 6.174 52.412 1.173
16 14 300 12 6.283 53.625 1.072
17 14 300 12 6.039 53.305 1.122
18 14 300 12 6.356 53.534 1.303
19 14 300 12 5.932 53.240 1.066
20 14 300 12 6.079 52.527 1.094

The mathematical models can be obtained and expressed as follows:

Depth = 6.14 + 4.77 A + 0.92 B − 0.044 C + 0.91 A × B − 0.49 A × C + 1.03 B × C + 0.40 A2
− 0.55 B2 +

0.20 C2
− 1.08 A × B × C + 1.14 A2

× B + 0.72 A2
× C − 0.41 A × B2

− 0.81 A3;
Width = 53.11 − 2.41 A + 0.12 B − 0.67 C + 1.89 A × B − 1.98 A × C + 1.85 B × C − 1.45 A2

− 0.12 B2 +

0.30 C2
− 1.14 A × B × C + 0.23 A2

× B + 0.022 A2
× C + 4.95 A × B2 + 1.91 A3;

Ra = 1.14 − 0.71 A + 0.18 B + 0.051 C + 0.072 A × B + 0.015 A × C + 0.061 B × C − 0.24 A2
− 0.13 B2 +

0.042 C2
− 0.077 A × B × C − 0.042 A2

× B − 0.027 A2
× C + 0.79 A × B2 + 0.34 A3;

where A, B, and C denote the laser power, number of passes, and scanning speed, respectively.
The adequacy of these mathematical models is verified using the analysis of variance (ANOVA)

method and the experiment (see supplementary materials).

3.2.2. Influence of Laser Processing Parameters on the Responses

Distinct from the analysis considering single factors, this part mainly focus on the synthetical
influence of the factors on the responses based on the designed mathematical models. The variations
of depth with different laser processing parameters are shown in Figure 10. When P and N are at low
values, the value of the depth is minimal (Figure 10a). Conversely, when P and N are at high values,
the value of depth reaches the maximum. The contour lines of P and N are elliptical, which indicates
that the interaction between P and N is remarkable.
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As can be seen in Figure 10b, when v stays constant, the depth increases with the increasing of P.
Meanwhile, when P stays constant, the depth is less affected by v. The contour lines of P and v are
elliptical, which means the interaction between them is remarkable.

As can be seen in Figure 10c, N and v have little effect on the depth. When v stays constant, the
depth increases slowly with the increase of N. When N remains constant, the depth decreases with the
increase of v; however, v has little influence on the depth when P reaches 400. The contour lines of and
P and v are elliptical, indicating that the interaction between them is significant.

Figure 11 shows the variation of width with different laser process parameters. On one hand,
when P is within the range of 12–14 W, the width first increases and then decreases with the increase of
N; however, when P is in the range of 14–16 W, the width first decreases and then increases with the
increase of N (Figure 11a). On the other hand, when N is in the range of 200–250 or 350–400, the width
increases with an increment of P. However, when N is in the range of 250–350, the width increases at
first and then decreases with the increase of P. The contour lines of P and N are oval, indicating that
the interaction between the two parameters is significant.

As can be seen in Figure 11b, v has little influence on width when P is in the range of 12–14 W. The
contour lines of P and v are ellipses, which indicates that the interaction between them is significant.
As can be seen in Figure 11c, when N is in the range of 100–300, the width decreases as v increases.
When N is in the range of 300–500, the width increases with the increasing of v. The contour lines of N
and v are elliptical, which indicates that the interaction between them is significant.

Figure 12 shows the variation of Ra under different laser process parameters. On the one hand,
as can be seen in Figure 12a, when P is within the range of 12–14 W, the Ra increases first and then
decreases as N increases. Conversely, when P is within the range of 14–16 W, the Ra decreases first and
then increases with the increase of N. On the other hand, Ra increases with the increase of P when N
is in the range of 250–250 or 350–450. However, when the value of N is in the range of 250–350, the
Ra first increases and then decreases with the increase of P. The contour lines of P and N are circular,
indicating that the interaction between them is insignificant.
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Meanwhile, as P stays constant, v has little effect on the Ra (Figure 12b). The contour lines of P and
v are circular, which indicates that the interaction between them is not significant. When v is constant,
the Ra increases with N (Figure 12c). When N is constant, v has little influence on Ra. The contour
lines of N and v are circular, which indicates that the interaction between them is not significant. In
summary, the most significant parameter that affects Ra is v, followed by P and then N.

3.3. Wear-Resistance Tests

Figure 13 shows the WCAs of two surface types after rubbing. Overall, WCAs decrease with
the increase in rubbing cycles for the two types of textured amphiphobic samples. Prior to rubbing
test, WCAs of the ULLM and LMF samples were 149.3◦ ± 0.7◦ and 144.1◦ ± 0.6◦, while OCAs were
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135◦ ± 0.7◦ and 140◦ ± 0.9◦, respectively. The LMF sample turned hydrophilic (WCA 85◦ ± 0.8◦) and
oleophilic (OCA 82◦ ± 0.7◦) after 150 rubbing cycles, while ULLM sample stayed both hydrophobic
(WCA 95◦ ± 0.7◦) and oleophobic (OCA 93◦ ± 1◦) even after 300 rubbing cycles, indicating that the
hydrophobic layer prepared by the ULLM method shows stronger mechanical strength than that
prepared using LMF method. The wetting shift of the LMF sample is presumably attributed to the
hydrophobic and oleophobic layers being broken or destroyed during the rubbing process, resulting in
the loss of hydrophobic and oleophobic characteristics.Coatings 2020, 10, x FOR PEER REVIEW 12 of 16 

 

 

(a) 

 

(b) 

Figure 13. Variation of the water contact angles and oil contact angles with the number of rubbing 
cycles. (a) The water contact angles of ULLM and LMF sample decrease with the increase of rubbing 
cycles. (b) The oil contact angles of ULLM and LMF sample decrease with the increase of rubbing 
cycles. 

The reasons for the stronger mechanical strength of the amphiphobic layer may be as follows. 
As shown in Figure 14, the high pressure between two frictional pairs during the rubbing process can 
result in wear of the uppermost layer, leading to destruction or failure of the hydrophobic layer; 
however, the wear-resistant amphiphobic surface of the ULLM sample was fabricated using under-
liquid laser scanning method, which can form a layer containing a self-similar grid structure that has 
hydrophobic and oleophobic characteristics. Even if the upper layer is destroyed or broken, the newly 
exposed layer would also be hydrophobic or oleophobic (details can also be found in ref. [37]). In 
particular, the wear-resistant amphiphobic layer enables the self-healing process by supplying the 
neck fracture area with surfactant molecules after the neck area is broken, leading to wear-resistant 
amphiphobic ability. 

Figure 13. Variation of the water contact angles and oil contact angles with the number of rubbing
cycles. (a) The water contact angles of ULLM and LMF sample decrease with the increase of rubbing
cycles. (b) The oil contact angles of ULLM and LMF sample decrease with the increase of rubbing cycles.

The reasons for the stronger mechanical strength of the amphiphobic layer may be as follows. As
shown in Figure 14, the high pressure between two frictional pairs during the rubbing process can result
in wear of the uppermost layer, leading to destruction or failure of the hydrophobic layer; however,
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the wear-resistant amphiphobic surface of the ULLM sample was fabricated using under-liquid laser
scanning method, which can form a layer containing a self-similar grid structure that has hydrophobic
and oleophobic characteristics. Even if the upper layer is destroyed or broken, the newly exposed
layer would also be hydrophobic or oleophobic (details can also be found in ref. [37]). In particular, the
wear-resistant amphiphobic layer enables the self-healing process by supplying the neck fracture area
with surfactant molecules after the neck area is broken, leading to wear-resistant amphiphobic ability.

The aforementioned assumptions were also verified through EDS results of the surface after
rubbing for 300 cycles compared to that prior to rubbing (Figure 15). The EDS results showed the
presence of F element on the surface after 300 rubbing cycles. The neck fracture area was supplied
by complementary surfactants through self-assembly [37]; consequently, after rubbing, the renewed
surface still exhibited a fluorinated surfactant layer that showed amphiphobic properties.
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4. Conclusions

The wear-resistant amphiphobic layer with microdimple structures was fabricated on the cemented
carbide using the ULLM method in one step. Based on the single-factor experiments and multiobjective
optimization, mathematical models were developed that indicate the responses (i.e., the geometric
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parameters of the microdimple structures) with respect to the factors (i.e., laser processing parameters).
Using the laser processing parameters obtained from the multiobjective optimization, the desired
geometric parameters of microdimple structures could be realized using the ULLM method; the
prediction errors for microstructure depth, width and Ra were 4.90%, 2.94%, and 3.83%, respectively. The
amphiphobic layer of the as-prepared sample shows strong mechanical strength and an amphiphobic
property that can still be retained even after rubbing for 300 m under the pressure of 2.4 MPa.

This method represents a complement and innovation as compared with the conventional
fabricating methods (i.e., LMF method) for wear-resistant hydrophobic surfaces on metal materials.
Wear-resistant hydrophobic, oleophobic, or amphiphobic surfaces can be fabricated using this technique,
which can be easily extended to other materials as well. As an area for future study, the wear-resistant
amphiphobic properties can be assessed using a variety of wear configurations. The substrates can
also be extended to other materials. The surface uniformity and the stability of the redeposition within
the boundaries could also be predicted using mathematical models.
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