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Abstract

Dimples on Al>O; ceramic plates were created with a CO; laser using different laser parameters. The effects
of the laser parameters used on the dimple geometry were investigated and the necessary laser parameters
were optimized to obtain the desired dimple geometry. Taguchi method was used in the optimization
process. The effects of laser power, scan speed and laser frequency from laser parameters were investigated.
Optimum laser parameters were determined as a result of the Taguchi Optimization method. In addition,
the laser parameter with the highest effect on the result was determined. Optimum laser parameters were
obtained as 60 W for laser power, 35 s for laser exposure duration and 50 kHz for laser frequency.
Keywords: Al203, Ceramics, Optimization, Laser texturing, Laser parameters.

1. INTRODUCTION

Aluminum oxide, commonly known as Al2O3, is a versatile ceramic material with a wide range of
applications in various industries (Sarkar et al., 2004). Its unique combination of exceptional mechanical,
thermal, and electrical properties make it an ideal choice for numerous high-performance applications.
AlOs3 ceramics are characterized by their high hardness, excellent wear resistance, and outstanding
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corrosion resistance, making them suitable for use in harsh environments where other materials might fail.
These ceramics are composed of a stable crystal structure, primarily consisting of corundum, which
contributes to their remarkable stability and robustness.

One of the most notable properties of A1, O3 ceramics is their exceptional thermal resistance. With a
melting point of approximately 2050°C, Al>Os exhibits remarkable thermal stability, making it an ideal
material for high-temperature applications. Additionally, its low thermal expansion coefficient ensures
minimal dimensional changes under varying temperatures, reducing the risk of thermal stress-induced
failures. As a result, ALbO3 ceramics find extensive use in industries, such as aerospace, metallurgy, and
manufacturing, where high-temperature processes and demanding thermal conditions are prevalent [37].

Apart from its exceptional mechanical and thermal properties, Al>O3 ceramics possess excellent
dielectric and insulating characteristics [48]. This makes them highly desirable for electronic and electrical
applications, including semiconductor packaging, high-power electrical insulators, and substrates for
microelectronics. Their ability to withstand high voltages and resist electrical breakdown allows for
efficient and reliable operation in demanding electrical environments. Moreover, Al2O3 ceramics can be
tailored for specific electrical properties through dopants, offering engineers and researchers a degree of
flexibility in designing electronic components.

In the biomedical field, Al,O3 ceramics have garnered considerable attention for their biocompatibility
and bio-inertness. When used as medical implants or prosthetics, Al2O3 ceramics exhibit excellent
resistance to chemical reactions with body fluids and tissues, ensuring minimal adverse reactions.
Furthermore, their high strength and wear resistance make them suitable for load-bearing applications in
orthopedics and dentistry [34]. The biocompatibility, combined with the material's inert nature, contributes
to its widespread use in hip joint replacements, dental implants, and other medical devices.

Despite the numerous advantages, Al2O3 ceramics do present some challenges in their fabrication and
processing. The material's high hardness can make shaping and machining difficult, requiring specialized
manufacturing techniques, such as diamond grinding or laser cutting. Additionally, the inherent brittleness
of ceramics poses concerns for their fracture toughness, which must be carefully considered in structural
applications subjected to impact or dynamic loading [5]. Researchers continue to explore various
techniques, including sintering additives and advanced processing methods, to enhance the fracture
toughness and overall mechanical performance of Al2O3 ceramics.

In conclusion, Al,O3 ceramics stand as a remarkable class of materials with diverse applications across
numerous industries. Their exceptional properties, including high hardness, thermal stability, electrical
insulation, and biocompatibility, make them indispensable in a wide range of critical applications. As
researchers and engineers push the boundaries of material science, continued advancements in processing
techniques and material design hold the promise of unlocking even more potential for Al2O3 ceramics in
the future.

Laser surface texturing is a cutting-edge technique used to modify the surface topography of materials
through controlled laser ablation [24]. This involves the precise application of laser energy to create micro
or nano-scale patterns, roughness, or features on the surface. The fundamental principle behind laser surface
texturing lies in the interaction of the laser beam with the material, which leads to localized melting,
vaporization, or solid-state phase changes. The resulting surface textures offer a myriad of advantages,
including improved tribological properties, enhanced wettability, reduced friction, and tailored optical
characteristics. As a versatile and non-contact method, laser surface texturing has gained widespread
attention in various industries, from automotive and aerospace to biomedical and energy sectors.

One of the key benefits of laser surface texturing is its ability to tailor surface properties based on
specific requirements. By adjusting laser parameters, such as pulse duration, energy density, and spot size,
engineers can precisely control the depth, shape, and spatial distribution of the textured features. For
instance, in the automotive industry, laser texturing has been applied to engine cylinder walls to create
specific patterns that improve oil retention and reduce friction, leading to enhanced fuel efficiency and
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reduced emissions [9, 40]. In the field of microfluidics, laser-textured channels have been utilized to control
fluid flow and optimize mixing, offering novel solutions for lab-on-a-chip devices and microreactors.

The influence of laser wavelength and material characteristics on the surface texturing process cannot
be overlooked. Different materials exhibit varying responses to laser energy, affecting the ablation
mechanism and resulting surface features. Metals, ceramics, polymers, and even transparent materials can
be textured using lasers with appropriate wavelengths and pulse characteristics[30]. Moreover, advances in
ultrafast laser technology have enabled the creation of sub-wavelength surface structures, leading to unique
optical properties, such as antireflection and light-trapping effects. These developments have opened up
exciting possibilities for photovoltaic applications and laser-induced periodic surface structures (LIPSS) in
photonics.

However, challenges remain in the widespread adoption of laser surface texturing. The process
demands precise control and stability of laser parameters to achieve consistent and repeatable results.
Additionally, the high-power laser systems required for certain applications can be costly, limiting
accessibility for some industries. Furthermore, the impact of laser-induced heat on the material's mechanical
properties and potential surface damage necessitates a comprehensive understanding of the material's
response to laser energy. To address these concerns, ongoing research efforts are focused on optimizing
laser texturing techniques, developing cost-effective systems, and investigating new materials suitable for
laser texturing.

In conclusion, laser surface texturing has emerged as a powerful tool for surface modification, offering
a wide range of possibilities for improving material performance and tailoring surface characteristics to
meet specific application requirements. From enhancing the efficiency of mechanical systems to
revolutionizing optical devices and microfluidics, the versatility of laser surface texturing holds significant
promise for various industrial sectors. As research continues to advance, and technology becomes more
accessible, the field of laser surface texturing is likely to witness even greater innovation and integration
into diverse fields of science and engineering.

Surface patterns play a crucial role in determining the mechanical and tribological properties of
materials [43]. By altering the topographical features at the micro and nano scales, surface patterns can
significantly affect the friction, wear resistance, and mechanical behavior of materials. The interaction
between contacting surfaces is governed by these surface patterns, and their influence is of particular
importance in engineering applications where reducing friction and wear is essential for improving the
overall performance and lifespan of components. Understanding the relationship between surface patterns
and mechanical/tribological properties is pivotal for tailoring materials to meet specific functional
requirements across various industries.

The topographical characteristics of a surface pattern directly influence its mechanical properties. The
presence of micro-scale asperities, such as surface roughness, can enhance the interlocking between
contacting surfaces, increasing the load-bearing capacity and overall strength of the material. In contrast,
nano-scale surface patterns, nanoindentations, or nanocavities, can introduce stress concentration sites,
affecting the material's fracture toughness and fatigue resistance. Additionally, the distribution and
arrangement of surface patterns significantly impact the contact area and stress distribution during loading,
which in turn affects the material's deformation behavior, hardness, and elastic modulus.

Surface patterns also exert a profound influence on the tribological properties of materials, especially
in sliding and rolling contact scenarios. The creation of specific surface textures can reduce friction and
wear rates by promoting the formation of a lubricating film, trapping wear debris, or facilitating
hydrodynamic lubrication [13]. In some cases, laser-textured surfaces with controlled roughness have
shown improved boundary lubrication properties, leading to reduced friction and enhanced wear resistance.
Moreover, the presence of well-defined surface patterns can alter the coefficient of friction and wear
mechanisms, allowing for tailored solutions based on specific application requirements.

The effect of surface patterns on mechanical and tribological properties is highly dependent on the
material's composition and the nature of the applied loads. For example, in metal alloys, surface patterns
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can lead to strain-hardening effects, where localized plastic deformation strengthens the material near the
surface. However, in brittle materials like ceramics, surface patterns can exacerbate crack initiation and
propagation, leading to reduced wear resistance. Understanding the trade-offs and limitations associated
with different surface patterns is crucial for selecting the most appropriate texture for a given application.

In conclusion, surface patterns play a vital role in determining materials' mechanical and tribological
properties. Their influence extends to various aspects, such as load-bearing capacity, friction, wear
resistance, and deformation behavior. By carefully designing and controlling surface patterns, engineers
can tailor the properties of materials to achieve desired outcomes in specific applications. The optimization
of surface patterns holds significant potential for improving the efficiency and reliability of engineering
systems, making it a topic of ongoing research and exploration in the fields of material science and surface
engineering.

In this study, laser beams with different laser power and different exposure time were sent on the Al203
ceramic surface. Images of the cavities were taken with a high-resolution microscope to examine the effect
of laser power and the effect of laser exposure time on the cavity sizes. Cavity sizes were measured using
the images obtained.

Optimization methods are mathematical and computational methods that aim to find the best or non-
worst values of an objective function under certain constraints. In general, optimization methods attempt to
optimize an objective function (usually a maximum or minimum) by adjusting the values of variables in a
given problem. Such methods are used in many different fields and disciplines, such as Engineering,
Economics, Data Mining and Machine Learning, Transport and Logistics, Energy Management, and
Healthcare, in addition to scientific research. Optimization methods may include different types of
techniques, usually mathematical algorithms, heuristics, or meta-heuristics. These methods may require
different approaches depending on the nature, size, and complexity of the problem. The most widely used
optimization algorithms include gradient-based methods, genetic algorithms, simulation-based
optimization, surface response methodology, etc.

The Taguchi Method, developed by Dr. Genichi Taguchi, is a reliable method for designing
experiments and optimizing parameters, which is widely used in engineering and scientific studies. This
method, which is a product of statistical science, provides a systematic approach to optimize multi-
parameter systems. The main objective of the Taguchi Method is to optimize a smaller number of
parameters.

In the Taguchi Method, one of the three basic elements is the controllable factors called "signal", i.e.
parameters. The second is the so-called "noise", which is uncontrollable, i.e. undesirable. The third element
is what is aimed as a result of the experiments. Although the objective is usually a numerical value, in some
cases it may be a non-numerical parameter. In the Taguchi method, the parameter is numerical and
orthogonal arrays are designed according to the number of levels of each parameter. According to these
orthogonal arrays, experimental sets and the number of experiments are determined. The Taguchi method
not only minimizes the time and resources required for the experiment but also ensures the robustness and
reliability of the results obtained. The optimization process involves maximizing the S/N ratio to improve
the desired characteristics of the system while minimizing sensitivity to noise factors.

2. MATERIALS & METHODS

In this study, dimples were formed using a CO> laser on 10 mm thick AbO3 ceramic plates prepared
at TUBITAK Marmara Research Center. The wavelength of the CO; laser used is 10600 p and the
maximum power is 130 watts. The effects of laser power and laser exposure time on the dimple geometry
were investigated. Laser beams with different laser power and different frequency were sent at different
times on Al2O3 ceramic plates. The levels of the analyzed parameters are given in Table 1.
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Table 1. Parameters and Levels.

lst 2nd 3th

level | level | level
Power (W) 40 80 120
Exposure Time (s) 5 20 35
Frequency (kHz) 5 25 50

In experiments with classical experimental designs, 3’=27 experiments are required to examine the effect
of each parameter on the result. Taguchi method offers different solutions, such as the relationship between
parameters or which parameter is more effective, as well as obtaining the same result with fewer
experiments. By performing fewer experiments, both the material used, and time are saved.

According to Taguchi, experimental design, the optimum parameter levels can be determined by using the
Lo orthogonal index. Experimental sets designed according to the Lo orthogonal index are given in Table 2.

Table 2. Parameter and Levels.

Parameters — | Power | Time Frequency
Exp. Sets l | (W) (s) (kHz)
1 30 5 5

2 30 20 25

3 30 35 50

4 60 5 25

5 60 20 50

6 60 35 5

7 90 5 50

8 90 20 5

9 90 35 25

When the laser power was less than 30 W, no cavity formation was observed on the ceramic material. When
the laser power was greater than 90 W, uncontrollable deformation occurred due to overheating. Similarly,
cavity formation was not observed at low power values when the laser exposure time was less than 5
seconds. When the laser exposure time was 35 seconds, excessive thermal deformation occurred due to the
excessive amount of energy transferred to the material. When the frequency was more than 50 kHz, the
frequency was limited to 50 kHz since no visible difference could be obtained.

With the 3 parameters used and 3 levels of each of these parameters, 27 experiments should be done with
classical test methods. However, with the Taguchi optimization method, the same result can be obtained
with 9 experiments and 1 confirmation experiment with a total of 9 experiments.

According to the Taguchi method, the target must be defined first. There can be three different targets.
There is a separate calculation method for each target. These; quality in Taguchi Design of Experiment
method the criterion used in measuring and evaluating the characteristics is the ratio of signal (S) to noise
factor (N). The signal value is the value given by the system and desired to be measured. The real value and
the noise factor are the measured values. Represents the share of undesirable factors in it does. Experiments
in calculating the signal/noise ratio and the quality value targeted to be achieved as a result feature is also
important. There are three important categories;
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1) Larger the Better

-
1 1
S/ — i N
/Ni = —10logio n.zl}’iz (1)
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2) Smaller the Better
-
1
S/Ni = —10logy Ez yi (2)
L =1 -
3) Nominal the Best
n
1
S/Ni = —10log1o EZ(}’L’ - m)zl (3)
i=1

In these equations, n is the number of trials, y; is the measurement result, and m is the target value.
The Taguchi method suggests an Lo orthogonal array for 3 parameters and 3 levels. Experimental sets
according to the Lo orthogonal index are given in Table 2.

3. RESULTS & DISCUSSION

Figure 1 shows the micro-sized dimples obtained with each set of experiments. The cavity diameters
and Heat Affected Zone diameters of the dimples were measured using the images obtained. The ratio of
the diameters of the dimples to the HAZ diameters was considered to be the best. In other words, the aim
of this experiment is to have the highest ratio of the cavity size to the HAZ size when the Heat Affected
Zone size is compared with the cavity size. Accordingly, "Larger the better" characteristic was used when
calculating the S/N ratio. In order to minimize the error rate in the experiments, 3 repetitions of each set of
experiments were performed. The measurement results, calculated ratios, and S/N ratios obtained using
these ratios are given in Table 3.



Natural & Applied Sciences Journal Vol. 6 (2) 2023 55

Figure 1. Optical microscope images of dimples obtained with the experimental sets in Table 2. (a) Experimental set number 1,
(b) Experimental set number 2, (¢) Experimental set number 3, (d) Experimental set number 4, (¢) Experimental set number 5,
(f) Experimental set number 6, (g) Experimental set number 7, (h) Experimental set number 8, (i) Experimental set number 9.

Table 3. Size ratios of three measurements with calculated S/N ratios. Cavity diameter to HAZ diameter Ratio of Dimple.
o2 3¢ SN

0,54 0,70 | 0,74 |-3,86
0,57 10,50 | 0,68 |-4,87
0,68 | 0,68 | 0,57 |-3,87
0,74 | 0,71 | 0,67 |-3,06
0,70 [ 0,74 | 0,75 |-2,70
0,66 | 0,73 | 0,67 |-3,29
0,65 [ 0,65 | 0,68 |-3,58
0,90 0,59 |0,72 |-3,03
0,68 | 0,70 | 0,82 |-2,79

O |0 [ Q[N N | |W|N|—

In addition to finding the optimum parameters, the Taguchi method can also calculate how much the
parameters used affect the result. The sum of squares (SST) indicates the variance of S/N [3].

$Sp =X (n,— n,)" @

The SST value is actually the sum of the squares of each factor (SSt=SSa+SSg+SSc), and it can also be
obtained by equation (4) as
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Table 4 was obtained by using the data in Table 3, equation (4) and equation (5).

Table 4. ANOVA table for Optimum Ratio of Dimple diameter to HAZ diameter.

Average S/N
1 2nd 3rd Degree of | Effect Rate Optimum
level |level |level | Freedom Parameters
Power (W) -4,20 |-3,02 | -3,13 |2 94,44 60 W
Exposure Time (s) | -3,50 |-3,53 | -3,32 |2 2,93 35s
Frequency (kHz) -3,39 | -3,58 [-3,38 |2 2,63 50 kHz
Total -3,45 | 100 |
Optimum S/N -2,82
Optimum Ratio of Dimple diameter to HAZ diameter 0,72
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Figure 2. Main effect plot for laser power on the ratio of cavity diameter to HAZ diameter.

As can be seen in the Main effect plot for laser power, when the laser power is increased from 30 W to 60
W, the ratio of widths increases. However, when the speed was increased from 60 W to 90 W, the width
ratio also increased but slower than the previous stage. The highest ratio was observed when the laser power
was 90 W.



Natural & Applied Sciences Journal Vol. 6 (2) 2023 57

0,73
—
o 0,72
L
(0]
g o071
.©
©
g 0,70
<
T 0,69
S~
—
2 068
£
& 067
©
> 0,66
£
R 065
8 o
0,64
0,63

Laser Exposure Duration (s)

Figure 3. Main effect plot for laser exposure duration on the ratio of cavity diameter to HAZ diameter.

As seen in the Main effect plot for Laser exposure duration, when the Laser exposure duration is increased
from 5 s to 20 s, the ratio of widths increases. However, when the Laser exposure duration is increased from
20 s to 35 s, the ratio of widths decreases. The highest ratio was observed when the Laser exposure duration
was 20 s.
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Figure 4. Main effect plot for laser frequency on the ratio of cavity diameter to HAZ diameter.

As seen in the Main effect plot for laser frequency, when the laser frequency is increased from 5 kHz to 25 kHz, the ratio of the
widths decreases. However, when the frequency is increased from 25 kHz to 50 kHz, the width ratio increases. The highest ratio
was observed when the frequency was 5 kHz.
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4. CONCLUSION

The Taguchi method was applied to achieve two objectives: optimizing the size of the largest possible
cavity and minimizing the width of the heat-affected zone adjacent to this cavity. Optimum laser parameters
were obtained as 60 W for laser power, 35 s for laser exposure duration, and 50 kHz for laser frequency.

In addition, among the parameters analyzed in order to reach the desired result, the parameter that affected
the result the most was calculated as laser power with a rate of 94.44%. The rate of laser exposure duration
and laser frequency affecting the result is quite low. Laser exposure duration and laser frequency affected

the result by 2.93% and 2.63% respectively.
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