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ABSTRACT - Titanium alloys are widely utlized in laser heating applications. However, it has oot~ un rap o021
poor optical properties due to low laser energy absorption. Nevertheless, a higher energy Revised: 08" July 2021
absorption can be realized by modifying the surface profile through increasing the surface Accepted: 151 Aug 2021
roughness. In this present work, the laser surface modification (LSM) process was carried out to

increase the roughness on surface of TiGAI4V titanium alloy. Subsequently, the surface KEYWORDS
characterization and surface roughness were analysed by using the 3D optical microscope. The Laser surface modification;
effect of laser power on the increment of surface roughness was investigated. It was revealed that surface roughness;

an increase in laser power during LSM process could increase the surface roughness. The result Titanium alloy.

shows that, the surface roughness of titanium alloy increased 27 times when modified with the
highest laser power (27W) compared to the gritted surface. Furthermore, the modified surface by
LSM will be heated using laser radiation in order to analyse the effect of surface roughness
towards laser heating temperature. Depending on the value of the power during laser heating, the
maximum temperature measured could be increased 27% corresponding to a gritted flat reference
surface.

INTRODUCTION

Due to high strength, excellent corrosion resistance, and low density, titanium alloys have received much attention in
recent years by utilizing laser heating process for related applications, especially in biomedical, aerospace, and aircraft
[1-3]. However, due to its high reflectivity, titanium alloys also possess some difficulties when dealing with laser. It has
been reported that its absorption is only 30% [4] and thus, wasting the remaining laser energy towards the ambient instead
of contributing to the process. Consequently, a high laser power is required to compensate for the low energy efficiency
of the process.

Nevertheless, many attempts to counter the issues regarding material's optical properties have been made and it was
found that when modifying the surface layer, the laser energy absorptivity can be increased [5, 6]. By producing micro
or nanoscale grooves, dimples, or random patterns on the surface layer, it is possible to scatter the laser energy over larger
surface areas and increase the material's absorption.

Therefore, many approaches for preparing the surface have been studied, such as chemical etching, electrochemical
machining (ECM), and laser surface modification (LSM). Among these methods, LSM owns several advantages. For
instance, the chemical and ECM etching processes are accompanied by chemical work, which adversely affects the
environment [7]. Besides, in terms of processing time, LSM is considered as extremely fast process which allows short
processing times [8, 9]. For instance, LSM process consumes a much shorter time than chemical etching since the latter
required more procedures [10]. Additionally, LSM also owns a unique advantage which is the capability of fabricating
surface texture with high complexity and accuracy [11, 12]. Due to these merits, LSM has been widely used on different
materials including titanium, stainless steel, ceramic and tungsten carbide [13]. Hence, LSM is regarded as a more
efficient, precise, and versatile approach compared to other surface modification methods.

Based on the mentioned advantages of the LSM process, it would be wise to observe its benefit in enhancing laser
energy absorption for the laser material process in terms of maximum temperature. Hence, in this research, the surface of
the titanium alloy is modified using LSM. The effect of LSM laser power on the surface roughness of titanium alloy were
studied. Besides, the effect of surface roughness towards the heating temperature during laser heating process was also
investigated.
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MATERIALS AND METHODS

Material

The experimental works involved Ti6Al4V, a grade 5 titanium alloy rod with a diamension of 6 mm and 6 mm height.
Next, Table 1 presents the chemical composition while the mechanical properties of the titanium alloy can be seen in
Table 2.

Table 1. Mechanical properties of titanium alloy Ti6Al4V

Properties Ti6AI4V
Melting point 1600°C
Hardness Vickers 60 HV

Thermal conductivity 6.7 W/mK

Table 2. Chemical composition of Ti6AI4V

Elements Ti Fe Al \Y C (0] N H
(wt%%) The rest <0.30 5.50-6.75 3.50-4.50 <0.01 <0.20 <0.10 <0.01

Process Flow

The experimental work, as shown in Figure 1, starts with material pre-processing where the as-received samples are
manually ground. Next, the gritted surface will be modified with different power of LSM parameters. Afterwards, the
surface modified samples proceed to the surface characterization process. In the following, the results of the samples pre
and post LSM will be discussed. This lays the foundation for analyzing the effect of LSM on surface roughness of the
titanium alloy. Further, the modified samples were heated by another laser machine. The power of laser heating was also
varied. The result obtained from this process is the temperature profile measured by an infrared thermometer. Further
details regarding the experimental works will be discussed in the following sections below.

LSM

Laser Infrared

heating thermometer
. Laser surface Surface characterization Laser heating
As-received sample . .
modification process process and temperature

measurement process

Figure 1. Process flow of experimental works

Sample Preparation

Initially, the titanium alloy surface, which will be laser modified, was roughly ground manually using silicon carbide
grits 320 um diameter. Afterward, the titanium alloy will be cleansed using acetone to degrease any contaminants that
might have been present on the samples. The gritted samples will then proceed to the next procedure, laser surface
modification.
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Laser Surface Modification

The laser surface modification experiment was conducted using a fiber laser marking machine, Herolaser ML-MF-
AO01 IPG, with a maximum of 30 W peak power. The machine was operated in pulse wave mode. The titanium alloy's
gritted surface was modified with hatched parallel lines, which has a 0.001 mm distance between them. The setup for the
LSM process can be seen in Figure 2. Furthermore, the laser power's focal length, scan speed, and pulse frequency were
kept fixed, while the laser power was varied throughout the experiment from 9 Watt to 27 Watt. The laser input variables
for LSM are shown in Table 3.

Table 3. Parameter setup for laser surface modification experiment

Laser specification Parameter
Operational mode Pulse wave
Focal length (mm) 19.2
Beam diameter (mm) 0.05
Hatching distance (mm) 0.001
Pulse frequency (kHz) 10
Scanning speed (mm/s) 500
Laser power (W) 9, 18, and 27

Laser scanning
direction

—| l«— Hatching distance

Figure 2. Laser surface modification setup

Surface Characterization

Upon modifying the surface by using the LSM method, the textured surface was analyzed according to the areal
roughness (SA). Areal roughness is one of roughness properties which can be defined as the average roughness over the
characterized area. The areal roughness of the samples were measured by using an OLS5000 3D measuring laser
microscope from Olympus with 20X magnification. The area characterized was set to 648 um x 646 pm throughout the
surface analysis.
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Laser Heating and Temperature Measurement

Following surface characterization, the modified surface of the titanium rod was heated by employing laser radiation
in ambient temperature. The laser heating experiment was conducted using IPG YLM 200/2000 fiber laser machine with
a maximum available laser power of 200 Watt. The laser was operated in continuous wave mode. Besides, the angle of
laser irradiation was set to 18° for the safety of the lens. Process parameters such as laser power, focal length, and heating
duration can be referred to in Table 4. An alumina board was placed under the titanium rod to minimize heat conductivity.

During the laser heating process, the temperature was measured simultaneously using an infrared thermometers
CTLM2HSF300-C3 from Micro-Epsilon. It is worth to note that the device can only measure temperature starting from
385 °C up to 1600 °C. The laser and infrared beam were placed 3 mm away from each other. Both beams were placed in
such way in order to prevent spot overlap which could cause disturbance during temperature measurement. The schematic
diagram of the laser heating and temperature measurement processes are shown in Figure 3.

Table 4. Parameter setup for laser heating experiment

Laser specification Parameter
Operational mode Continuous wave
Focal length (mm) 120
Heating duration (s) 60
Laser power (W) 100, 120 and 140
(a) Angle of laser | (b

irradiation= 18° ‘H‘
\

Y

\

\
\

\
\

Laser Infrared
heating thermometer
6mm
PR
3mm
/] \
Laser v Infrared
heating \ SRt " thermometer
~

Alumina board

Figure 3. Laser heating and temperature measurement setup: (a) front view and (b) top view

RESULTS
Gritted Surface

After grinding the titanium alloy, the surface roughness was measured. Table 5 shows the height and optical image of
the ground surface during material preparation. The sub-micron marks left by mechanical grinding on the surface of the
samples can be seen. Nevertheless, this ground surface of titanium alloy can be considered as relatively flat surface since
the areal roughness is approximately 0.124 pm.
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Table 5. Surface topography of gritted surface with dimension of 648 um x 646 um

Height
scale

um
1

Height image Optical image Intensity image

B

Effect of Laser Power on Surface Roughness

Table 6 shows images of the modified surface structures as a function of laser power. Due to variations in the laser
parameters' power, the changes in surface topography can be seen clearly. High power input generates a new surface
texture that was predominantly following the scan direction but with a more chaotic pattern as shown in the 3D figures.

From the tabulated data in Table 5, the result's trend can be seen in the graph in Figure 4. It shows that the roughness
properties of the surface increase with increasing laser power. According to the trend of the graph, it should be noted that
the surface roughness increases 27 times when radiated with the highest laser power (27W) compared to the gritted
surface. This was because a high laser power able to supply more heat energy during the process. A massive amount of
heat energy from higher laser power could remove more material from the titanium alloy surface. When the material
removal increases, it creates more microgrooves, which will change the surface’s texture and, hence, increase the surface
roughness.

It can be supported by the finding from A Sulaiman, who reported that when a higher laser power usage is applied to
modify the metal's surface, bigger and deeper microgrooves will be produced hence, increasing the surface roughness
[14]. Besides, the increment in laser power was attributed to the increase in energy radiated will also affect the melt pool
homogeneity and size, inducing larger melt tracks, hence producing rough surface [15]. Moreover, the increment of
energy supply during high laser power could create a large diameter spot size that will increase the overlapping percentage
and increase surface roughness [16].
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Figure 4. Effect of variable LSM laser power on surface roughness
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Table 6. Surface topography of modified titanium alloy under variable power with dimension of 648 pm x 646 pm

FI)_:stirr 3D height image Height scale 3D optical image 3D instensity image
pm
20
9 Watt
18 Watt | ©
|
27 Watt
-130

Effect of Surface Roughness on Heating Temperature

In the next stage of this study, a laser heating experiment was conducted based on the modified sample during LSM
earlier. Figure 5 demonstrates the temperature profile for each sample when radiated with the variable power of laser
heating. The samples were heated rapidly for 60 seconds. It should be noted that the laser beam was ceased at t=60 s and
the cooling phase started immediately after that period.

When the specimen with a low roughness value was radiated, it required a longer time to boost the temperature than
the one with a rough surface. For instance, when heated with 100 W laser heating, the non-modified surface took
approximately 20 s more than other modified surfaces to increase the temperature. The rapid rise of temperature was
related to a rough surface's ability to absorb more laser energy compared to a flat surface when heated with similar laser
power. The result obtained was in good agreement with the study reported by Quazi et al., who stated higher energy
absorption can be attained by modifying the surface geometry through increasing the surface roughness [17].

Moreover, when radiating a flat metal surface, a high laser power is required to compensate for low energy efficiency
since there is more energy wasted to the ambient compared to the absrobed energy. Hence, a surface with a high value of
roughness could significantly increase energy efficiency. This is because, there is no need for a high power to perform
laser heating on metal since the low laser power can obtain the same result with a modified surface. This has been reported
by D. Bergstrom [18], who claimed that material with textured surface was found to be one of the main contributing
factors in enhancing the laser energy efficiency. He also added that the mechanism still depends on other factors such as
material and laser wavelength. Hence, surface roughness is definitely a factor that could influence the laser absorptivity,
which resulting in high energy efficiency.

Additionally, the trend of temperature gradients obtained could also be correlated with the laser heating power. This
situation is visible in the profile, at which the temperature gradient of the sample heated with high power is much steeper
than the lower power. This is because, when heated with 140 W, the temperature in the irradiated region exceeds the
melting point of titanium alloy and hence nulling the effect of surface modification. It was stated in the earlier work of
Xie, who discovered that the absorptivity of metals increases when melting temperatures are reached [19]. The surface of
the workpiece melts in a very short time after the high-power laser irradiation begins. On the other hand, heating the
sample with 100 W laser power did not melt the titanium alloy since the laser energy is much lower to melt the surface
layer.
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Figure 5. Temperature profile of laser heating on difference surface roughness

Figure 6 shows the relationship between the surface roughness and the maximum temperature measured when heated
with variable laser power. The diagram represents almost the same trend for all modified surface when heated with laser.
The temperature measured on the modified surface increased significantly when heated with the lowest laser power, 9 W,
and remained enhance as the laser power increased. This shows that the temperature increases when the laser radiates a
high surface roughness. For instance, during laser heating with 100 W laser power, the maximum temperature, 690 °C,
was recorded by the sample with the highest surface roughness value, 27.54 um. It reflects that the laser energy absorption
was improved up to 38% compared to the non-modified surface. The reason for this is that when a laser radiates a rough
and textured surface, the laser energy will be scattered over a larger surface area and increase the absorptivity into the
material [20]. The energy absorbed into the material is then converted to heat energy, concluding the heating temperature
increment. The observation agrees with Maina, who reported that fiber laser's absorption rate could be enhanced when
radiated on an undulate and rough surface [21]. Conclusively, a higher surface roughness by laser surface modification
corresponds to more energy absorption and leads to higher temperature during laser heating.
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Figure 6. Effect of surface roughness on maximum temperature when heated with different laser power
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On the other hand, when a laser radiates onto a non-modified surface, more laser energy is reflected away towards the
atmosphere compared to the energy absorbed into the material. Hence, less energy will be converted to heat and decrease
the temperature measured during the laser heating process. As a result, the laser heating temperature is higher when
radiating on a rough surface than the surface with a small value of roughness.

CONCLUSIONS

In the present study, experimental investigation, and analysis of the laser surface modification on titanium alloy were
made. The effect of laser power was analyzed on the modified surface layer. Besides that, the effect of the modified
surface roughness towards the temperature of laser heating was studied. From the experimental results, the following
conclusions can be drawn:

1. Applying a high laser power during laser surface modification process results in increasing surface roughness
value.

2. Increasing the surface roughness of titanium alloy by laser surface modification method could effectively
enhance the laser heating temperature compared to the non-modified surface layer.

The experimental results of the current research will be useful guidelines for further work for analyzing other surface
characteristic features that can enhance optical properties of the material such as coating formation.
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