E% AIMS Materials Science, 9(4): 554-571.
AIMS DOI: 10.3934/matersci.2022033

%g Received: 15 February 2022
Revised: 14 May 2022

Accepted: 10 June 2022

Published: 15 July 2022

http://www.aimspress.com/journal/Materials

Research article

Influence of laser processing conditions for the manufacture of
microchannels on ultrahigh molecular weight polyethylene coated with

PDMS and PAA

Eko Sasmito Hadi'?* Ojo Kurdi®, Ari Wibawa BS® Rifky Ismail® and Mohammad
Tauvigirrahman?

! Department Naval Architecture, Faculty of Technology, Diponegoro University, JI. Prof Sudharto,
Tembalang, Semarang, Central Java 50275, Indonesia

2 Department Mechanical Engineering, Faculty of Technology, Diponegoro University, JI. Prof
Sudharto, Tembalang, Semarang, Central Java 50275, Indonesia

* Correspondence: Email: ekosasmito@ft.undip.ac.id; Tel: +62-819-012-80458;
Fax: +62-24-76480764.

Abstract: Ultrahigh molecular weight polyethene (UHMWPE) is employed as a bearing material in
a range of applications due to its improved elasticity, compatibility, and impact resistance, processing
conditions for a suitable surface texture are necessary. Surface texture processing on microchannels
using lasers is always associated with the effect of heat damage on the polymer specimen surface.
This study aims to explore the use of polydimethylsiloxane (PDMS) and polyacrylic acid (PAA) in
the form of liquid gel coatings in order to reduce heat damage to surfaces during the laser processing
of ultrahigh molecular weight polyethene (UHMWPE). First, PDMS and PAA were coated on the
surface of the UHMWPE material specimen, and then texturing was performed using a laser diode
and cleaned using the ultrasonic method. Second, the dimensions and texture profiles of all the
samples from this study were measured using a confocal microscope and open source software. In
addition, the effect of adding liquid gel on the surface at 150 pm thickness and laser power
parameters was determined. The results show that the PDMS and PAA liquid gel layers help regulate
the dimensional bulge of the fabricated microchannels at laser powers below 6 watts, compared to
those produced without the coating.
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1. Introduction

Ultrahigh molecular weight polyethylene (UHMWPE) is a widely used polymer in engineering
applications because of its many functional properties, including its high wear resistance,
self-lubrication, high impact resistance, and chemical inertia [1]. It also has low water absorption and
friction properties [2]. Therefore, UHMWRPE is also used in many industrial applications, such as
water-lubricated bearings [3] and bearing bushings [4]. However, there are still some problems when
using UHMWPE as seawater lubricating bearings used in modern ships, namely, the frictional speed
limit is still relatively low [5], and the influence of solid objects dissolved in the lubricating media
causes the wear performance to decrease [6].

Several researchers have devised a variety of strategies for increasing UHMWPE wear
resistance, including mixing pure materials with appropriate fillers, such as nano-diamond [7],
crystallinity [8], cross-linking [9], and the application of texturing on friction surfaces [10].
Producing a variety of textures on the surface of UHMWPE can reduce the polymer contact surface
temperature and the friction coefficient [11]. The presence of well-defined and precise textures
minimises the contact area, and the load is divided equally between the pressure of the fluid film and
the asperity contact. The lubricant medium trapped in the surface also provides space for a different
medium [10]. Several texture-making techniques based on various processes, such as
microindentation [12], electroerosion [13], and textured lasers [14], have been developed. Among
these processes, laser surface texturing (LST) has received considerable attention because of its
unique advantages, including rapid processing, high efficiency, excellent control, environmental
friendliness, and the ability to create surface textures with increased complexity and accuracy [15].

Several studies have sought to determine the influence of textures on the tribological
performance of UHMWPE. Zhang et al. [16] analysed the friction properties of different patterned
geometries, including rectangles, circles, and triangles, and found that squares and rectangles provide
superior characteristics to rings. However, the creation of textured geometries using laser texturing is
challenging because of the high melting viscosity of UHMWPE. Dougherty et al. [10] examined the
influence of variations in the lubrication regime and load speed on reducing the friction coefficient of
UHMWPE. A 50% reduction in the friction resistance of textured UHMWPE (vs. untextured
UHMWPE) was obtained as the lubrication regime shifted from boundary to mixed to full
lubrication. Riveiro et al. [17] found that adding dimple textures to the surface of the UHMWPE
material improved its tribological performance, with textured UHMWPE beating untextured
UHMWPE in a wear test under different loading conditions.

Several researchers have concentrated on using a laser to create surface textures on polymer
materials. Riveiro et al. [17] studied the effects of some laser texturing conditions, such as the
scanning speed, pulse frequency, place overlap, and irradiance, on controlling the melt viscosity and
changing the cell-material interactions of UHMWRPE. Previous researchers [18] used a carbon-plated
UHMWPE sample and laser processing to produce textures on the polymer surface with specific
dimensions. Also, the influences under different conditions were studied, such as at room
temperature, at freezing temperatures by having an ice layer, using distilled water, and using
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aluminium foil with varying laser processing parameters, including scanning speed, pulse frequency,
and laser intensity. The group found that producing a layer of distilled water on the UHMWPE disk
does not help create required textures. Textures with specific dimensions could be manufactured
using aluminium foil plating. However, details of the dimensions and morphology of the sample
surface were not described. The researchers [19] investigated laser ablation on PMMA covered
with 2 mm layers of water, ethanol, and air. This work discussed the depth, width, aspect ratio, and
HAZ obtained, but did not discuss the occurrence of bulging. In addition, researched the laser
ablation of PMMA with a coating of kraft tape or a microfluidic device and discussed the influence
of laser power and scanning speed on the resulting groove width and depth [20]. However, this work
did not address the issue of bulging.

Numerous researchers have focused on applying lasers to the creation of textures on polymer
materials. However, even though water, ethanol, kraft tape, and aluminium foil have been utilised to
obtain the required forms, the heat damage impact induced by the laser has yet to be fully addressed.
Furthermore, to the best of our knowledge, there is no literature on precisely controlling and
practically melting viscosity to create textures with specific dimensions. The process parameters
heavily influence direct laser texturing of the material surface, such as laser power, scan speed, beam
point size, and the number of passes. In general, the groove depth and width increase with increasing
laser power for a given laser point size. Therefore, it is essential to cover or coat the surface of
UHMWPE with a more flame retardant material to prevent heat damage and achieve a more
acceptable shape. Here we present a study investigating the use of the UHMWPE surface coating
method using a liquid gel with flame retardant and flame retardant properties to achieve the desired
texture on polymer surfaces via laser processing. The liquid gel layers used were PDMS and PAA.
The PDMS gel material has the characteristics of high flexibility [21], excellent electrical
insulation [22], and heat resistance to temperatures exceeding 250 °C [23].

On the other hand, PAA is frequently utilised as a multifunctional addition for
intumescent-based and flame-retardant coatings [24]. It also has a low heat release capability when
compared to other polymer materials, including certain refractory ones [25]. This work investigates
the use of PDMS and PAA as protective surface coatings for UHMWPE in laser surface texture
processing, the texture quality, depth, and width of the texture grooves generated by the laser on the
surface of the UHMWPE were investigated.

2. Materials and methods
A UHMWPE (Henan Sanyou Plastic Engineering Development Co., Ltd) with a thickness
of 5 mm and a density of 1000 kg/m® was used in this research. The dimensions and properties of the

UHMWPE specimen are given in Tables 1 and 2. A black sample was chosen because it absorbs
elasticity well and is easy to see when being analyzed.
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Table 1. Physical properties of the specimen.

Property Value
Width 5mm
Length 10 mm
Thickness 5mm
Colour Black

Surface roughness

0.2-0.25 +0.04 pm

Table 2. Physical properties of the UHMWPE [26].

Property Value
Melting temperature (°C) 132-138
Molecular weight (10° g/mol) 35-75
Specific gravity 0.925-0.945
Poisson’s ratio 0.46
Modulus of elasticity (GPa) 0.5-0.8
Tensile ultimate strength (MPa) 39-48
Tensile yield strength (MPa) 21-28
Tensile ultimate elongation (%) 350-525
Degree of crystallinity (%) 39-75
Impact strength (J/m of notch) 1070
Wear rate (mm®/10° cycles) 80-100

The liquid gel material PDMS (Zaoyang Jinpeng Chemical Co., Ltd:—Index Item 201-20) is
distinguished by its great flexibility [21], superior electrical insulation [22], and resilience to
temperatures above 250 T [23]. In addition, PDMS has transparent optical properties, is inert,
nontoxic, flexible, biocompatible, and non-flammable [24]. The PDMS properties are summarised in

Table 3.
Table 3. Physical properties of PDMS polymers [25, 27].

Property Value
Mass density 0.97 kg/m®
Poisson ratio 0.5
Specific heat 1.46 kl/kg'K
Thermal conductivity 0.15 W/mK
Relative dielectric constant 2.3-2.8
Index of refraction 1.4
Electrical resistivity 4 <10" O'm
Magnetic permeability 0.6 <10° cm®/g
Boiling point 155-220 C
Melting point ~—40 T

PAA (Zhengzhou Meiya Chemical Products Co., Ltd: CAS NO. 9003-01-4) is often used as a
multifunctional additive for intumescent-based and flame-retardant coatings [28]. PAA also has a low
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heat release capacity comparable with that of other polymer materials, including some that are flame
retardant [29]. In addition, PAA has a high thermal conductivity (approaching 0.4 W/m-K), which
appears between the polymer chains with the ability to form hydrogen bonds. Since hydrogen bonds
are substantially more robust than the conventional van der Waals interactions between polymer
chains, the results are consistent with increased heat transfer due to strengthened intermolecular
connections [30]. The properties of PAA are summarised in Table 4.

Table 4. Physical properties of the PAA polymer [27,30,31].

Property Value
Density 1.09 (30% aq.)
Boiling point 116 T
Melting point 106 €
Thermal conductivity 0.37 W/m'K
Molecular formula (CsH409)N
Molecular weight 72.06270
Flash point 61.6 <C
Exact mass 72.02110
PSA 37.30000
LogP 0.25700
Index of refraction n20/D 1.442

A custom diode laser system was used to manufacture microchannels on the polymer substrate.
This laser system includes a laser head diode (OPT-A-B20000, Sharp Corp., Japan), a two-step
motor (35HSH24140-18, Sanyo Denki Electric Co., Ltd., Japan), a microcontroller (Arduino Uno
Rev 3, Arduino, Italy), and two steel rails. The wavelength of the laser diode used in this study
was 520 nm. Another structural component of the proposed laser system enabled cutting of the
UHMWPE plate (thickness, 8 mm). The system output power could be adjusted from 0 to 20 W, and
the laser head could move in the X and Y directions with scan speeds ranging from 0 to 70 mm/s.

The process of creating a microchannel on UHMWPE is shown in Figure 1. First, the
UHMWPE specimen (Figure 1a) was coated with a 150 pm-thick PDMS and PAA layer via screen
printing (Figure 1b). Begin by placing a screen 3 mm above the surface of the UHMWPE. A liquid
gel is placed at the top of the screen, and a squeeze is used to push the liquid gel through the holes in
the screen. With a slight downward force, move the squeegee to another part of the screen. This
effectively fills the gauze holes in the screen with liquid gel. The liquid gel in the screen opening
seems to be forced by capillary action onto the UHMWPE surface in a certain amount, which is in
the form of liquid gel deposits proportional to the thickness and size of the screen. When the
squeegee moves to the other side of the screen, the screen tension will pull the screen away from the
UHMWPE surface, leaving a liquid gel on the UHMWRPE surface. This method was discussed by
Wang et al. [32]. The American Society for Testing and Materials (ASTM) D1212-91 [33] was used
to measure the surface coating. Second, polymer sheets coated with the liquid gels were engraved
using a laser diode (Figure 1c) with the parameters shown in Table 5. Third, the etched UHMWPE
substrate was washed with distilled water in an ultrasonic cleaning machine for 10 minutes to
remove the liquid gel and ablated materials (Figure 1d). The results of the UHMWPE engraving by
diode laser (Figure 1e) were visualised using a trinocular metallurgical material science industrial
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instrument equipped with a 34 MP camera (ME300TZB-2L-9M, AmScope-United Scope, Canada)
and evaluated using Gwydion (http://gwyddion.net/) [34] and ImageJ (https://imagej.nih.gov/ij/) [35]
software.

Table 5. Parameters used in the experiment.

Process parameter Value

Laser average power (W) 1,2,3,4,56,7,8

Laser pulse duration (ns) 130

Laser pulse frequency (kHz) 20

Laser traverse speed (mm/s) 10

Processing environment Air, PDMS liquid gel, PAA liquid gel
Liquid gel thickness (jam) 150

liquid gel (PAA or PDMS)

laser

beam Ablation
residual
results

(a) (b)

(e) (d) g

Utrasonic cleaner

UHMWPE

Figure 1. Schematic of the experimental procedure: (a) Specimens are cut to size
following Table 1; (b) PDMS or PAA-coated specimen; (c) A laser diode was used to
engrave the liquid gel-coated sample using the parameters listed in Table 5; (d) The
ultrasonic approach was used to clean the engraved specimen; (¢) The model is now
ready for confocal microscope examination.

A collimated laser beam passing through the focusing lens of the laser system used in this work
obtains a focused laser beam diameter of 12.6 um in air. The laser beam must travel through a liquid
gel layer in the case of ablation in PDMS and PAA. Thus, the beam’s diameter on the workpiece
surface is altered by refraction, as shown in Figure 2a. According to Snell’s law, the diameter of a
laser beam on a working surface (dp) in liquid form can be calculated as follows [36]:
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where |, M, ©,, D, F, and h, are the laser wavelength (520 nm), laser beam quality (2.27), refractive
angle of the laser beam in liquid (PDMS, 5.452< PAA, 5.2929, diameter of the collimated laser
beam entering the focusing lens (10.2 mm), focal length of the focusing lens (38 mm), and the liquid
layer thickness (0.15 mm), respectively. According to Eq 1, the diameters of the laser beam as it
passes through the PDMS and PAA liquid gel layers are 14.05 and 14.88 um, respectively.

I D =
| |
Laser
rjifﬁ;l\j—
4o, Foooair
h . W
T! b 2 \9, Liquid Gel l h1
A
UHMWPE h2 1
(a) (b)

Figure 2. Laser ablation under a liquid layer: (a) refraction of a laser beam in a liquid gel
layer, and (b) measurements of the groove geometries.

Thermal damage and melting ejection of materials from the surface are detected when the laser
comes into contact with the workpiece’s surface. Mannion et al. [37] wrote about the laser intensity
threshold for material removal (1,) in the following way:

2\N2
Inzloexp(— T j (2)

where 1, lo, W, and dp are the laser intensity for material removal, the laser beam intensity, the
observed groove width, and the laser beam diameter, respectively. The Tangwarodomnukun and
Chen [19] and Furziko [38] methods may be used to estimate the groove width (W) of the
microchannel formed on the specimen’s surface, as shown in Figure 2b, as follows:

N
W d_b[m'_oy ©)

2 I

n

where B is an empirical coefficient added to the model to adopt effects that were not considered,
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including the plasma protective effect, the reflection of laser beams in the truncated channel, the
backpressure, and evaporation dynamics, where the coefficient B is applied to the logarithmic
function of the laser intensity ratio resulting from Eq 2. The groove depth (h,) can be estimated using
the method of Tangwarodomnukun and Chen [19] as follows:

o
h, {7ﬁ(§+ s H {In:—o} ' @

where vy, |, n, a, k, and v are another empirical coefficient, the laser wavelength (520 nm), the
refractive index of the work material (1.528), the absorption coefficient of the work material
(562 cm 1) [39] the thermal diffusivity of the work material (1.223 x 10" m?/s) [40] and the laser
speed (10 mm/s), respectively. Coefficient y is added to Eq 4 because this coefficient is related to the
level of laser absorption and plasma formation in different media, which varies according to the
depth of laser beam penetration.

Each test measurement was obtained five times to meet the statistical analysis requirements
with a 95% confidence level, the laser power was increased by 1 Watt, and an analysis of variance
(ANOVA) was performed. ANOVA was applied to determine the significance of the laser power
parameters and ablation environment on the groove width, groove depth, and bulge formation.

3. Results and discussion

The general laser ablation process is the same across many lasers machining applications,
including laser beam milling, high-precision drilling, and laser cutting. Ablation is a mix of
evaporation and melt release processes. Electrons on the substrate are activated by laser photons
when a focused beam of laser light strikes the specimen surface [41], as shown in Figure 3a. As
predicted by Beer-Lambert’s law [41,42], this excitation generates heat by absorbing photon energy.
Beer Lambert’s law says that the amount of light absorbed depends on how thick the material is and
how bright the light source is. The heating action causes the material to melt or evaporate, resulting
in a loss of macroscopic material from the substrate. Plasma clumps arise as a result of the transition
from solid to gas. A variety of mechanisms accomplish this phase change. The initial heat produced
by laser photon absorption causes the creation of a melt pool in the laser substrate contact zone. As
the pulse penetrates, the temperature rises, and the melt pool evaporates [43]. The molten material is
then pushed from the pool, from which it is expelled by the high pressure developed during
evaporation, commonly known as the recoil pressure [44], as shown in Figure 3b. The ejected
material is a source of concern because of redeposition on the substrate or contact zone [45,46]. The
liquid can undergo an explosive liquid-vapour phase transition if the temperature in the
laser-substrate interaction zone is raised further [47,48]. The fluid phase dynamics and vapour
conditions in this process are highly complicated, and the resolidification of the liquid material leads
to a geometric change in the ablation features. As shown in Figure 3c, the surface of the specimen
coated with a liquid gel has a heat-absorbing effect that reduces melting or evaporation of the
material, preventing the removal of macroscopic material from the substrate and reducing the
formation of plasma clumps. The recoil pressure that occurs is not strong enough to push the liquid
material out of the pool (Figure 3d).
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Figure 3. llustration of the UHMWPE surface using direct laser ablation. (a) without
liquid gel; (b) molten material is pushed from the pool by the recoil pressure; (c) with
liquid gel; (d) The recoil pressure is not powerful enough to make the liquid material out
of the pool.

Figure 4 shows the surface of an uncoated UHMWPE specimen after being subjected to a laser
beam with a power of 4 Watts and a transverse speed of 10 mm/s. The confocal microscope
acquisition result is shown in Figure 4a, which indicates that the UHMWPE surface has bulges
caused by the ablation process at the margins of the created microchannel. Figure 4b,c show the
produced microchannels’ 3D surface topography and dimensional characteristics.

Each UHMWPE specimen was coated with PAA or PDMS with a thickness of 150 pm, as
shown in Figures 5 and 6, and almost no significant bulge was generated. Moreover, the initial heat
reduction by the liquid gel layer caused by the absorption of laser photons by the substrate results in
the production of a relatively small melt pool in the interaction zone of the laser substrate compared
to that without the liquid gel layer. These comparisons are represented in Figures 4—6c¢. The Gaussian
distribution is followed by the resulting characteristic dimensional profile [49]. However, as shown
in Figure 4c, it starts to enlarge due to the influence of overheating. Because the energy absorption
diode laser is evenly distributed in the UHMWPE material, the profile at the bottom of the created
microchannel tends to be half-circular. When the ablation process is done, a half-circular profile is
left on the bottom of the pool [20].
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Figure 4. Visualization of the UHMWPE surface using direct laser ablation in air. (a)
Acquisition of confocal microscopy, (b) 3D microchannel, (c) microchannel profile.
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Figure 5. Visualization of the UHMWRPE surface using direct laser ablation with PAA

coating. (a) Acquisition of confocal microscopy; (b) 3D microchannel; (c) microchannel
profile.
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Figure 6. Visualization of the UHMWPE surface using direct laser ablation using PDMS
coating. (a) Acquisition of confocal microscopy; (b) 3D microchannel; (c) microchannel
profile.

Figure 7a presents the microchannel widths generated by different laser powers in ablation
environments. Increasing the laser power can increase the groove width formed on UHMWPE
because the high heat of the laser leads to melting and evaporation of the working material in the
laser irradiation area and expands the cutting channel. The width of the microchannel produced by
air ablation has a roughly linear relationship with laser power. Nevertheless, the width of the liquid
gel layer tends to be reduced for laser powers below 6 watts. However, the microchannel
widths obtained from ablation in air and the liquid gels are not significantly different at laser powers
above 6 W. This finding may be explained by the evaporation of the liquid gel, which reduces the
thickness of the liquid coating on the surface of the working material and results in an ablation
behavior that is similar to that in air at higher laser powers. The microchannel width obtained during
the laser ablation of UHMWPE specimens coated with PDMS liquid gel is smaller than that obtained
from ablation in air and PAA liquid gel. Because PDMS can withstand high temperatures [23,50],
heat conduction towards the working object material is limited, and the expansion of the
microchannel width is inhibited. As a result, the boiling point of PDMS is higher than that of PAA
(155-220 <T versus 116 <C), and the former does not evaporate quickly and remains largely on the
working surface during ablation. It is also influenced by the optical properties of the liquid gels.
Specifically, the bias index of PDMS is lower than that of PAA, and the bias angle of the former
(5.4529 is more significant than that of the latter (5.292). The bias angle is therefore proportional to
the laser beam (Eq 1). When ablation is done on PDMS, the laser irradiation area and groove width
are smaller than when ablation is done on PAA.
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Figure 7. The influence of the laser power and ablation conditions on (a) the channel
width, (b) channel depth, and (c) channel bulge.

Figure 7b shows the influence of the average laser power and ablation environment on the
groove depth. The results are similar to the previous findings on groove width; i.e., increases in the
laser power increase the amount of UHMWPE eliminated, thereby causing broader and deeper
grooves. When PDMS and PAA liquid gels are used as cooling media, the depth of the grooves
obtained is much shallower than that obtained in air. The high thermal conductivity of the liquid gels
(PDMS, 0.15 W/m K; PAA, 0.37 W/mK) may be a factor restricting heat penetration into
UHMWPE. The liquid gel evaporation rate is relatively low at laser strengths below 6 W, and the
liquid gel coating absorbs the laser beam. Such absorption can reduce the intensity of the laser before
it reaches the material surface, preventing deeper ablation. Meanwhile, with laser powers greater
than 6 watts, the gel layer no longer functions as a cooling medium, and the characteristic of the
depth of the microchannel produced is close to the ablation effect in the air.

Figure 7c indicates that the bulge on the surface of the UHMWPE without the PAA and PDMS
coatings (i.e., in air) is quite large and tends to have a linear characteristic with increasing laser
power. This finding can be explained as follows. As the laser energy increases, the surface of the
local material undergoes liquefaction and rapid evaporation. The temperature rises to a certain level
because of the incoming energy pulses, and the melt pool reaches evaporation conditions, during
which a high pressure develops. This pressure, known as the recoil pressure, drives the liquid
material out of the created pond [44]. The recoil pressure then depends on the average laser power
density [51]. When the laser energy causing the recoil pressure is significant and the surface tension
gradient becomes positive because of the temperature rise, a radial inward flow pushes the liquid
material towards the outside. The cooling effect of PDMS and PAA on the liquid surface tension
tends to be smaller than the liquid volumetric style and the tilt of the duct wall, resulting in liquid
UHMWPE flowing to the base of the channel. Significant bulging does not occur when surfaces
coated with PAA are ablated at laser powers below 6 W. When the laser power exceeds 6 W, the
temperature gradient causes some liquid gel to evaporate. Zhou et al. [52] also saw this happen, but
they did it with different materials.

Figure 8a shows that laser grooving of UHMWPE in air provides the most significant aspect
ratio of depth to width or grooves. The aspect ratios obtained on surfaces coated with PDMS and

AIMS Materials Science \Volume 9, Issue 4, 554-571.



566

PAA seem to change slightly when laser powers greater than 6 W are used, likely because of the
expansion of the plasma with increasing laser power. When there is significant plasma expansion
across the region emitted by the laser, the laser beam cannot efficiently target the workpiece's surface;
instead, the laser energy is absorbed by the plasma, and the plasma becomes a heat source. Thermal
radiation from plasma can enlarge the groove in any direction, and the aspect ratio of the groove is
slightly changed. This ratio consistently increases with the laser power during air ablation because of
the absence of the material cooling effect. If the cooling liquid gel reduces the plasma density, most
of the laser beam penetrates the workpiece in order to widen the grooves. The laser used may also
have greater transparency when applied to the polymer. This property allows diode laser energy
absorption to be distributed evenly throughout the material. After occurrence and evaporation, the
microchannel forms a half-circular profile. This phenomenon was also observed by Gao et al. [20].

The aspect ratio (hi/hy) formed beneath the PDMS and PAA coatings is generally 2.5 times
smaller than those obtained without the coating, as shown in Figure 8b. This finding may be
explained by the reduction in the recoil pressure in the liquid gel system due to the loss of laser
energy through coating adsorption and evaporation of the liquid gel. The liquid gel also prevents heat
accumulation by absorbing heat. The liquid gel has a higher heat capacity and thermal conductivity
than air, which affects the direction of the liquid polymer flow caused by the surface tension gradient
due to the temperature drop. Under almost all of the tested laser powers, the geometric shapes of the
bulges made by the liquid gel coatings are smaller than those made in the air.
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Figure 8. Effect of the laser power and ablation conditions on microchannel aspect ratio
profiles. (a) aspect ratio (ho/W), (b) aspect ratio (hi/hy).

After fitting the experimental data to Eqs 3 and 4, the coefficient B and the laser intensity
threshold (Iy,) obtained were 0.21 and 0.0374 mW/cm? below the R2 value of 95%. Figure 9a,b show
the measured and predicted widths and depths of grooves obtained under various laser intensities and
ablation environments. As shown in the figure, the width and depth of the grooves increase with
increasing laser intensity. The increasing trend tends to be linear for UHMWRPE ablation in air and
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appears to conform to a second-order polynomial equation for ablation in liquid gel due to the
thermal properties of the PDMS and PAA coatings. However, as the energy intensity of the laser
increases and the liquid gel layer begins to evaporate, the results of ablation in the liquid gel
environment tend to be identical to those obtained in air. The presence of a liquid gel layer provides
thermal conductivity to cool the workpiece during ablation. According to Figure 9a,b, the prediction
model results are generally consistent with the experimental results. Differences between the
observed and predicted results may be attributed to other nonlinear characteristics of the laser beam
and interactions with the workpiece material. Based on the experimental findings, a low laser
intensity setting is recommended during UHMWPE ablation to provide the appropriate geometric
aspect ratio characteristics while avoiding undesirable shape damage due to heat damage on the
surface of the UHMWPE material. High machining performance may be obtained when a liquid gel
PDMS and PAA are used to achieve the laser texturing of UHMWPE, resulting in relatively lower
groove aspect ratios and bulge sizes than those obtained in an air environment.
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Figure 9. Comparison between the predicted and measured (a) channel depths and (b)
channel widths under various laser intensities.

5. Conclusions

The optical and thermal effects of the laser ablation environment on the UHMWPE surface
geometry and morphology were examined. Specifically, PDMS and PAA liquid gels were selected as
media to promote UHMWPE laser grooving. The experimental findings revealed that the average
laser power increases the width, depth, and bulge size. Cleaner surface textures, less deposition, and
less thermal damage could be obtained when ablation was performed in a liquid gel environment
with a relatively low laser energy intensity. However, at specific laser energy intensities, for example,
when the laser energy intensity can vaporise the liquid gel layer, the aspect ratio and bulge size
obtained in the liquid gel environment were similar to those obtained from ablation in air.
Furthermore, the results of this study are preliminary, so further research is needed to improve
UHMWPE microchannels by coating with PDMS or PAA in order to provide significant benefits for
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UHMWPE laser processing through surface coating with PDMS and PAA liquid gels and further
enhance the laser ablation process on polymeric materials to reduce heat damage in fine-scale
industrial manufacturing.
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