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Pulsed lasers are lasers with a single laser pulse width of less than 0.25 s, operating
only once in every certain time interval. Commonly used pulsed lasers are nanosecond,
femtosecond, and picosecond lasers. A pulsed laser produces short pulses with a short
interaction time with the material, which can largely avoid impact on the thermal move-
ment of molecules and has a minimal thermal impact on the surrounding materials, thus,
having significant advantages in precision microfabrication. It is now widely used in
flexible electronics, chips, medicine, and other fields, such as photographic resin curing,
microwelding, vision correction, heart stent manufacturing, etc. However, as an emerg-
ing processing technology, the application prospects of pulsed lasers have yet to be fully
expanded, and there is still a need to continuously explore the mechanisms of interaction
with materials, to manufacture advanced functional structures, and to develop advanced
process technologies.

There are six papers published in this Special Issue focusing on pulsed laser machin-
ing. From metallic [1,2], inorganic [3] and polymeric [4,5] materials to biomass materi-
als [6], from surface texture microstructures [1] and grain microstructures [2] to various
types of functional contour structures [4,5], from the laser processing of metallic materi-
als [1,2] and inorganic nonmetallic materials [3] to polymeric materials [4,5], from flexible
electronics [4,5] and new energy batteries [1] to biomedicine [6], the articles in this Special
Issue explore the specific applications of pulsed lasers in various fields.

In pulsed laser processing of metallic materials, Berhe et al. [1] studied the wettability
behavior of structured and unstructured LiFePO4 electrodes. Firstly, the wettability mor-
phology of the structured electrode was analyzed, and the electrode geometry as quantified
in terms of ablation top and bottom width, ablation depth, and aspect ratio. From the
result of the geometry analysis, the minimum measured values of aspect ratio and ablation
depth were used as structured electrodes. Laser structuring with pitch distances of 112 µm,
224 µm, and 448 µm was applied. Secondly, the wettability of the electrodes was measured
mainly by total wetting time and electrolyte spreading area. This study demonstrates that
the laser-based structuring of the electrode increases the electrochemically active surface
area of the electrode. The electrode structured with 112 µm pitch distance exhibited the
fastest wetting at a time of 13.5 s. However, the unstructured electrode exhibited full wet-
ting at a time of 84 s. Further, Fu et al. [2] studied the microstructure of a pulsed laser beam
welded oxide dispersion-strengthened (ODS) eurofer steel. With a laser power of 2500 W
and a duration of more than 3 ms, full penetration could be obtained in a 1 mm thick plate.
Material loss was observed in the fusion zone due to metal vaporization, which can be
fully compensated by the use of filler material. The solidified fusion zone consisted of an
elongated dual phase microstructure with a bimodal grain size distribution. Nano-oxide
particles were found to be dispersed in the steel. Electron backscattered diffraction (EBSD)
analysis showed that the microstructure of the heat-treated joint was recovered with a
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substantially unaltered grain size and lower misorientations in different regions. The exper-
imental results indicate that joints with fine grains and dispersed nano-oxide particles can
be achieved via pulsed laser beam welding using a filler material and a postheat treatment.

In the pulsed laser processing of inorganic nonmetallic materials, Wang et al. [3]
presented a facile laser-based surface texturing technique to modulate and control the
surface functionalities (i.e., wettability and hardness) of Zr-based BMG. Laser surface
texturing was first utilized to create periodic surface structures, and heat treatment was
subsequently employed to control the surface chemistry. The experimental results indicated
that the laser textured BMG surface became superhydrophilic immediately upon laser
texturing, and turned superhydrophobic after heat treatment. Through surface morphology
and chemistry analyses, it was confirmed that the wettability transition could be ascribed
to the combined effects of the laser-induced periodic surface structure and controllable
surface chemistry. In the meantime, the microhardness of the BMG surface had been
remarkably increased as a result of laser surface texturing. The facile laser-based technique
developed in this work has shown its effectiveness in modification and control of the
surface functionalities for BMG, and it is expected to endow more useful applications.

In the pulsed laser processing of polymeric materials, Xu et al.’s [4] studies on the ther-
moplastic PET film and on temperature field-assisted ultraviolet nanosecond (UV–ns) pulse
laser processing of polyethylene terephthalate (PET) film were performed to investigate
the photothermal ablation mechanism and the effects of temperature on laser processing.
The results showed that the UV–ns laser processing of PET film was dominated by the
photothermal process in which PET polymer chains decomposed, melted, recomposed and
reacted with the ambient gases. The ambient temperature changed the heat transfer and
temperature distribution in the laser processing. Low ambient temperature reduced the
thermal effect and an increase in ambient temperature improved its efficiency. Following
on further, Wu et al. [5] prepared a contact spacer for a flexible tactile sensor using a
thermoset polymer PI film UV–nanosecond laser cutting process. Taking a three factor,
five level orthogonal experiment, the optimum laser cutting process was obtained (pulse
repetition frequency 190 kHz, cutting speed 40 mm/s, and RNC 3). With the optimal
process parameters, the minimum diameter was 24.3 ± 2.3 µm, and the minimum HAZ
was 1.8 ± 1.1 µm. By analyzing the interaction process between nanosecond UV laser and
PI film, the heating–carbonization mechanism was determined, and the influence of the
process parameters on the quality of a micro-hole was discussed in detail in combination
with this mechanism. It provides a new approach for the quantitative industrial fabrication
of contact spacers in tactile sensors.

In the pulsed laser processing of biomass materials, Michalik et al. [6] deals with
the medical application of diode-lasers. A short review of medical therapies is presented,
considering the wavelength applied, continuous wave (cw) or pulsed regimes, and their
therapeutic effects. Special attention was paid to the laryngological application of a pulsed
diode laser with wavelength 810 nm, and the dermatologic applications of a 975 nm laser
working at cw and pulsed mode. The efficacy of the laser procedures and a comparison of
the pulsed and cw regimes is presented and discussed.

I would like to take this opportunity to thank all the authors for submitting their
papers to this Special Issue. I would also like to thank all the reviewers for dedicating their
time and helping to improve the quality of the submitted papers.
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Abstract: Understanding the mechanism of and how to improve the laser processing of polymer
films have been important issues since the advent of the procedure. Due to the important role of a
photothermal mechanism in the laser ablation of polymer films, especially in transparent polymer
films, it is both important and effective to adjust the evolution of heat and temperature in time and
space during laser processing by simply adjusting the ambient environment so as to improve and
understand the mechanism of this procedure. In this work, studies on the pyrolysis of PET film and
on temperature field-assisted ultraviolet nanosecond (UV-ns) pulse laser processing of polyethylene
terephthalate (PET) film were performed to investigate the photothermal ablation mechanism and
the effects of temperature on laser processing. The results showed that the UV-ns laser processing of
PET film was dominated by the photothermal process, in which PET polymer chains decomposed,
melted, recomposed and reacted with the ambient gases. The ambient temperature changed the heat
transfer and temperature distribution in the laser processing. Low ambient temperature reduced the
thermal effect and an increase in ambient temperature improved its efficiency (kerf width: 39.63 µm at
−25 ◦C; 48.30 µm at 0 ◦C; 45.81 µm at 25 ◦C; 100.70 µm at 100 ◦C) but exacerbated the thermal effect.

Keywords: laser processing; PET film; transparent polymer; temperature field; ultraviolet nanosec-
ond pulse laser; laser photothermal ablation

1. Introduction

Polymer films are widely applied in electronic devices [1], flexible devices [2], en-
ergy devices [3], etc. [4,5], due to their unique physical and chemical properties. Thus,
high-precision processing methods for polymer films have received increasing attention.
In particular, the rapid development of large-scale integrated circuits and various func-
tional elements has created higher requirements for the processing precision, quality and
efficiency of polymer films. Laser processing, as a non-contact processing method, has
received growing attention due to its adaptability, low divergence and ability to render the
selective removal of polymers with high spatial resolution [6,7], and it is widely applied
in the processing of a variety of materials such as metals, glasses, polymers, etc. [8–12]
Therefore, the high-precision laser processing of polymer films has attracted much attention
due to its unique advantages [12]. In past decades, many polymers have been studied for
laser micromachining such as polyethylene terephthalate (PET) [13], polyimide (PI) [14],
polydimethylsiloxane (PDMS) [15], polymethyl methacrylate (PMMA) [16], polytetrafluo-
roethylene (PTFE) [17], etc. [4,18] However, questions regarding the improvement of the
precision, quality and efficiency of laser processing, as well as the laser ablation process
and mechanism, still prevail.
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According to the principles of laser processing and previous research„ there are three
ways to improve the procedure by changing the interactions between lasers and materials:
(1) adjusting the parameters of lasers, such as power, wavelength, pulse width, etc. [19,20]
(2) adjusting the physical or chemical properties of materials, such as absorption coefficient,
reflectivity, thermal conductivity, etc. [21–23] (3) adding physical fields or changing the
external chemical environment such as temperature field, electromagnetic field, supersonic
wave or specific chemical solutions [24,25]. Adjusting the laser parameters is an effective
method to improve processing quality, but its effectiveness is limited in certain materials.
Furthermore, although changing the material properties can bring some improvement,
usually this change is irreversible and difficult for the formed polymer films. Compared
with the above two methods, adding physical fields or changing the external chemical
environment is more simple, effective and widely applicable.

The laser ablation process of polymer films is a combination of photothermal and
photochemical processes [26]. Between these two mechanisms, the photothermal mecha-
nism plays an important role in laser processing, especially for transparent polymer films
with poor absorption. Therefore, the absorption, conversion and transfer of heat, as well
as the change and distribution of temperature, affect the ablation and decomposition of
polymer films during laser processing in important ways. This is key to correctly managing
the evolution of heat and temperature in time and space during the laser processing of
polymer films via simple adjustments to the ambient environment, so as to improve the
procedure. It also helps to understand the process and mechanism of the laser processing
of polymer films.

In this study, an external temperature field was applied to assist the laser processing
of polymer films to investigate the effects of ambient temperature on the procedure, which
made the laser ablation mechanism clearer and more understandable. The selected experi-
mental material was PET film, which is widely used in both the electronics industry and
daily life [27,28]. The applied laser was an ultraviolet (355 nm) nanosecond (UV-ns) pulse
laser due to it being less expensive and possessing an appropriate wavelength for polymer.
Firstly, thermogravimetric analysis (TGA), thermogravimetric analysis, Fourier transform
infrared spectroscopy (TGA-FTIR), pyrolysis–gas chromatography-mass spectrometry (GC-
MS) and Raman spectrometry were performed to study the thermal decomposition process
and laser photothermal ablation mechanism of PET films. Secondly, laser processing experi-
ments (single-spot ablation and line ablation) of PET films at various ambient temperatures
(−25 ◦C, 0 ◦C, 50 ◦C, 75 ◦C, 100 ◦C) were performed to investigate the effects of ambient
temperature on the morphology and geometric characteristics (size, processing area, heat
affected zone (HAZ)) of features (hole and kerf) so as to study the influencing mechanism
of ambient temperature on the laser processing of PET film. The results showed that the
laser processing of PET film was dominated by the photothermal decomposition process,
in which PET polymer chains decomposed, melted, recomposed and reacted with the
ambient gases. Changes in ambient temperature affected the laser processing of PET film:
an increase in ambient temperature changed the heat transfer and temperature distribution
during the laser processing, while a lower ambient temperature reduced the thermal effect.
Increasing ambient temperature also improved the efficiency (kerf width: 39.63 µm at
−25 ◦C; 45.81 µm at 25 ◦C; 100.70 µm at 100 ◦C) but exacerbated the thermal effect. This
work provides effective methods to study the laser processing mechanism of polymer films,
as well as an approach to improve this procedure.

2. Materials and Methods

2.1. Materials

The raw material that was processed was commercial transparent PET film (Thickness:
0.2 µm), supplied by Xilu Photoelectricity Technic CO., LTD (Shenzhen, China).

6
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2.2. Laser Processing System

The laser processing system used was an experimental platform built by the team. As
shown in Figure 1a, the laser processing system consisted of an ultraviolet nanosecond (UV-
ns) laser (Poplar-355-15A5, Wuhan Huaray Precision Laser Co. Ltd., Wuhan, China), two
reflectors, a three-dimensional scanning galvanometer (intelliSCAN 14, Scanlab, Puchheim,
Germany), a beam expander, a proportion–integral–differential (PID) temperature control
platform and a computer. The output power of the laser was controlled by adjusting laser
repetition frequency and measured with a power meter. The specific parameters of the
laser processing system are listed in Table 1. PET film samples were placed on the PID
temperature control platform, the surface temperature of which was regulated by either
ceramic heater heating or liquid nitrogen cooling. UV-ns laser, scanning galvanometer and
the PID temperature control platform were controlled by computer so that laser processing
parameters (laser power, scanning speed and ambient temperature) could be adjusted.

μ

 

Figure 1. The Schematic diagram of the laser processing of PET film (a), and the processing quality
evaluation (b) of different features (hole (i) and kerf(ii)).

Table 1. The specific parameters of laser processing system.

Parameters Values

Wavelength 355 nm
Pulse width 16 ± 2 ns@50 kHz

Beam diameter >11.8 µm
Focal length 167 mm

7
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2.3. Experimental Design

Photothermal ablation and thermal effects play important roles in laser processing.
Heat generation and transfer can be regulated by adjusting processing parameters (laser
power, scanning speed, scanning times, etc.), material properties or environmental con-
ditions. In our experimental design, in order to investigate the influences of ambient
temperature on heat generation and transfer during laser processing, single-point and line
laser processing were performed. In these experiments, processing parameters (laser power,
repetition frequency, duration time, scanning times, etc.) were constant and the effects
of ambient temperature were investigated by temperature gradient experiments. Table 2
shows the levels of ambient temperature and processing parameters in the single-point
and line laser processing experiments.

Table 2. The experimental design.

Experiment No. Temperature (◦C) Parameters

Single-Point
Laser Processing

1 −25

Laser Power = 0.9 W
Repetition Frequency = 200 kHZ

Duration Time = 0.05s

2 0
3 25
4 50
5 75
6 100

Line
Laser Processing

1 −25
Laser Power = 0.9 W

Repetition Frequency = 200 kHz
Scanning Speed = 50 mm/s

Scanning Times = 30

2 0
3 25
4 50
5 75
6 100

Based on the typical features (hole and kerf) of PET film samples after laser processing,
processing quality evaluation methods were established. As shown in Figure 1b, in the
single-point laser processing experiment, edge profiles of ablation hole circles C1 with
diameter D1 and C2 with diameter D2 were clearly observed. HAZ was located between
C1 and C2 with spacing of D3, the bump formed after PET melting and solidification. In
the line laser processing experiment, edge profiles of ablation kerf lines L1, L2, L3 and L4
could be clearly observed. Among them, HAZ above kerf was located between L1 and L2
with spacing of d1. Kerf was located between L2 and L3 with spacing of d2. HAZ below
kerf was located between L3 and L4 with spacing of d3. The values of hole diameter (DH),
processing area diameter of hole (DPH), HAZ width of hole or bump (DHH, maximum) and
kerf width (WK) were initialized as the values of D1, D2, D3 and d2, respectively. HAZ
width of kerf (WHK) and processing area diameter of kerf (WPK) were calculated using the
following equations:

WHK = MAX:(d1, d3) (1)

WPK = d1 + d2 + d3 (2)

2.4. Characterizations

A scanning electron microscope (SEM, HITACHI SU3900, Tokyo, Japan) was ap-
plied to observe surface morphologies of the kerf and hole of PET film samples. A
thermogravimetry-infrared association meter (TGA-FTIR, PerkinElmer, Waltham, MA,
USA) was used for the thermogravimetric analysis (TGA, 25–1000 ◦C) of PET film, and
IR spectra (500–4000 cm−1) of gaseous decomposition products of PET film at different
temperatures were collected during thermal decomposition process. A pyrolysis–gas
chromatography-mass spectrometer (GC-MS, Agilent 7890A/5975C, Santa Clara, CA, USA)
was used to analyze gaseous decomposition products of PET film during rapid pyrolysis
(25–1000 ◦C, 50 ◦C/ms, N2). A laser confocal Raman spectrometer (532 nm, 500–3000 cm−1,

8
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LabRAM HR800, Horiba JobinYvon, Palaiseau, France) was used for the Raman spectra of
PET film and its solid decomposition products.

3. Results and Discussion

3.1. Laser Ablation Mechanism of PET Film

During the laser processing of polymers, laser ablation is a combination of photother-
mal and photochemical processes [26,29]. Between these two mechanisms, the photother-
mal mechanism plays an important role in laser processing, especially for transparent
polymers with poor absorption. It is important and effective to analyze the laser ablation
products during photothermal ablation in order to understand how the laser ablation of
polymers works, as well as improving its quality. Therefore, thermogravimetric analysis
was performed to analyze the thermal decomposition process of the PET film. Figure 2
shows the TGA-DTG curves of PET film. The thermal decomposition process of the PET
film consisted of two steps. First, when the temperature reached about 310.5 ◦C, the PET
film started to decompose and its weight dropped to about 40.7%. Second, when the
temperature reached about 475.0 ◦C, the PET film further decomposed and its residue
weight was about 10.6%.

− −

− −

 

-Figure 2. TGA-DTG curves of the PET film.

After this, pyrolysis–gas chromatography-mass spectrometry was performed to an-
alyze the gaseous decomposition products of the PET film during pyrolysis. Figure 3
shows the ion current of evolved gases during its pyrolysis. The results showed that the
gaseous decomposition products produced during the pyrolysis of the PET film were
mainly composed of: carbon dioxide (3.90%); 1-phenyl-1,2-propanedione (4.65%); ben-
zoic acid (12.56%); o-diacetylbenzene (3.90%); benzimidazole-2-carboxaldehyde (11.56%);
1-methyl-, oxime 4-acetylbenzoic acid (26.17%); 2,4,5-triphenyl-1,3-oxazole (11.67%);
(4-dimethylamino-phenyl)-(4-nonyloxy-phenyl)-methanone (4.28%); etc. Table 3 lists the
information about the gaseous decomposition products of the PET film in detail. These
results showed that during the pyrolysis process, the PET film either decomposed into
small, molecular-like carbon dioxide, or recomposed to form new substances such as 2,4,5-
triphenyl-1,3-oxazole. Ambient gases also participated in the pyrolysis process of the PET
film. During the laser processing of the PET film, the decomposition process and products
of the PET film were more complicated, clearly due to the more complex environment and
the more complex interactions between laser, heat and matter.
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Table 3. Composition table of the evolved gaseous products during pyrolysis of PET film.

Peak
RT

(min)
Area
(%)

ID CAS# 2D 3D

1# 1.249 3.90 Carbon dioxide 000124-38-9 -9 

 
 

2# 8.757 4.65
1-Phenyl-1,2-

propanedione
000579-07-7  

 
 

3# 9.778 12.56 Benzoic acid 000065-85-0 -0 

 
 

4# 13.943 3.90 o-Diacetylbenzene 000704-00-7 -7 

 
 

5# 14.602 11.56
Benzimidazole-2-
carboxaldehyde,
1-methyl-, oxime

003013-07-8 -8 

 
 

6# 15.369 26.17 4-Acetylbenzoic acid 000586-89-0 -0 

°C

− −

− − −

− −

−

− − − − ≡
−

 
 

°C

− −

− − −

− −

−

− − − − ≡
−

7# 24.439 11.67
2,4,5-triphenyl-1,3-

oxazole
000573-34-2 -2 

°C

− −

− − −

− −

−

− − − − ≡
−

 
 

°C

− −

− − −

− −

−

− − − − ≡
−

8# 27.605 4.28
(4-Dimethylamino-

phenyl)-(4-nonyloxy-
phenyl)-methanone

300382-52-9

°C

− −

− − −

− −

−

− − − − ≡
−

 
 

°C

− −

− − −

− −

−

− − − − ≡
−

Furthermore, TGA-FTIR was used to analyze gaseous decomposition products formed
during the pyrolysis of the PET film. FTIR spectra of gaseous products at different tem-
peratures from 50 to 1000 ◦C are presented in Figures 4 and 5. There was no obvious
absorption peak below about 300 ◦C, which meant no decomposition. Above 300 ◦C,
obvious absorption peaks gradually appeared and the intensity reached its maximum at
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325 ◦C and 489 ◦C (Figure 5a), respectively, which indicated that the PET film began to
decompose gradually and was consistent with the thermal analysis results. As shown in
Figure 5b, the characteristic peaks of carbon dioxide (674 cm−1 and 2342 cm−1), phenyl
(1192 cm−1 for C-H, 1486 cm−1 for C=C) and carbonyl group (1730 cm−1 for C=O) were
observed in the gaseous products at 325 ◦C, which might be due to the formation of small
molecules such as carbon dioxide and benzoic acid. The peaks at 2822 cm−1 and 2954 cm−1

were assigned to CHx stretching vibrations [30,31]. At 489 ◦C, a stronger C-H characteristic
peak was observed at 2936 cm−1. When the temperature rose above 996 ◦C, the PET film
further decomposed and recomposed into small molecules. Here, the characteristic peaks
of carbon nitrogen compounds (1132 cm−1 for C-N, 2108 cm−1, 2182 cm−1 and 2360 cm−1

for C≡N) and carbon oxides (1342 cm−1 for C-O) appeared, but the characteristic peaks of
phenyl and carboxyl groups did not, which indicated the PET film not only decomposed,
but also recomposed and even reacted with ambient gases under high temperature. These
FTIR results at different temperatures were consistent with the pyrolysis results.

Figure 3. Ion current of evolved gaseous products during pyrolysis of PET film.

°C

− −

− − −

− −

−

− − − − ≡
−

Figure 4. Infrared spectrogram of evolved gaseous products during pyrolysis of PET film.

In addition to the gaseous decomposition products, the solid residues after laser
ablation were analyzed by a Raman spectrometer. Figure 6 shows the Raman spectra of
different areas of the PET film after laser processing: the unprocessed area of the native
PET film (Point 1); the outer edge of the bump (Point 2); the surface of the bump (Point 3);
and the inner surface of the kerf, or inner edge of the bump (Point 4). The Raman spectrum
of the PET film was consistent with previous reports [32], in which characteristic peaks
of terephthalate and of ethylene glycol (CH2-CH2-O) functional groups were found. In
detail, the characteristic peaks at 632 cm−1 (CCC in plane bending (phenyl)), 796 cm−1

(C-H out of plane bending (phenyl)), 860 cm−1 (C-C stretching (phenyl breathing), C-O
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stretching), 1095 cm−1 (C-C stretching (glycol)), 1118 cm−1 (C-H in plane bending (phenyl),
C-O stretching), 1187 cm−1 (C-H in plane bending (phenyl)), 1292 cm−1 (C-C stretching
(phenyl), C-O stretching), 1416 cm−1 (C-C stretching (phenyl)), 1615 cm−1 (C=C stretching
(phenyl)) and 1726 cm−1 (C=O stretching) were observed in the Raman spectrum of the
PET film (Point 1) [32]. After laser ablation, a kerf, a bump and splashes were observed in
the laser processing area due to the melting of the PET film caused by heat. At Points 2, 3
and 4, the characteristic peak intensity of the functional groups in the PET film decreased
to varying degrees, and the closer these were to the central laser processing area, the lower
their intensity, and in some cases they even vanished. This indicated that during the laser
processing of PET film, the polymer chains absorbed enough heat to cause their bonds to
break and decompose into small molecular fragments, due to the photothermal mechanism.
The closer to the processing center, the higher the temperature and the more complete the
decomposition of the polymer chains was.

 

− −

−

− −

− −

− −

−

Figure 5. Infrared spectral intensity maps of evolved gaseous products during pyrolysis of PET film
(a), and infrared spectrogram at typical temperatures: (b) 335 ◦C, (c) 489 ◦C and (d) 996 ◦C.

According to the above results, showing gaseous products caused by thermal decom-
position and solid products caused by laser ablation of the PET film, the laser processing
process and mechanism of the PET film were clear. Figure 7 illustrates the schematic
diagram of the interaction mechanism between nanosecond UV laser and the PET film
during laser processing. Firstly, the PET film was almost transparent at the laser excitation
wavelength (355 nm), and the absorbed single photon energy (3.49 eV at 355 nm) was insuf-
ficient to break the polymer backbone bonds directly (3.69 eV for C-C). The photothermal
mechanism dominated the laser processing or ablation process of the PET film, and the
decomposition of the PET polymer chains was mainly pyrolysis [13,26,33–35]. Secondly,
regarding the laser irradiation and photothermal conversion, the PET polymer chains
either decomposed into small molecules or short-chain polymers, or recomposed [13,26,36].
At the same time, ambient gases such as oxygen and nitrogen also participated in this
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process. Thirdly, as the temperature changed, thermoplastic PET film melted and solidi-
fied, resulting in the formation of bumps around the kerf [13], around which the splatter
deposited.

 

Figure 6. The Raman spectra of PET film after laser processing.

Figure 7. Schematic diagram of the interaction mechanism between the UV-ns laser and the PET film.

3.2. The Morphology of Features at Different Temperatures

According to the laser processing mechanism of PET film, it can be seen that the
conversion, absorption and transfer of heat as well as the change in temperature had
vital influences on this process. Therefore, the external temperature field-assisted laser
processing of PET film experiment was designed and performed to investigate the laser
processing of PET film at different ambient temperatures and the effects of temperature on
the laser processing of PET film, in which single-point laser ablation and line laser ablation
were carried out at different temperatures (−25 ◦C, 0 ◦C, 25 ◦C, 50 ◦C, 75 ◦C, 100 ◦C).

Figures 8 and 9 show the morphologies and sizes of ablation holes in the single-point
laser ablation of PET films at different temperatures. As the ambient temperature increased,
the so too did the diameter of the ablation hole and processing area. At room temperature
(25 ◦C), the diameter of the ablation hole and processing area was 29.36 µm and 45.4 µm,
respectively. When ambient temperature decreased to 0 ◦C and −25 ◦C, the diameter of the
ablation hole was 21.67 µm and 20.92 µm, respectively, and the diameter of processing area
was 42.85 µm and 36.30 µm, respectively. When the ambient temperature was above room
temperature, the diameter of the ablation hole was 30.42 µm at 50 ◦C, 30.26 µm at 75 ◦C
and 24.84 µm at 100 ◦C, respectively, and the diameter of processing area was 47.60 µm at
50 ◦C, 49.57 µm at 75 ◦C and 47.88 µm at 100 ◦C, respectively. As for the HAZ or the bump,
the size was 10.12 µm at −25 ◦C, 9.77 µm at 0 ◦C, 12.37 µm at 25 ◦C, 10.29 µm at 50 ◦C,
10.11 µm at 75 ◦C and 12.37 µm at 100 ◦C, respectively. The effect of ambient temperature
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on the size of the HAZ was not obvious. In addition to the change in feature sizes, the
morphology of the holes also changed. When the temperature was relatively low (−25 ◦C,
0 ◦C, 25 ◦C), the holes were smooth and clean. However, when the temperature increased
(50 ◦C, 75 ◦C, 100 ◦C), wrinkles and debris appeared.

−

°C) μ
μ  °C − °C

μ μ
μ μ

μ
°C μ °C μ °C

μ °C μ °C μ °C
μ − °C μ °C, μ °C

μ °C μ °C μ °C

− °C °C °C
°C °C °C

 

−
Figure 8. SEM images of holes of PET films at different ambient temperatures in the single-spot laser
processing experiment: (a) −25 ◦C, (b) 0 ◦C, (c) 25 ◦C, (d) 50 ◦C, (e) 75 ◦C, (f) 100 ◦C.
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Figure 9. Hole diameter (a), processing area diameter (b) and HAZ (c) of PET films at different
ambient temperature in the single spot laser processing experiment.

Figures 10 and 11 show the morphologies and sizes of ablation kerfs in the line laser
ablation of PET films at different ambient temperatures. Similar to the single-spot ablation
experiment, as the ambient temperature increased, the width of the ablation kerf and
processing area also increased. The kerf width was 39.63 µm at −25 ◦C, 48.30 µm at
0 ◦C, 45.81 µm at 25 ◦C, 69.66 µm at 50 ◦C, 77.36 µm at 75 ◦C and 100.70 µm at 100 ◦C.
The processing area width was 71.96 µm at −25 ◦C, 79.84 µm at 0 ◦C, 77.43 µm at 25 ◦C,
104.52 µm at 50 ◦C, 115.30 µm at 75 ◦C and 134.73 µm at 100 ◦C. The HAZ width also
showed an approximate slow increase trend with increased ambient temperature. The
team systematically studied the influences of laser processing parameters (repetition rate,
cutting speed and cutting times) on laser processing of PET film [13]. Although optimizing
laser processing parameters could improve laser processing to a certain extent, its effect
was very limited. Compared to this, adjusting ambient temperature in the current study
improved the laser processing process of the PET film more effectively and significantly,
which means that this method possesses greater application potential and scope in actual
industrial production.
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Figure 10. SEM images of kerfs of PET films at different ambient temperatures in line laser processing
experiment: (a) −25 ◦C, (b) 0 ◦C, (c) 25 ◦C, (d) 50 ◦C, (e) 75 ◦C, (f) 100 ◦C.
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Figure 11. Kerf width (a), processing area width (b) and HAZ (c) of PET films at different ambient
temperatures in line laser processing experiment.

3.3. The Effects of Temperature on Laser Processing of PET Film

Through the above analysis of the morphologies and sizes of the features (hole and
kerf), the effects of ambient temperature on the laser processing of the PET film were
revealed. Increasing the ambient temperature promoted the pyrolysis of the PET film
and improved laser ablation efficiency, so the sizes of the hole, kerf and processing area
increased with the increase in ambient temperature. However, when the ambient tempera-
ture was too high, this promotion and improvement might have caused the non-uniform
and incomplete decomposition of the PET polymer chain, resulting in debris deposited in
the processing area. Indeed, low ambient temperature reduced the HAZ and the thermal
effect, while the increase in ambient temperature resulted in an increase in the HAZ and
thermal stress, which caused the increase of size of the HAZ or bump and the appearance
of wrinkles. The root cause of the above effects on the laser processing of the PET film was
that the increase in ambient temperature promoted the heat transfer in the laser processing.
The above analysis showed that a proper ambient temperature could not only improve the
laser processing efficiency of the PET film, but also ensure good quality [36].

In order to verify and study the effects of ambient temperature on the laser processing
of PET film further, the Raman spectra (at HAZ or Bump) of PET films processed at
different temperatures were acquired, as shown in Figure 12. As the ambient temperature
increased, the characteristic peaks of the functional groups and chemical bonds in the
PET film gradually decreased or even vanished. When the ambient temperature was
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low (−25 ◦C, 0 ◦C, 25 ◦C), the peaks at 632 cm−1, 860 cm−1, 1187 cm−1, 1292 cm−1, etc.,
were recognizable. However, when the ambient temperature was above 50 ◦C, these
peaks gradually decreased or even disappeared. The difference in Raman spectra of PET
films processed at different ambient temperatures proved that the increase in ambient
temperature promoted heat transfer during the laser processing, which promoted the
pyrolysis of the PET film and made the HAZ increase.

− − − − −

 

 Figure 12. The Raman spectra (at HAZ or bump) of PET films at different temperatures.

4. Conclusions

The photothermal ablation mechanism and the effects of ambient temperature on the
laser processing of PET film were investigated. According to our studies on the pyrolysis
of PET film and the temperature field-assisted UV-ns pulse laser processing, the main
conclusions are as follows:

1. When the PET film is almost transparent at the laser excitation wavelength (355 nm),
and the single photon energy at 355 nm is insufficient to break the polymer backbone bonds
directly, the laser processing of PET film is dominated by the photothermal decomposition
process (pyrolysis).

2. During the laser processing of PET film, PET polymer chains decompose into small
fragments, which recompose, and ambient gases also participate in this process. As the
ambient temperature changes, thermoplastic PET film melts, resulting in the formation of a
bump. Splatter is deposited in the processing area.

3. An adjustment in ambient temperature affects the laser processing of PET film. An
increase in ambient temperature changes the heat transfer and temperature distribution
in the laser processing. A low ambient temperature reduces the thermal effect, and an
increase in ambient temperature improves the efficiency (kerf width: 39.63 µm at −25 ◦C,
45.81 µm at 25 ◦C, 100.70 µm at 100 ◦C) but exacerbates the thermal effect.

This work provides effective methods to study the laser processing mechanism of
polymer films as well as an approach to improve the laser processing of polymer films.
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Abstract: Bulk metallic glass (BMG) has received consistent attention from the research community
owing to its superior physical and mechanical properties. Modulating and controlling the surface
functionalities of BMG can be more interesting for the surface engineering community and will render
more practical applications. In this work, a facile laser-based surface texturing technique is presented
to modulate and control the surface functionalities (i.e., wettability and hardness) of Zr-based BMG.
Laser surface texturing was first utilized to create periodic surface structures, and heat treatment was
subsequently employed to control the surface chemistry. The experimental results indicate that the
laser textured BMG surface became superhydrophilic immediately upon laser texturing, and it turned
superhydrophobic after heat treatment. Through surface morphology and chemistry analyses, it was
confirmed that the wettability transition could be ascribed to the combined effects of laser-induced
periodic surface structure and controllable surface chemistry. In the meantime, the microhardness
of the BMG surface has been remarkably increased as a result of laser surface texturing. The facile
laser-based technique developed in this work has shown its effectiveness in modification and control
of the surface functionalities for BMG, and it is expected to endow more useful applications.

Keywords: laser surface texturing; wettability; hardness; Zr-based metallic glass

1. Introduction

Bulk metallic glass (BMG) has received considerable attention from the research
community during the past several decades since its first discovery in the 1990s, mainly
owing to its superior mechanical and physical properties [1], including high values of yield
strength [2], high hardness [3], relatively low Young’s modulus [4], good corrosion and
wear resistance [5], as well as excellent magnetic properties [6]. This gives BMG a variety of
potential applications in the fields of bioimplants, magnetic materials, structural materials,
sensors, microelectromechanical systems (MEMS), and micro/macro devices [7,8].

Besides its intrinsic outstanding physical and mechanical properties, researchers have
also attempted to modify the surface functionalities of BMG, which can be achieved by
introducing micro/nanostructures into BMG. The typical fabrication methods of surface
structuring include magnetron sputtering [9,10], electro-oxidation [11], thermoplastic shap-
ing [12–14], and laser surface texturing [15,16]. Among all the existing surface modification
methods, laser surface texturing has demonstrated its strong potential as a highly efficient
and cost-effective approach due to several key advantages including process efficiency,
flexibility, ease for automation, and environmental friendliness [17].

In recent years, laser-based surface texturing has been proved to be one of the most
efficient techniques to modify and control important surface functionalities, including

19



Micromachines 2021, 12, 1322

surface wettability [18–22], reflectivity [23,24], anti-icing property [25,26], corrosion resis-
tance [27], etc. For example, wettability transition from superhydrophilicity to superhy-
drophobicity has been achieved on various materials including aluminum [28], copper [29],
stainless steel [30,31], and titanium [32–36] by combining laser surface texturing and low-
temperature annealing. In terms of laser texturing for BMG materials, there have been
some recent research efforts on modification of surface properties of BMG via creation of
laser-induced surface texture and change of surface chemistry [15,16,37–42]. Huang et al.
utilized nanosecond pulsed laser irradiation to fabricate hierarchical micro/nanostructures
on the Zr-based metallic BMG substrate in order to increase the effective surface area [16].
The laser-modified BMG surface retained amorphous characteristics, and the elemental
distribution on the surface was very uniform. Jiao et al. developed a nanosecond laser
texturing technique to fabricate periodic surface structures, including dimples and grooves
on Zr-based BMG surfaces [37]. They also investigated the effect of laser surface texturing
on the wettability [15] and cytocompatibility [38] of the BMG surfaces. The modification of
the surface wettability could be attributed to the laser-induced surface roughness and alter-
ation of surface chemistry, and the enhanced cytocompatibility of the groove-textured BMG
resulted from the combined effects of surface chemistry, wettability, and roughness. Du et al.
fabricated laser-induced periodic surface structure (LIPSS) and nanoparticle structures on
four types of Zr-based BMGs using femtosecond laser irradiation [40]. The experimental
results indicated that the femtosecond laser nanostructured Zr-based BMG surface could
lead to a distinct decrease in bacterial adhesion compared with the polished surfaces, which
was strongly related to the laser-induced surface morphology and wettability. Although
the above-mentioned research efforts have effectively modified the surface properties of
BMG and achieved improved surface functionalities, none of them has attempted to realize
the precise control of the key surface functions of BMG, e.g., control of surface wettability
and microhardness, which could be more attractive and challenging, and also help to meet
more different applications [43]. Further exploration of a time-efficient and cost-effective
laser-based technique to realize the control of surface functionalities on the BMG surface is
still of particular interest for the surface engineering community.

Previously, the authors’ group has developed a facile nanosecond laser-based surface
texturing method to achieve switchable wettability control of titanium alloy [36]. In this
work, this laser-based surface texturing technique was further extended to modulate sur-
face wettability and hardness on the BMG substrate. The periodic surface textures were
directly created via laser texturing, and the surface chemistry was effectively controlled via
heat treatment. The surface wettability was shown to convert from superhydrophilicity im-
mediately upon lase texturing to superhydrophobicity after heat treatment, and the surface
microhardness was significantly enhanced on the laser-induced surface texture. The under-
lying processing mechanisms were elucidated using scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDAX), and X-ray photoelectron spectroscopy (XPS).
Compared with the existing research works on laser texturing for functional surfaces, the
laser-based surface texturing technique developed in this work proposed a novel and
highly efficient approach to modulate and control the surface functionalities, which was
achieved by the combination of high-speed UV nanosecond laser surface texturing and
subsequent heat treatment. It is expected that the developed technique could provide a
viable solution for the surface modification of Zr-based metallic glass, thus rendering a
series of applications in the industrial and biomedical fields.

2. Materials and Methods

2.1. Materials

Commercially available Zr-based bulk metallic glass Vitreloy 1 with the nominal
elemental composition Zr41.2Ti13.8Cu12.5Ni10Be22.5 (at%, purchased from METALLAB,
Changzhou, China) was used in this work due to its excellent mechanical properties.
The samples were mechanically grinded using grid SiC papers and further machined into
thin sheets with a dimension of 30 mm × 30 mm × 2 mm using wire electrical discharge ma-
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chining. Then, before laser surface texturing experiments, they were ultrasonically cleaned
with acetone, ethanol, and deionized water successively to remove the contaminants.

2.2. Laser-Based Surface Texturing

The laser-based surface texturing experiment mainly consists of two steps: (1) laser sur-
face texturing and (2) heat treatment. Laser surface texturing experiments employed a laser
marking machine (TH-UV200A, Tianhong Laser, Suzhou, China) equipped with a 355 nm
UV laser source (AWAVE 355-15W-30K, Advanced Optowave, Ronkonkoma, NY, USA).
The laser source emits a laser beam guided by reflective mirrors. The intensity of laser
power is controlled by the attenuator, and the diameter of the laser beam can be expanded
by the beam expander. The focusing lens of the system provides a focal spot diameter of
~35 µm during the laser texturing experiments. Unidirectional line pattern and cross-hatch
pattern were used due to the ease and high efficiency of fabrication, as shown in Figure 1a,b.
A series of preliminary experimental trials was attempted, and the optimal laser processing
parameters were determined and utilized in this work, which can be found in Table 1. The
schematics for the laser surface texturing experiments are shown in Figure 2a.

 

Figure 1. Pattern designs used for laser surface texturing of BMG: (a) unidirectional; (b) cross-hatch.

Table 1. Processing parameters for the laser-based surface texturing experiments.

Name of Parameter Value

Average power (W) 9.0, 10.5, 12.0, 13.5, 15.0
Repetition rate (kHz) 30

Pulse width (ns) 20
Scanning speed (mm/s) 20, 40, 60, 80

Step size (µm) 150
Power intensity (GW/cm2) 1.56~2.60

Pulse energy (mJ) 0.3~0.5
Heat treatment temperature (◦C) 150

Heat treatment duration (h) 2
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θ

Figure 2. Schematics for the laser-based surface texturing experiments of BMG: (a) laser surface
texturing; (b) heat treatment.

Immediately upon laser surface texturing, the laser textured BMG surfaces became
superhydrophilic. To achieve the wettability transition, the laser textured BMG surfaces
were placed in a conventional furnace for low-temperature annealing treatment, as shown
in Figure 2b. An annealing temperature of 150 ◦C and a treatment duration of a maximum
of 2 h were used during the heat treatment.

2.3. Surface Characterizations

The surface morphology of the laser textured BMG surfaces was analyzed using field
emission scanning electron microscopy (FESEM, Navo Nano SEM450, Hillsboro, OR, USA).
The surface chemistry of the laser textured surface was evaluated using energy dispersive X-
ray analysis (EDAX, FEI Sirion, Hillsboro, OR, USA) and X-ray photoelectron spectroscopy
(XPS, PREVAC, Rogów, Poland). To examine the surface wettability of the laser textured
surfaces, a contact angle goniometer (SDC-200, Sindin Precision Instrument Co., Ltd., Dong-
guan, Guangdong, China) equipped with a high-resolution CMOS camera was utilized to
measure the static water contact angle value (θw) on each surface. A water droplet with the
volume of ~4 µL was dripped onto the sample surface using a digital syringe during each
measurement. The optical image of the water contact angle measurement was captured
using the CMOS camera, and image analysis software was utilized to determine the θw
value for each measurement. For each sample, four θw measurements were performed at
various locations, and the averaged θw value was reported. The standard deviation for
each averaged θw measurement result was also calculated and added. The microhardness
test was carried out using a Vickers hardness machine (HXD-1000TMSC/LCD, Shanghai,
China) with a test load of 300 gf and a dwell time of 10 s. Similarly, five microhardness
measurements were performed at different locations on the laser textured surface, and the
averaged hardness value as well as the standard deviation for each measurement result
were reported.
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3. Results

3.1. Surface Morphology

The surface morphology of the laser textured BMG surface using different scanning
speeds was examined by SEM, as shown in Figure 3. The SEM micrographs of the laser
textured BMG surfaces with unidirectional surface patterns and various scanning speeds
can be found in Figure 3a–d, while the SEM micrographs of the laser textured BMG surfaces
with cross-hatch surface patterns and various scanning speeds are shown in Figure 3e–h. It
is clearly seen that as the laser beam irradiated and ablated the BMG substrates, periodic
micro-scale bulge structures were formulated as a result of the strong interaction between
the laser beam and the BMG substrates. The SEM micrographs with high magnification
indicate that there also have been some sub-micron or nano-scale particles covered on the
micro-bulge structures, which can be mainly attributed to the ejection and deposition of
nanoparticles during the laser-material interaction. In addition, it can be found that the
laser-induced periodic surface structure exhibited distinct differences as the scanning speed
increased. When the scanning speed of 20 mm/s was used, solid and defect-free micro-
bulge structures were formed on the laser textured BMG surfaces with both unidirectional
and cross-hatch patterns. As the scanning speed further increased, the surface structure
gradually changed, which was illustrated by the variation of the micro-bulge height and the
appearance of concave sections. Especially when the scanning speeds reached 60 mm/s and
80 mm/s, the concave structure became more distinct along the laser scanned line profiles
for both surface patterns. The difference of the surface structure formation when varying
the scanning speed should result from the time duration of laser–material interaction.
When the lower scanning speed was utilized, the laser beam travelled relatively slowly
along the scanned profile, and the number of pulses per irradiation point is higher, which
would ensure adequate interaction between the laser beam and the BMG substrate and
facilitate the formation of solid micro-bulge structures [44]. However, as the scanning
speed increased, the laser beam moved faster and resulted in the decrease in the number of
pulses per irradiation point. This would significantly weaken the impact of the laser beam
on the BMG substrate. Consequently, due to the insufficient interaction time between the
laser beam and the BMG substrate, fewer sub-micron or nano-scale particles and concave
structures occurred on the laser textured surface with higher scanning speeds.

The effect of laser power on the surface morphology of the laser textured BMG surface
was further examined by SEM, as shown in Figure 4. The SEM micrographs of the laser
textured BMG surfaces with unidirectional surface patterns and various laser powers can
be found in Figure 4a–e, while the SEM micrographs of the laser textured BMG surfaces
with cross-hatch surface patterns and various laser powers are shown in Figure 4e–h. From
the SEM micrographs, it is evident that laser power can dramatically affect the formation
of laser-induced structures on the BMG surface. By using higher laser powers (15.0 W
and 13.5 W), clear concave microgrooves formed on the BMG surface, demonstrating
strong vaporization of the material during the laser surface texturing process. As the laser
power decreased (12.0 W and 10.5 W), the microgroove structure became less pronounced,
only with some holes left on the laser scanned profiles. This indicated that less material
evaporated from the substrate, and there appeared to be a restructuring on the laser
textured surface. As the laser power kept decreasing (9.0 W), the concave structure almost
disappeared, and the convex micro-bulge structure dominated. Similar trends could be
observed for the laser textured BMG surfaces with both unidirectional and cross-hatch
surface patterns. As clearly pointed out by Feng et al. [45,46], the laser-induced surface
structure is a key factor that will affect the surface functionality, i.e., wettability, reflectivity,
and hardness, and the laser processing parameters must be carefully chosen to ensure
the formation of proper laser-induced structure, thus enabling the realization of desirable
surface functionalities.
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Figure 3. SEM micrographs of the laser textured BMG surfaces using different scanning speeds:
(a–d) unidirectional surface patterns with the scanning speeds of 20 mm/s, 40 mm/s, 60 mm/s,
and 80 mm/s; (e–h) cross-hatch surface patterns with the scanning speeds of 20 mm/s, 40 mm/s,
60 mm/s, and 80 mm/s.

3.2. Surface Wettability

Surface wettability of the BMG surfaces with different surface patterns and treatment
methods were evaluated via contact angle measurements. It can be found that the untreated
BMG surface exhibited a θw of 87.4 ± 1.8◦, as shown in Figure 5a, indicating that the
untreated BMG surface is hydrophilic. Immediately upon laser surface texturing using
the processing parameters of a laser power of 12 W, a repetition rate of 30 kHz, and a
scanning speed of 40 mm/s, the laser textured BMG surfaces with both unidirectional
(Figure 5b) and cross-hatch (Figure 5c) surface patterns exhibited a θw of 0◦. This clearly
indicates that the laser textured BMG surfaces are in a saturated Wenzel regime when being
treated in the oxygen-containing atmosphere, which agrees well with the experimental
results in [47]. After heat treatment for 1 h, the θw measurements indicated that the laser
textured BMG surfaces with unidirectional and cross-hatch patterns exhibited θw values of
145.5 ± 1.9◦ and 145.7 ± 2.5◦, respectively, indicating that a 1 h heat treatment rendered the
laser textured BMG with high hydrophobicity. With a 2 h heat treatment, the laser textured
BMG surfaces with both unidirectional and cross-hatch patterns became superhydrophobic,
with θw values of 154.3 ± 1.9◦ and 153.7 ± 1.1◦, respectively.
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Figure 4. SEM micrographs of the laser textured BMG surfaces using different powers: (a–e) uni-
directional surface patterns with the laser powers of 15.0 W, 13.5 W, 12.0 W, 10.5 W, and 9.0 W;
(f–j) cross-hatch surface patterns with the laser powers of 15.0 W, 13.5 W, 12.0 W, 10.5 W, and 9.0 W.

Figure 6 shows θw measurement results for the laser textured BMG with varied
laser powers and scanning speeds. As shown in Figure 6a, the untreated BMG surface
showed a hydrophilic nature with a θw of 84.4 ± 1.2◦. For the laser texturing experi-
ments, the following laser processing parameters were utilized: a laser power of 10.5 W,
a repetition rate of 30 kHz, and a scanning speed of 60 mm/s. The θw measurement
results (Figure 6b,c) confirmed the saturated Wenzel regime for the laser textured surfaces
with both of the unidirectional and cross-hatch patterns. Subsequently, it can be found
that a 1 h heat treatment turned the laser textured surfaces with both patterns highly
hydrophobic, with θw values of 144.7 ± 1.1◦ and 146.5 ± 1.7◦, respectively (Figure 6d,e).
A 2 h heat treatment ensured that both of the laser textured surfaces reached superhy-
drophobicity, with θw values of 155.9 ± 1.2◦ and 154.5 ± 1.9◦, respectively (Figure 6f,g).
As discussed in the previous section, low-temperature heat treatment with an annealing
temperature of ~150 ◦C has been proved to be an efficient approach to achieve wettability
transition from superhydrophilicity to superhydrophobicity for various metallic materials
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such as aluminum, copper, stainless steel, and titanium [28–36]. However, this wetting
state transition approach has never been utilized and confirmed for BMG. To the authors’
best knowledge, this work represents the first attempt to achieve wettability transition
from superhydrophilicity to superhydrophobicity on BMG surfaces using the facile laser
surface texturing technique combined with low-temperature annealing. The underlying
processing mechanisms associated with the wettability will be explained in detail in the
following sections.θ
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Figure 5. Contact angle measurement results for (a) untreated BMG surface; (b) laser textured BMG surface using the power
of 12 W, the repetition rate of 30 kHz, the scanning speed of 40 mm/s, and a unidirectional surface pattern; (c) laser textured
BMG surface using the power of 12 W, the repetition rate of 30 kHz, the scanning speed of 40 mm/s, and a cross-hatch
surface pattern; (d,e) laser textured BMG surfaces in (b,c) after heat treatment for 1 h; (f,g) laser textured BMG surfaces in
(b,c) after heat treatment for 2 h.

 

Figure 6. Contact angle measurement results for (a) untreated BMG surface; (b) laser textured BMG surface using the power
of 10.5 W, the repetition rate of 30 kHz, the scanning speed of 60 mm/s, and a unidirectional surface pattern; (c) laser
textured BMG surface using the power of 12 W, the repetition rate of 30 kHz, the scanning speed of 40 mm/s, and a
cross-hatch surface pattern; (d,e) laser textured BMG surfaces in (b,c) after heat treatment for 1 h; (f,g) laser textured BMG
surfaces in (b,c) after heat treatment for 2 h.
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3.3. Surface Chemistry

Farasi et al. [48] pointed out that the surface chemical composition of metallic materials
can be modified via material vaporization and oxidation during laser surface texturing,
and Ngo et al. [31,49] believed that the increase in carbon content during heat treatment
indicates the deposition of more hydrophobic functional groups on the laser textured
surface, thus leading to the transition of surface wettability. Therefore, to explore and
understand the variations of chemical compositions on the BMG surface and to further
correlate surface wettability with surface chemistry, the laser textured BMG surfaces before
and after heat treatment were analyzed by EDAX, as shown in Figure 7. The laser textured
surfaces (with and without heat treatment) considered for the surface chemistry analysis
were treated with the average laser power of 12.0 W, repetition rate of 30 kHz, pulse energy
of 0.4 mJ, and power intensity of 2.08 GW/cm2. From Figure 7, it can be clearly seen that all
the core elements can be detected on the three different types of surfaces. While compared
with the untreated surface, the intensity of the Zr peak for the laser textured surface
decreased, which is mainly a result of material vaporization during laser texturing. In the
meantime, the O peak shows a notable increase in the laser textured surface compared
with that of the untreated surface, indicating the BMG surface has been oxidized along
with the formation of a periodic surface structure. As indicated in [50], as the electronic
structure of metal oxide facilitates the formation of hydrogen bonds and increases the
surface energy, the laser textured surface typically exhibited superhydrophobicity. For
the laser textured surface with heat treatment, subtle increases in C and Si peaks can be
detected, indicating that hydrophobic functional groups, including –CH2–, –CH3, C=C as
well as thin PDMS layer, should have been absorbed and deposited onto the laser textured
BMG surface, rendering the heat-treated surface with superhydrophobicity [33,49].

The EDAX mapping data were also obtained to reveal the elemental distribution of all
the core elements (Zr, Ti, Be, Cu, Ni, Si, C, and O) on each surface, as shown in Figure 8.
From EDAX mapping, it can be clearly observed that all the core elements were uniformly
distributed on the untreated surface. For the laser textured surfaces, more black areas can
be observed, suggesting a reduction of the Zr, Ti, Be, Cu, and Ni elements, corresponding
to the material removal during laser surface texturing. Distinct increases for the amount
of O can be seen on the EDAX mapping as well, which strongly supports the oxidation
during laser surface texturing. For the elemental distribution of C and Si, no clear change
can be observed, which will be further examined using XPS.

Given the fact that EDAX is mainly a qualitative analysis method that could not
provide conclusive results for the evaluation of the BMG substrate after laser texturing and
heat treatment, XPS analysis was further employed to investigate the chemical changes
on the surfaces that have been tested by EDAX. The XPS full spectra of the BMG surfaces
considered for EDAX analysis and the corresponding atomic percentage of different ele-
ments are shown in Figure 9. It can be seen from the XPS full spectra of the untreated BMG
surface (Figure 9a) that carbon and oxygen were detected as the major elements, which can
be attributed to the contamination and oxidation of the BMG surface. For the constituent
elements of the BMG Vitreloy 1 used in this work, small peaks of Zr 3d and Be 1s were
observed on the untreated BMG surface, while the content of other elements (Ti 2p, Ni 2p,
and Cu 2p) was negligible. Upon laser texturing, the atomic percentage of oxygen increased
from 26.88% to 47.85% (Figure 9b). This clearly indicates that the laser textured BMG sur-
face has been oxidized along with the formation of periodic surface structure during laser
texturing. As the hydrogen bonds tend to form on the metal oxide, which also increases the
surface energy [50], the laser oxidized BMG surface exhibited superhydrophilicity. After
heat treatment, a clear atomic percentage increase in carbon from 30.85% to 37.80% can be
observed on the laser textured BMG surface with heat treatment (Figure 9c). The increase in
carbon content demonstrated that several different types of functional groups that exhibit
hydrophobicity could have been absorbed onto the laser textured BMG surface during heat
treatment, which rendered the heat-treated BMG surface highly hydrophobic [33,49]. In
addition, the element Si was also detected on the heat-treated BMG surface, as shown in
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Figure 9c. The appearance of Si might represent the formation of a thin Si-based PDMS
layer on the laser textured BMG surface during heat-treatment, which further increased
the hydrophobicity of the laser textured BMG surface. The experimental findings in this
work agree well with the results of Ti alloy using a similar method [36], and it is believed
that the increase in carbon and the appearance of a thin PDMS layer contribute to the
superhydrophobicity of the laser textured BMG surface after heat treatment.

 

Figure 7. EDAX spectra for (a) untreated BMG surface; (b) laser textured BMG surface; (c) laser
textured BMG surface followed by heat treatment.
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Figure 8. SEM/EDAX element mapping for (a–i) untreated BMG surface; (j–r) laser textured BMG
surface; (s–aa) laser textured BMG surface followed by heat treatment. (a,j,s) are SEM micrographs
representing the corresponding analyzed regions; (b–i,k–r,t–aa) are the EDAX maps showing the
qualitative elemental distributions of Zr, Ti, Be, Cu, Ni, Si, C, and O.
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Figure 9. XPS full spectra of (a) untreated BMG surface; (b) laser textured BMG surface; (c) laser
textured BMG surface followed by heat treatment.

Core elemental analyses were also performed for C, O, and Si elements, as shown
in Figure 10. The core elemental analysis for C element can be found in Figure 10a–c. In
Figure 10a, it is clearly shown that C element can be detected, confirming the contamination
of the untreated BMG surface. For the laser textured BMG surfaces, it can be observed
in Figure 10b and c that after heat treatment, the proportion of C–C and C–H peaks
significantly increased, which helped to verify that hydrophobic functional groups with
nonpolar C–C or C–H bonds should have been deposited onto the heat-treated BMG
surface, inducing hydrophobicity on the surface. The core elemental analysis for O is
shown in Figure 10d–f. It is clear that functional groups of (OH)− and O2− were detected
on all of the BMG surface, while the proportion of O2− on the laser textured BMG surfaces
both with and without heat treatment was higher than that of the untreated BMG surface,
proving that oxidation occurred during the laser texturing process. Finally, Figure 10g
shows the core elemental analysis for Si element, revealing the appearance of the peaks
for three functional groups Si–O, Si–C, and –Si– on the laser textured BMG surface after
heat treatment. This should be attributed to the thin PDMS layer deposited on the laser
textured BMG surface during heat treatment, which is derived from the silicone component
on the furnace used in this work, as indicated in [32]. The underlying mechanism will be
explained with details in the following section.
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Figure 10. The high-resolution core elemental spectra of carbon on (a) untreated BMG surface; (b) laser textured BMG
surface; (c) laser textured BMG surface followed by heat treatment. The high-resolution core elemental spectra of oxygen on
(d) untreated BMG surface; (e) laser textured BMG surface; (f) laser textured BMG surface followed by heat treatment; and
(g) the high-resolution core elemental spectra of silicon on the laser textured BMG surface followed by heat treatment.

3.4. Surface Microhardness

The microhardness measurement results of the untreated BMG surface, the laser tex-
tured BMG surface with unidirectional pattern, and the laser textured BMG surface with
cross-hatch pattern can be found in Figure 11. The laser textured surfaces considered for
the surface microhardness analysis were treated using the same processing parameters
as those used for surface chemistry analysis. The experimental results indicated that the
microhardness of the untreated BMG surface was 514.4 ± 4.9 HV. By laser surface texturing
using the unidirectional surface pattern, the microhardness of the textured surface was
increased to 564.9 ± 5.2 HV, representing an increase rate of 9.8% compared with the
untreated surface. Meanwhile, the microhardness of the laser textured BMG surface with
the cross-hatch pattern was further enhanced up to 596.7 ± 5.8 HV, indicating an increase
rate of 16.0% compared with the untreated surface. As evident from the SEM micrographs
shown in Figures 3 and 4, the laser surface texturing process created a combination of
micro-scale, sub-micron, and nano-scale structures on the BMG substrate, which have
generated much finer grains on the surface. As indicated by the Hall–Petch relationship,
finer grains will result in higher mechanical strength [51,52]. More grain boundaries can be
generated using finer grains, and the resistance to hinder dislocation motion will increase,
leading to the increase in surface microhardness. In addition, compared with the laser
textured surface with the unidirectional pattern, one more laser scan from the vertical
direction would significantly increase the density of surface structures at all scales on
the BMG substrate, which would contribute to the further enhancement of microhard-
ness [53]. The microhardness measurement results indicate that the developed laser-based
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surface texturing process can effectively enhance the surface mechanical strength of the
BMG substrate.

Figure 11. Microhardness measurements for untreated surface, laser textured BMG surface with
unidirectional pattern, and laser textured BMG surface with cross-hatch pattern.

3.5. Processing Mechanism Analysis

The underlying mechanism for the wettability transition of BMG surface during laser
texturing and heat treatment is schematically depicted in Figure 12. As shown in Figure 12a,
nanosecond laser surface texturing not only generated periodic surface structures on the
BMG substrate but also oxidized the surface in the ambient air with the existence of
water vapor [35,47]. Consequently, formation of oxide and hydroxide layers would occur
simultaneously on top of the BMG substrate, which will drastically increase the surface
energy and lead to superhydrophilicity [28,54]. During heat treatment, the wettability
transition from superhydrophilicity to superhydrophobicity can be ascribed to two aspects:
on the one hand, it is proposed that the organic compounds existed in air with nonpolar
C–C and C–H bonds that have been absorbed onto the laser-induced micro-bulge or
groove structures, and this process has been accelerated as the heat treatment temperature
increased. The heat treatment helped to eliminate the hydrophilic –OH functional group
from the laser textured BMG surface and created more active sites on the surface for
the subsequent absorption of organic compounds [55]. As a result, more hydrophobic
functional groups, such as –CH2– and –CH3, have been attracted onto the laser textured
BMG surface, leading to the increase in surface hydrophobicity. On the other hand, the
XPS analysis confirmed the existence of Si element on the laser textured BMG surface,
indicating that a thin PDMS layer could have been deposited on the surface. The source of
the Si element was originated from the silicone seal on the furnace, which was partially
vaporized and deposited onto the laser textured BMG surface, as shown in Figure 12c.
Since the silicon-based organic polymer PDMS is known to be hydrophobic, it could
help to further enhance the hydrophobicity of the laser textured BMG surface, leading to
superhydrophobicity eventually. It is thus believed that absorption of hydrophobic airborne
organic compounds and generation of the thin PDMS layer both contributed to the surface
wettability transition on the laser textured BMG surface during heat treatment. Therefore,
from an initial contact angle of ~85◦ on the untreated BMG surface, the surface wettability
was converted to superhydrophilicity (~0◦) after laser texturing, and superhydrophobicity
(>150◦) after heat treatment, as shown in Figure 12b.
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Figure 12. Schematic for the mechanism of wettability transition for the laser textured BMG surface after laser texturing
and heat treatment: (a) alteration of surface chemistry; (b) alteration of surface wettability; (c) demonstration of the silicone
seal on the furnace used in this work; (d) SEM micrograph of the untreated BMG surface; (e) contact angle measurement
results for the untreated BMG surface before and after heat treatment.

In the meantime, although surface chemistry plays a key role for the wettability
transition, it is proposed that the laser-induced surface structure is equally critical for
achieving the target wettability condition. This could be verified by what has been observed
on the untreated BMG surface before and after heat treatment. Figure 12d shows the
SEM micrograph of the untreated BMG surface, indicating that there are only grinding
marks without any distinct periodic surface structures. The contact angle measurement
results indicated that the initial θw was 84.4 ± 1.2◦ on the untreated BMG before heat
treatment, and the θw was measured to be 88.9 ± 0.8◦ after heat treatment. This clearly
indicates that alteration of surface chemistry alone could not render the BMG material with
superhydrophobicity. Surface structure and surface chemistry should be modulated and
controlled spontaneously to achieve the desired surface functionality.

4. Conclusions

In this work, a facile and efficient laser-based surface texturing method was developed
to modulate and control the surface functionalities of Zr-based BMG. The following findings
can be summarized:

(1) The developed laser-based surface texturing technique consists of two steps: laser
texturing and heat treatment. Laser texturing generated the periodic surface structures
and oxidized the BMG surface, while the subsequent heat treatment accelerated the
absorption of hydrophobic airborne organic compounds and deposited a thin PDMS
layer on the laser textured BMG surface.

(2) It is found that the untreated BMG surface is hydrophilic with a θw of 84.4 ± 1.2◦.
Immediately upon laser texturing, the laser textured BMG surface exhibited a θw of
0◦, indicating the surface turned superhydrophilic. After a heat treatment of 2 h, the
laser textured BMG surface became superhydrophobic with a θw higher than 150◦.

(3) Through careful experimental validation and analysis, it is believed that the laser-
induced surface texture and modified surface chemistry are equally important for
achieving the desirable wettability condition.

(4) The microhardness of the laser textured BMG surface is also notably increased due to
the higher microstructure density and more grain boundaries generated on account
of the laser surface texturing process.
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This method will provide a feasible and highly efficient solution for regulating and
controlling the surface functionalities of BMG, which will render more practical and
important applications.
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Abstract: The contact spacer is the core component of flexible tactile sensors, and the performance of
this sensor can be adjusted by adjusting contact spacer micro-hole size. At present, the contact spacer
was mainly prepared by non-quantifiable processing technology (electrospinning, etc.), which directly
leads to unstable performance of tactile sensors. In this paper, ultrathin polyimide (PI) contact spacer
was fabricated using nanosecond ultraviolet (UV) laser. The quality evaluation system of laser
micro-cutting was established based on roundness, diameter and heat affected zone (HAZ) of the
micro-hole. Taking a three factors, five levels orthogonal experiment, the optimum laser cutting
process was obtained (pulse repetition frequency 190 kHz, cutting speed 40 mm/s, and RNC 3).
With the optimal process parameters, the minimum diameter was 24.3 ± 2.3 µm, and the minimum
HAZ was 1.8 ± 1.1 µm. By analyzing the interaction process between nanosecond UV laser and PI
film, the heating-carbonization mechanism was determined, and the influence of process parameters
on the quality of micro-hole was discussed in detail in combination with this mechanism. It provides
a new approach for the quantitative industrial fabrication of contact spacers in tactile sensors.

Keywords: laser micro-cutting; PI film; contact spacer; tactile sensor

1. Introduction

Flexible tactile sensors are widely used in electronic skin [1–3], robots [4–6], wear-
able devices [7–9], etc. Depending on the source of the signal, the tactile sensors are
classified into capacitive-type [10,11], piezoelectric-type [12,13], triboelectric-type [14]
and piezoresistive-type [15–18]. Among them, the piezoresistive tactile sensor has been
extensively studied for its advantages of simple structure, low manufacturing cost and
convenient signal processing. As one of the core components in piezoresistive tactile sen-
sors, a contact spacer acts as a regulator of sensitivity and test range. For instance, a 2 µm
thick rigid SiO2 layer was applied as contact spacer and the sensor achieved ultra-high
sensitivity of about 100–970 µA/kPa, but inflexibility limits its use scope [19]. In addition,
a polyvinyl pyrrolidone (PVP) nanowire mesh was used to isolate the silver-plated micro-
pyramids, creating a tactile sensor with an ultra-high sensitivity and ultra-wide detection
range [20]. A tactile sensor with adjustable sensitivity and test range was fabricated by
isolating the wrinkled polypyrrole (PVP) film through a polyvinyl alcohol (PVA) nanowire
mesh [21]. However, the insulating nanowire mesh prepared by electrospinning process
not only cannot quantify the size of single micro-hole, but also cannot uniformize the size
of multiple micro-holes. The quantitative manufacturing of contact spacers thus should
meet the following conditions: (1) flexible insulating film to isolate resistance, (2) ultra-thin
film (1–10 µm) to form micro-sized peak in the micro-hole during compression deformation
and (3) 5–100 µm diameter micro-hole can be fabricated quantitatively to form large contact
resistance in a single micro-hole during compression deformation.
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Polyimide (PI) film has many excellent properties such as flexibility, ultra-thin man-
ufacturing (≥3 µm), insulation, high temperature resistance, radiation-resistance, etc.,
making it an excellent raw material for contact spacers. Ultra-thin PI film thus can be used
to fabricate the contact spacer, and traditional machining methods such as stamping cannot
fabricate micro-holes in the film. Laser-based micro-nano manufacturing has been widely
used in various industries, such as metal organic framework (MOF) additive manufac-
turing [22], polydimethylsiloxane (PDMS) laser cutting in flexible electronics, laser direct
writing for interdigitated electrode [23,24], laser induced biodegradation [25–27], etc. [28],
laser micro-cutting thus may be a better method for preparing micro-holes through PI
films. Nanosecond lasers are widely used in industrial production due to their low cost
and high stability [29,30]. Ultraviolet (UV, 355 nm) laser has lower thermal ablation effect
on the substrate than other wavelengths of light, so it is more suitable for manufacturing of
organic materials to obtain smaller heat affected zones (HAZs) [31]. However, whether the
interaction mechanism between the PI film and the UV nanosecond laser is a photother-
mal process or photochemical process, or both, remains to be further investigated [32–34].
In addition, the mechanism of PI film decomposition under laser irradiation conditions is
still unclear, and the relationship between the thermal damage and the process parameters
needs to be further investigated.

In this paper, nanosecond UV laser was chosen to fabricate the ultra-thin micro-hole
PI film contact spacer. However, the evaluation index of micro-holes quality, the influence
of process parameters on the evaluation index, and the interaction mechanism between UV
laser and PI films are yet to be investigated. Firstly, an evaluation system of micro-hole
based on roundness, diameter and size of the heat affected zone (HAZ) was established
by analyzing the morphology after the laser micro-cutting. Secondly, the influence of
process parameters was investigated by a 3-factor, 5-level orthogonal experiment to obtain
the optimal process parameters. Finally, the interaction mechanism based on heating-
carbonization was confirmed through the analysis of the products after laser micro-cutting
and used to analyze the influence of process parameters. It provides a new approach for
the quantitative industrial fabrication of contact spacers in tactile sensors.

2. Experiment Description

2.1. Laser Cutting System

As shown in Figure 1, the laser cutting system consisted of an industrial personal
computer (IPC), nanosecond UV laser, extender lens, scan mirror, focusing lens and support
platform. The nanosecond UV laser (Poplar-355-15A5, Huaray Precision Laser, Wuhan,
China) had a maximum power of 12 W and pulse width < 15 ns. The extender lens was
used to reduce laser processing power, because the diameter of laser spot expanded by the
expander lens was larger than the entrance diameter of the scan mirror. The scan mirror
(S10-355-D, SCANLAB, Pulheim, Germany) was used to control laser cutting path. The fo-
cusing lens (LINOS4401-402-000-20, QIOPTIQ, Gottingen, Germany) used in this study
had a focal length of 167 mm. The 5 µm ultra-thin PI film (Taobao online store) was pasted
on a piece of stainless steel, which was fixed on a motion platform. Output power of laser
can be adjusted by setting pulse repetition frequency (PRF) values, and the correspondent
relationship is shown in Table 1, where the power values are measured by power meter.
After the laser processing, each sample was ultrasonically cleaned in deionized water and
ethanol solution for 10 min in sequence, and then dried at room temperature.
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Figure 1. Experimental setup of PI film cutting process.

Table 1. Correspondent relationship between input PRF and output power.

Frequency (kHz) 100 120 140 160 180 200

Laser output power (W) 16.1 14.1 12.3 10.3 9.5 9.0
Actual cutting power (W) 0.159 0.137 0.121 0.102 0.94 0.89

2.2. Experiment Design of Laser Cutting Micro-Holes

According to previous experiments, the quality of micro-hole is mainly determined
by the following three process parameters: PRF, cutting speed (CS) and repetition number
of cuts (RNC). The nanosecond UV laser’s PRF could be varied from 50 to 200 kHz, the
CS could be varied from 0.1 to 10,000 mm/s, and the RNC could be increased indefinitely.
Higher cutting powers, slower cutting speeds and more RNC help to remove material
but can also lead to more defects such as large HAZ. Therefore, based on preliminary
test results, the specific PRF value varied from 160 to 200 kHz, the CS value varied from
10 to 50 mm/s, and the RNC value varied from 1 to 5. Furthermore, each parameter was
set to 5 arithmetic values within the range of variation, and their influences on the micro-
cutting quality was evaluated through orthogonal experiment of 3 factors and 5 levels.
The values and levels of the main process parameters are shown in Table 2, and the specific
process parameters are shown in Table 3.

Table 2. Micro-cutting process parameters and levels.

Process Parameters Unit Notation
Factor Levels

1 2 3 4 5

Pulse repetition frequency kHz PRF 160 170 180 190 200
Cutting speed mm/s CS 10 20 30 40 50

Repetition number of cuts —— CT 1 2 3 4 5
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Table 3. L25(53) orthogonal experiments.

NO. A B C PRF CS RNC

1 1 1 1 160 0.01 1
2 1 2 2 160 0.02 2
3 1 3 3 160 0.03 3
4 1 4 4 160 0.04 4
5 1 5 5 160 0.05 5
6 2 1 2 170 0.01 2
7 2 2 3 170 0.02 3
8 2 3 4 170 0.03 4
9 2 4 5 170 0.04 5

10 2 5 1 170 0.05 1
11 3 1 3 180 0.01 3
12 3 2 4 180 0.02 4
13 3 3 5 180 0.03 5
14 3 4 1 180 0.04 1
15 3 5 2 180 0.05 2
16 4 1 4 190 0.01 4
17 4 2 5 190 0.02 5
18 4 3 1 190 0.03 1
19 4 4 2 190 0.04 2
20 4 5 3 190 0.05 3
21 5 1 5 200 0.01 5
22 5 2 1 200 0.02 1
23 5 3 2 200 0.03 2
24 5 4 3 200 0.04 3
25 5 5 4 200 0.05 4

2.3. Characterization

The basic morphology of the micro-hole was observed by a laser scanning confocal
microscope (TCS SP8 X, Leica, Weztlar, Germany). In addition, a field emission scanning
electron microscope (FS-EM, FEI Sirion 200, Santa Clara, CA, USA) was used to observe
more detailed morphology and component analysis. The Raman spectra were carried out
on a Raman spectrometer (HORIBA Jobin Yvon, Paris, France) with a 30 mW He-Cd laser
of 532 nm. The thermogravimetric analysis (TGA) and differential thermal analysis (DTA)
were measured by synchronous thermal analyzer (STA PT1600, LINSEIS, Zerb, Germany),
that was carried out under air flow from room temperature to 800 ◦C at 10 min−1.

3. Results and Discussion

3.1. Quality Evaluation System of Laser Micro-Cutting

Firstly, the evaluation system of micro-hole quality was established based on morpho-
logical characteristics, and the eigenvalues of each sample in the orthogonal experiment
were extracted based on this system. Secondly, the influence of process parameters on
micro-hole quality was discussed by orthogonal analysis of the eigenvalues of each sample.
As shown in Figure 2, the typical micro-hole is not a perfect circle, and inscribed circle
of micro-hole d1 and circumscribed circle of micro-hole d2 can be drawn. In addition,
circumscribed circle d3 can be drawn outside the micro-hole due to the presence of the
HAZ. From the three-dimensional image of micro-hole measured by a laser scanning con-
focal microscope, it can be judged whether the micro-hole is through-hole (TH). According
to the values of d1, d2, and d3, evaluation indexes of the roundness, the diameter of the
micro-hole, and the size of the HAZ can be determined, and the calculation formulas are
as follows:

Roundness =
d2 − d1

2
(1)

Diameter =
d1 + d2

2
(2)
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Width of HAZ =
d3 − Dia

2
(3)

Roundness =  d − d2
Diameter =  d + d2

Width of HAZ =  d − Dia2

 

Figure 2. Schematic diagram of laser cutting quality evaluation.

Based on this evaluation system, eight samples were selected in each parameter for
the calculation of the evaluation indexes. Sample values of d1, d2, d3 were obtained by
averaging five measurements after removing maximum and minimum values. In addition,
it was determined that the cutting parameter can cut the PI film only when all the micro-
holes were through-holes. The typical micro-hole morphologies of each parameter are
shown in Figure 3, and the statistical data are shown in Table 4.

 

μ μ μ

Figure 3. Typical confocal microscope image of each sample.
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Table 4. Experimental results L25(53) orthogonal experiments.

NO.
PRF

(kHz)
CS

(mm/s)
RNC

Roundness
(µm)

Diameter
(µm)

Width of
HAZ (µm)

TH

1 160 10 1 2.143 33.794 3.972 No
2 160 20 2 1.822 31.410 3.646 No
3 160 30 3 1.342 30.707 3.426 Yes
4 160 40 4 0.980 31.419 3.295 Yes
5 160 50 5 0.705 32.304 3.503 Yes
6 170 10 2 1.480 31.314 3.562 No
7 170 20 3 1.217 29.144 3.187 Yes
8 170 30 4 1.085 28.474 3.093 Yes
9 170 40 5 0.907 28.481 2.725 Yes
10 170 50 1 0.875 31.279 3.136 No
11 180 10 3 1.062 27.393 3.059 Yes
12 180 20 4 0.915 29.560 3.018 Yes
13 180 30 5 0.825 26.846 2.959 Yes
14 180 40 1 0.793 24.364 2.688 No
15 180 50 2 0.668 25.051 3.074 No
16 190 10 4 1.068 29.613 2.806 Yes
17 190 20 5 0.923 27.342 2.662 Yes
18 190 30 1 0.778 25.649 2.551 No
19 190 40 2 0.670 22.806 1.848 No
20 190 50 3 0.612 24.565 2.191 No
21 200 10 5 0.985 35.492 3.272 Yes
22 200 20 1 0.760 32.618 2.681 No
23 200 30 2 0.640 30.433 2.797 Yes
24 200 40 3 0.603 27.494 2.930 Yes
25 200 50 4 0.473 30.883 2.772 Yes

3.2. Variance Analysis of the L25(53) Orthogonal Experiments

Range is the difference between the maximum values and the minimum values of the
experimental results. Range analysis can quickly determine the optimal level of a single
factor and the optimal level combination of multiple factors in an orthogonal experiment.
When the evaluation index is the roundness, the results of the range analysis of each
parameter parameter are shown in Table 5 and Figure 4a. The parameter parameter PRF
has a range R1 of 0.706 µm for the evaluation index R. As the value of the PRF increases,
the roundness value decreases continuously, and the best R is obtained at lever 5 (200 kHz).
The range R2 and R3 of the process parameters CS and RNC are 0.681 and 0.201 µm,
respectively. As the values of CS and RNC increase, the value of R also decreases, and the
roundness is optimal at a cutting speed level of 5 (50 mm/s) and a cutting number level of
5 (5). Therefore, in this orthogonal experiment, the optimal R can be obtained when the
parameter parameter combination is 5-5-5. As shown in Table 4, the through-hole can be
obtained when the parameter combination is 5 (200 kHz) - 5 (50 mm/s) - 4 (4). Therefore,
for the optimum parameter parameter combination 5(200 kHz) - 5(50 mm/s) - 5 (5), the
through-hole can also be obtained in the case of only increasing RNC compared with the
parameter parameter combination 5-5-4. In the range analysis of the orthogonal experiment,
the larger the value of the range R, the greater the influence of the process parameters on the
evaluation index. Comparing the values of R1, R2 and R3, it is known that RNC, CS and PRF
have an increased influence on the roundness of micro-hole in this orthogonal experiment.
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Table 5. Range analysis table based on roundness evaluation.

PRF (kHz) CS (mm/s) RNC

K1 1.398 1.348 1.070
K2 1.113 1.127 1.056
K3 0.853 0.934 0.967
K4 0.810 0.791 0.904
K5 0.692 0.667 0.869

Optimal level 5 5 5
Rj 0.706 0.681 0.201

Order of range R1 > R2 > R3

 

μ
μ

μ

Figure 4. (a) Effect of process parameters on roundness. (b) Interactions between each parameter parameter for roundness.

The interactive diagram obtained through the interactive analysis can show how
the relationship between a parameter parameter and an evaluation indicator depends on
the value of the second parameter parameter. Figure 4b shows the interactions between
each parameter parameter for roundness. The interaction analysis between the process
parameters corresponding to the optimal roundness (200 kHz-50 mm/s-4) shows that
(1) when the PRF level is 200 kHz, the interaction between CS and PRF is smaller than
other PRF levels, and the interaction is smallest when the CS level is 50 mm/s. (2) When
the PRF level is 200 kHz, the interaction between RNC and PRF is small compared to other
PRF levels, but the interaction is greatest when the RNC level is 5. (3) When the CS level
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is 50 mm/s, the interaction between RNC and CS is smaller than the other CS level, and
when the RNC level is 5, the interaction is larger than other RNC levels.

When the evaluation index is the diameter of the micro-hole, the results of the range
analysis of each parameter parameter are shown in Table 6 and Figure 5a: (1) The param-
eter parameter PRF has a range R1 of 5.932 µm, and the optimum parameter parameter
level is 4 (190 kHz); (2) the parameter parameter CS has a range R2 of 4.608 µm, and the
optimum parameter parameter level is 4 (40 mm/s); (3) the parameter parameter RNC has
a range R3 of 1.680 µm, and the optimum parameter parameter level is 3 (3). As shown in
Table 4, the through-hole can be obtained when the parameter parameter combination is
5 (200 kHz) - 4 (40 mm/s) - 3 (3). Therefore, for the optimum parameter parameter combi-
nation 4 (190 kHz) - 4 (40 mm/s) - 3 (3), the through-hole can also be obtained in the case
of only reducing the output power compared with the parameter parameter combination
5-4-3. Comparing the values of R1, R2 and R3, it is known that RNC, CS and PRF have an
increased influence on the diameter of micro-hole in this orthogonal experiment. For the
combination of process parameters (190 kHz - 40 mm/s - 3) corresponding to the optimal
diameter of the micro-hole, it can be known from the interaction analysis in Figure 5b:
(1) when the PRF level is 190 kHz, the interaction is smallest when the CS level is 40 mm/s.
(2) When the PRF level is 190 kHz, the interaction is relatively small when RNC level is 3.
(3) When the CS level is 40 mm/s, the interaction is middle when the RNC level is 3.

Table 6. Range analysis table based on diameter of the micro-hole.

PRF (kHz) CS (mm/s) RNC

K1 31.927 31.521 29.541
K2 29.738 30.015 28.203
K3 26.643 28.422 27.861
K4 25.995 26.913 29.990
K5 31.384 28.817 30.093

Optimal level 4 4 3
Rj 5.932 4.608 1.680

Order of range R1 > R2 > R3

Similarly, when the evaluation index is the size of the HAZ, the results of the range
analysis of each parameter parameter are shown in Table 7 and Figure 6a: (1) the param-
eter parameter PRF has a range R1 of 1.157 µm, and the optimum parameter parameter
level is 4 (190 kHz); the parameter parameter CS has a range R2 of 0.637 µm, and the
optimum process parameter level is 4 (40 mm/s); the parameter parameter RNC has a
range R3 of 0.047 µm, and the optimum parameter parameter level is 3 (3). As shown in
Table 4, the through-hole can be obtained when the parameter parameter combination is
5 (200 kHz) - 4 (40 mm/s) - 3 (3). Therefore, for the optimum parameter parameter combi-
nation 4 (190 kHz) - 4 (40 mm/s) - 3 (3), the through-hole can also be obtained in the case
of only reducing the output power compared with the parameter parameter combination
5-4-3. Comparing the values of R1, R2 and R3, it is known that RNC, CS and PRF have an
increased influence on the diameter of micro-hole in this orthogonal experiment. For the
combination of process parameters (190 kHz - 40 mm/s - 3) corresponding to the optimal
size of HAZ, it can be known from the interaction analysis in Figure 6b: (1) when the PRF
level is 190 kHz, the interaction is smallest when the CS level is 40 mm/s. (2) When the
PRF level is 190 kHz, the interaction is relatively small when RNC level is 3. (3) When the
CS level is 40 mm/s, the interaction is relatively large when the RNC level is 3.
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K1K2K3K4K5

Figure 5. (a) Effect of process parameters on diameter of the micro-hole. (b) Interactions between each parameter parameter
for diameter of the micro-hole.

Table 7. Range analysis table based on size of the HAZ.

PRF (kHz) CS (mm/s) RNC

K1 3.568 3.334 3.005
K2 3.140 3.039 2.985
K3 2.960 2.965 2.959
K4 2.412 2.697 2.996
K5 2.890 2.935 3.024

Optimal level 4 4 3
Rj 1.157 0.637 0.047

Order of range R1 > R2 > R3
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Figure 6. (a) Effect of process parameters on size of HAZ. (b) Interactions between each parameter parameter for size
of HAZ.

According to the range analysis results of the orthogonal experiment, the effect of each
parameter parameter on the diameter of micro-hole and HAZ was approximate, and the
minimum diameter and HAZ were obtained at the same parameter level combination of
4(190 kHz) - 4(40 mm/s) - 3(3). As shown in Table 5, the roundness corresponding to each
parameter parameter at this parameter level was 0.810 µm (PRF), 0.791 µm (CS), 0.976 µm
(RNC), respectively. In the combination of parameter level to obtain the best roundness, the
roundness corresponding to each parameter parameter was 0.692 µm (PRF), 0.667 µm (CS),
0.869 µm (RNC). Although the parameter level combination (5-5-5) that achieves the best
roundness was inconsistent with this parameter level combination (4-4-3), the roundness
difference of each parameter parameter was more than 0.13 µm. Therefore, parameter
level combination of 4(190 kHz) - 4(40 mm/s) - 3(3) was selected as the optimal parameter
level combination of laser micro-cutting in this study. It should be emphasized that in this
parameter parameter combination, the interaction of PRF-CS and PRF-RNC is small, and
the interaction of CS-RNC is large.

3.3. Mechanism of Laser Micro-Cutting

In order to determine how the process parameters affect the quality of the micro-holes,
it is important to understand the interaction mechanism between the nanosecond UV laser

46



Micromachines 2021, 12, 908

and the ultra-thin PI film. Figure 7 shows the typical morphology of the micro-hole before
and after cleaning. As shown in Figure 7a, after the laser micro-cutting, a circular area
having a diameter of several tens of micrometers is formed through the PI film, the material
in the micro-hole is not completely removed and a layered halo appears around this circular
area. As shown in Figure 7b, the layered halo around the micro-hole disappeared after
cleaning and the material in the micro-hole was removed, indicating that by-products of
laser cutting could be removed.

−

 

Figure 7. SEM images of the micro-hole (a) before cleaning and (b) after cleaning.

Further, the product of the laser micro-cutting was analyzed by Raman spectra and
energy dispersion spectrum (EDS). Before cleaning, as shown in Figure 7a, the A-D points
were selected from the inside of the micro-hole to the periphery of the layered halo for
Raman analysis. There are no other peaks except the D band and the G band of point
A at 1356 and 1594 cm−1 (Figure 8a), which indicates that the main component in the
micro-hole after laser micro-cutting is carbon [35,36]. For the Raman spectra from point
B to point D, there are no obvious peaks nor carbon peaks, which indicates that there are
no new chemical bonds generated in the layered halo, and the carbon is not sputtered out
from the micro-hole. According to the EDS analysis of these points, as shown in Table 8,
the carbon content (97.99%) is much higher than the other positions, which further confirms
the above-mentioned laser carbonization process.

 

Δ

Figure 8. Raman measurements in different points in (a) Figure 7a and (b) Figure 7b.
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Table 8. The atomic percentage in the designated area in Figure 7 before and after cleaning.

Atomic Percentage C O N

Point A 97.99 0.86 1.15
Point B 73.37 19.51 7.12
Point C 81.88 12.93 5.19
Point D 71.64 20.94 7.42
Point A1 73.44 19.38 7.18
Point B1 70.87 20.69 8.44
Point C1 72.58 19.56 7.86

After cleaning, as shown in Figure 7b, the point A1 on the inner wall of the micro-hole,
the point B1 on the HAZ, and the point C1 outside the HAZ were selected for Raman and
EDS analysis. There are no obvious peaks or carbon peaks on the Raman curve in Figure 8b,
indicating that the composition of each position is basically the same after cleaning. Points
A1, B1, and C1 have little difference in elemental content (Table 8), further indicating that
there is no significant difference in the material surrounding the micro-hole after cleaning.

As shown in Figure 9, to analyze the dynamic change course of PI during laser heating,
thermogravimetric analysis was performed on this ultra-thin PI film. According to the TGA
curve, the plateau period is within 460 ◦C, and then the reaction period begins. Moreover,
the thermal degradation process of PI film, a thermosetting material, is mainly one-step
degradation. Thus, the weight loss step can be attributed to the carbonization process of
the sample. As shown in the DTA curve, the temperature difference between the sample
and the reference during heating (∆T) is always less than zero, indicating that the PI film
continues to absorb heat during thermal decomposition. The DTA curve has a peak at
619 ◦C, when the heat absorption rate is the highest and the weight loss rate is also the
highest. In combination with the analysis of Figures 7 and 8 and Table 8, PI is carbonized at
high temperature and remains on the inner wall, and the short-chain polyimide component
is sputtered outside the micro-hole. In addition, because of thermal diffusion, wrinkles as
shown in Figure 2 are produced around the micro-hole.

Δ

 

Figure 9. TGA and DTA curves of the ultra-thin PI film.

With heating-carbonization as the core, the influence of the laser micro-cutting pro-
cess parameters on these evaluation indexes was discussed. The nanosecond UV laser
carbonizes the PI film by high temperature on a circular cutting path to form a micro-hole,
and the carbonized material remains in the micro-hole. Short-chain polyimide molecules
that are partially decomposed but not yet charred will sputter on the outside of the mi-
cropores to form a halo. These products can be removed by cleaning, and a wrinkled
HAZ formed by thermal diffusion can be clearly observed. Under the conditions of other
process parameters unchanged: (1) the higher the PRF value, the lower the output power
and the smaller the carbonization diameter of the spot; (2) the faster the CS, the less heat
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accumulation effect, and the smaller the carbonization diameter of the spot; (3) the more
RNC, the more times the material is removed by the heat accumulation effect, and the larger
the carbonization area. Experiment results of roundness analysis shows that lower output
power and higher CS are beneficial to reduce the heat accumulation effect, which helps to
improve the roundness of the micro-holes. In addition, more RNC is conducive to sufficient
carbonized material in the same path, thus improving the roundness of the micro-hole
too. Lower output power and faster cutting speeds help to form smaller carbonization
diameter of the spot, resulting in smaller micro-hole diameters, but may also result in the
inability to carbonize the material. The best process parameters should be achieved with
a small carbonization diameter and fast cutting speeds, while orthogonal experiments
help to quickly screen out the best combinations (4-4-3). At the same time, the smaller the
diameter of the carbonized region, the smaller the area affected by thermal diffusion (HAZ),
as shown in the experiment results of diameter and HAZ analysis of the micro-holes.

3.4. Fabrication of the Ultra-Thin PI Film Contact Spacer

As shown in Figure 10, an ultra-thin PI contact spacer with an average circle center
distance of 50 µm was fabricated using the optimal parameter parameter combination
(4-4-3). In the randomly selected 10 samples, the average and variance of the roundness,
diameter, and HAZ are 0.6 ± 0.3, 24.3 ± 2.3, 1.8 ± 1.1 µm. The SEM morphology shows
that the micro-holes are evenly distributed on the PI film, and there are no obvious defects,
such as non-through holes and irregular shapes, etc.

μ

μ

 

μ μ

Figure 10. (a) Low- and (b) high-magnification SEM images of the ultra-thin PI film contact spacer.

4. Conclusions

The contact spacer is the core component that regulates the measurement range and
sensitivity of tactile sensors. Using nanosecond UV laser commonly used in industry,
the interaction mechanism between laser and ultra-thin PI film was first studied, and
the influence of laser process parameters on micro-cutting quality was explored by an
orthogonal experiment. Finally, the ultra-thin PI film contact spacer was successfully
fabricated, which laid the foundation for the industrial production of the tactile sensor.
Specific conclusions are as follows:

The high temperature generated by the spot carbonizes the PI film and partially stays
in the micro-hole. The short-chain polyimide component is sputtered outside the micro-
hole during the laser micro-cutting. Thermal diffusion during laser micro-cutting causes
wrinkles around the micro-hole.

In the orthogonal experiment of this study, with the increase of PRF, CS and RNC
values, the circularity of micro-hole was gradually optimized, and the optimum roundness
was obtained at a parameter level of 5(200 kHz) - 5(50 mm/s) - 5 (5).

In the orthogonal experiment of this study, the effect of each parameter parame-
ter on the diameter of micro-hole and HAZ was approximate. The minimum diameter
(24.3 ± 2.3 µm) and HAZ (1.8 ± 1.1 µm) were obtained at the same parameter level of
4(190 kHz) - 4(40 mm/s) - 3(3).
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Michał Michalik 1 , Jacek Szymańczyk 2, Michał Stajnke 3, Tomasz Ochrymiuk 3 and Adam Cenian 3,*

����������
�������

Citation: Michalik, M.; Szymańczyk,
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Abstract: The paper deals with the medical application of diode-lasers. A short review of medical
therapies is presented, taking into account the wavelength applied, continuous wave (cw) or pulsed
regimes, and their therapeutic effects. Special attention was paid to the laryngological application
of a pulsed diode laser with wavelength 810 nm, and dermatologic applications of a 975 nm laser
working at cw and pulsed mode. The efficacy of the laser procedures and a comparison of the pulsed
and cw regimes is presented and discussed.

Keywords: laser diodes; pulsed and continuous wave (cw) regimes; medical applications; dermatol-
ogy; laryngology

1. Introduction

We are approaching the 60th anniversary of laser medical applications. Shortly after
the invention ruby lasers (with wavelength 694.3 nm) in the 1960s, Goldman et al. [1]
started using it as therapy for melanoma, a human skin disease [2]. Later, in the 1980s,
more powerful lasers, such as CO2 lasers, argon lasers, and Nd:YAG lasers, were applied
in the field of surgery (including laparoscopic), ophthalmology, dermatology, oncology,
etc. An important step forward was the implementation of selective photothermolysis in
dermatology by Anderson and Parrish [3], which are based on pigment-specific, short-
pulsed lasers, e.g., Q-switched lasers.

Diode lasers (DLs), which first appeared in 1962, are still the most energy efficient and
cost effective lasers. Therefore, they have found more and more applications in the field of
medical therapies. Initially, DLs were not so popular as they gave power only in the order
of mW. Diode lasers were used mainly for photobiomodulation (PBM)—previously also
known as biostimulation or low-level laser therapy, LLLT— procedures, as well as for pho-
todynamic therapy, where the wavelength is more crucial than high power [4,5]. Although
PBM therapy was implemented by Endre Mester et al. [6] in 1967, for several decades it was
mistrusted by many medical laser specialists. Only recently, after recognition of the role of
cytochrome c oxidase in the mitochondrial respiratory chain as a primary chromophore
and the introduction of the concept of “retrograde mitochondrial signaling”, have attitudes
changed. The significance of PBM in cell culture studies, resistance to fungal infections,
mitigation of the side-effects of cancer therapy, pain and inflammation therapies, wound
healing, muscle performance, etc. has become clearer. For example, Kowalec et al. [7]
studied the Ceralas D15 diode laser which delivers optical power at 980 nm for wound and
ulcer healing applications. The treatment enhanced wound healing and improved patient
satisfaction and wellbeing. The study [8] confirmed the photomodulation efficacy of low
power DL radiation at 740 nm (previously proven to be effective in wound healing) for
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therapy of dry eye disease. The radiation can improve corneal surface, alleviate inflamma-
tion through decreasing of the neutrophils levels, etc. Espey et al. [9] demonstrated that
PBM using 665 nm pulsed (200 ns) radiation from a DL with fluence 4 and 6 J/cm2 results
in a significant increase in sperm motility and velocity within 120 min post-irradiation.

High power (above 5 W) DL applications for surgery have taken place in dermatology
(see, e.g., [10]) and oral surgical procedures (e.g., [11]). Bass [10] demonstrated DLs ability
to eliminate vascular lesions, in a therapy called photosclerosis or thermocoagulation,
using a DL emitting 810 nm wavelength radiation and has achieved satisfactory effects
without scarring. The applied laser fluence during the square wave pulse (5–15 ms) was
14–42 J/cm2. The pulse interval was 32 ms (~31 Hz). Lesions treated included telangiec-
tasias, spider veins, capillary dermal malformation and a cutaneous venous malformation.
Telangiectasias were most responsive, usually disappearing after one treatment. Later,
similar effects were achieved using a 980 nm diode laser by Desiate et al. [12]. Saetti
et al. [13], after performing 22 endoscopic DL (810 nm) treatments of congenital subglottic
hemangiomas, concluded that it is the safest and most effective (95% efficacy) therapy. The
same cw DL radiation was used by Ferri et al. [14] to successfully treat Tis and T1 glottic
carcinomas; all patients were able to eat without aspiration, as soon as the second day.
Mittnacht et al. [15] applied DL radiation with power up to 450 W and λ = 808 and 940 nm
to lung tissue. The laser with wavelengths 810 nm (3.5 W cw, 200 µm fiber) was used to
treat oral Pyogenic granuloma [16].

More recently, Lee et al. [17] studied the efficacy of laser tonsillectomy using a 1940-nm
laser working with a fluence of 12 W. The mean time for the procedure was 22.6 min and
a notable reduction in pain at one week postoperative was elicited. Kang et al. [18]
applied DL radiation with wavelength 1940 nm for the treatment of nasal congestion due
to hypertrophied nasal turbinates. As the absorption coefficient of 1940-nm radiation
in tissue is very high, the laser ablates tissue more precisely with less thermal damage.
This clinical feasibility trial included eight patients with inferior turbinate hypertrophy. A
rather low laser power of 4.5 W was applied leading to good medical results. In order to
increase cutting efficiency of 940 nm DL, Agrawal et al. [19] studied the effect of various
external chromophores (beetroot extract, erythrosine dye, hibiscus extract) applied on
animal tissues. Staining of tissues with 3% erythrosine dye improved the efficacy of a
940 nm diode laser, by introducing sharper, wider cuts and clean incision with minimal
charring when compared to beetroot, hibiscus, and saline chromophore.

In addition, the efficacy of 532-nm DL was investigated by treating a 50-year-old
Korean female with oral erythro-leucoplakia [20]. Two months after the DL treatment,
using a power of 6 W and 25 ms pulse, the operated region was well-healed without any
significant scar contracture. Diode lasers emitting at wavelength 808 nm and different
fluencies (12–14 J/cm2) were tested for hair removal efficacy [21]; 30 ms laser pulses
at a fixed rate of 7 Hz were applied. No significant difference was observed for both
applied fluencies including patient comfort. The treatments were tolerated well without
anaesthesia. The feasibility of a diode laser emitting at 1470 nm for blood vessel sealing
was studied by Im et al. [22]. It was found that a power of 20 W and irradiation time of
5–10 s are adequate for effective sealing of blood vessels, although the higher power is
required to cut the vessels.

Diode lasers with a central wavelength in the range 980 ± 10 nm have not been widely
used up until now in high power clinical therapies. Romanos et al. [11] examined the
wound healing after the application of a diode laser (980 nm) in oral surgical procedures,
such as removal of soft tissue tumors, frenectomies, excision of gingival hyperplasias,
vestibuloplasties, hemangioma removal, and periimplant soft tissue surgery. Laser radi-
ation was applied both in pulsed and cw regime, with and without contact to the tissue.
The advantages of this procedure were good coagulation properties; lack of bleeding, pain,
scar tissue formation or swelling; and good wound healing. A few other examples related
to otolaryngology procedures are known: turbinate reduction, nasal polypectomy, ablation
of an oral papilloma, and photocoagulation of nasal telangiectasias [23]. Schmedt et al. [24]
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has studied endovenous laser treatment of saphenous veins using a diode-laser emitting
light of wavelength 980 nm which was transported via a 600 µm bare tipped optical fibre.
Telangiectasias were most responsive, usually disappearing after one treatment [12]. Rey-
naud et al. [25] applied the 980 nm laser in laser-assisted lipolysis and Weiss et al. [26] in
laser-assisted liposuction. Tunçel et al. [27] used DL (4–9 W) cw radiation to treat early
glottic cancer and a year later Karasu et al. [28] applied DL radiation (3–5 W cw) to vocal
fold polyps.

A Ceralas D15 diode laser delivering up to 15 watts of optical power at 980 nm
using a quartz fiber delivery system was used to treat benign laryngeal lesions at office-
based (outpatient) surgery—see [29]. Laser radiation (at power 12 W superpulse mode)
was applied to a lesion through the working channel (3.7 mm in diameter) of the video
fiberoptic esophagoscope. Some treated lesions such as: vocal polyps, leucoplakia, laryn-
geal hair showed significant improvement, yet required repeated procedures. On the other
hand, patients with contact granuloma, subglottic stenosis and tracheal lesions showed
partial remission with laser surgery. Recently, Karkos et al. [30,31] demonstrated the efficacy
of a new “Π” surgical technique (using 980 nm DL laser, 4–9 W) postoperatively to improve
quality of voice and swallowing. It was proven that the 980 nm diode laser appears to be
safe and “friendly”. Excellent long-term decannulation rates together with no significant
deterioration in voice quality was achieved. Prażmo et al. [32] confirmed a positive effect
of the repeated 980 nm laser pulsed irradiation (100 Hz) on intracanal Enterococcus faecalis
biofilm elimination.

The effects of 975 nm radiation of dermatologic DL (in pulsed and cw mode) de-
veloped in IMP PAN was studied using optical phantoms of skin [33] before its clinical
application [34]. Further research comparing the interaction effects of radiation at 532, 975,
and 1064 nm was performed and reported by Milanic et al. [35]. It was concluded that the
risks of the epidermis or subcutaneous tissue overheating are significantly reduced.

The aim of this paper is to describe and analyse the medical application of diode
lasers operating in pulsed and cw regimes, with a special focus on laryngological or
dermatological therapies. The results related to the authors’ experience in the field are
presented and discussed, including first simulations of dermatologic treatment. The
advantage of pulsed laser application is discussed and its limitations are analysed.

2. Materials & Methods

The medical therapies analysed here were performed for several hundred patients
treated in a private clinic, the Medical Centre MML in Warsaw (in the field of laryngology)
and the private dermatology practice of Dr J. Szymańczyk, in cooperation with the Institute
of Fluid-Flow Machinery PAS in Gdańsk.

The Institute developed a dermatologic diode laser emitting at 975 nm, working at cw
or pulsed regime—pulse lengths 100 ns−300 ms, and laser output power 20 W [36], which
was later implemented for therapies of neurofibroma and hemangiomas [34]. The second
diode laser applied in MML Centre generated radiation with wavelength 810 nm and a
pulse duration 4 s. In both cases, high efficacy of laser treatments was registered. Efficacy
of procedure was defined as the ratio of the number of patients with positive effects of
treatment therapy to the total number of procedures performed.

Besides medical treatments, the theoretical modelling and analyses of laser radiation
interaction with neurofibroma blisters were performed. Therefore, the classic fluid-solid
interaction problem is simulated and solved, in which the use of the monolithic method [37]
is justified. First of all, non-trivial coupling of the thermal-FSI type [38] is considered, with
the laser beam providing a heat stream to the tumor surface. There is an unstable flow of
heat stream through various types of tissues to the tumor interior filled with fluid. This
fluid heats up and there is a phase change, combined with a rapid increase in pressure,
which results in a significant non-linear increase in tumor volume due to the hyperelastic
properties of the skin. The tumor eventually explodes after some time, less than the time it
takes to reach the pain threshold. The Arbitrary Lagrangian-Eulerian (ALE) description
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gives a proper foundation for monolithic methods in which simultaneous solution for all
unknowns of the coupled fluid/solid system [39] and all interaction effects between the
dependent equations are included. The set of balance equations in the well-known ALE
form [40,41] are solved
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where ρ is the density of the continuum particle, v is velocity of the continuum particle,
e = cvT +

1
2 v2 is total energy, cv is specific heat at constant volume, T is temperature of the

continuum particle, t is the Cauchy stress flux, q = λ·T∇ is the molecular heat flux defined
by Fourier law (λ is thermal conductivity coefficient), and b is the earth acceleration. The
Cauchy stress flux can be divided into an elastic part and a diffusive part:

t = P + τc , (2)

where P is an elastic momentum flux which is reversible and τc is a total diffusive momen-
tum flux which describes irreversible phenomena. Below the first introductory results of
simulations are presented and analyzed.

3. Results

Here, the results of diode laser treatments performed in MML Centre (laryngology)
and a private dermatology practise are presented and discussed.

3.1. Pulsed Diode Laser 810 nm (5 W Fluence and Pulse Duration 4 s) in Laryngology
Applications in MML Centre

(i) Laser-assisted somnoplasty using the palisade technique, a method of treatment
for snoring and sleep apnea, is characterized by high efficacy, a short recovery period, and
minimal risk of complications [42]. The method is implemented for palatoplasty, surgery of
palatoglossal and palatopharyngeal arch, and uvuloplasty. During the procedure, the diode
laser fibre is introduced into the soft palate (see Figure 1), which results in the formation
of linear intra-parenchymal adhesions that stiffen the palate and shift it in the vertical
plane. The therapy results in the prevention of tissue vibration during sleep, which, in
turn, leads to increased sleep comfort and maximally widened airways. There are several
advantages for application of this laser-assisted procedure, e.g., it enables a shorter surgery
time (30–40 min), under local anaesthetic conditions. Shortly after the procedure, the
patient can be discharged.

   

Figure 1. Introduction of laser fiber into a soft palate.
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In years 2007–2020, 84 diode laser-assisted somnoplasty procedures using palisade
technique were performed. Complete clinical response was observed in 77 cases, and a
partial response was seen in seven cases. The efficacy of the therapy reached 92%.

(ii) Separation of adhesions in nasal septum is needed due to postoperative complications—
see Figure 2. The adhesions being postoperative (iatrogenic) cicatrix appear between nasal
conches and septum and inhibit normal air flow. After laser assisted separation, instead of
the usual tamponade, a gel dressing, which dissolves after a certain period, is applied as
sufficient. The laser procedure is safer for the patient and gives better results. From 2007 to
2020, 51 laser-assisted separation procedures were performed. Complete clinical response
was observed in 49 cases, and a partial response was seen in two cases. The efficacy of the
therapy reached 97%.

  

Figure 2. Laser assisted separation of adhesions in nasal septum.

(iii) Laser assisted frenuloplasty, a surgery for a short frenulum and frenectomy of
labial frenulum is a simple, sensitive and safe medical procedure (Figure 3a). It is preceded
by a local anaesthesia. The diode laser assisted therapy is bloodless and painless due to the
character of laser radiation tissue interaction (increased coagulation). During the period
2007–2020, 62 diode laser-assisted frenectomy procedures were performed. Complete
clinical response was observed in 61 cases, and a partial response was seen in one case,
giving a procedure efficacy of 98%.

  

(a) (b) 

Figure 3. Frenectomy of labial frenulum (a) and laser-assisted closure of tonsillar crypts (b).
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(iv) Laser-assisted closure of tonsillar crypts after removal of debris (known as tonsil
stones) resulting from bacterial and viral infections (see Figure 3b). After the debris removal
a diode laser fiber is introduced, which enables shrinking and closing of crypts. This is an
ambulatory (also known as office-based or Outpatient) procedure under local anaesthetic,
and is painless and bloodless. During the period 2007–2020, 31 diode laser-assisted closures
of tonsillar crypts were performed. Complete clinical response was observed in 29 cases,
and a partial response was seen in two cases, giving an efficacy of 96%.

(v) Laser-assisted haemostasis (coagulation) results from interaction of 810 nm radia-
tion of diode laser with the blood and lymphatic vessels—see Figure 4a. The process enables
bloodless procedures and eliminates haemorrhaging both during and postoperatively. The
process efficacy reaches 100%.

 

 

(a) (b) 

Figure 4. Laser-assisted (a) haemostasis and (b) surgery of laryngopharynx.

(vi) Laser surgery of laryngopharynx and larynx (Figure 4b) enables sensitive and
precise operation, removal of deteriorated tissues and protection of healthy ones. The
separated tissue can be sent for histopathologic diagnostics. During the period 2007–2020,
54 laser surgery procedures were performed. Complete clinical response was observed
in 50 cases, and a partial response was seen in 4 cases, resulting in an efficacy for the
procedure of 93%.

(vii) Laser-assisted removal of cancerous changes/tissues (papilloma, polyps, hae-
mangiomas, vocal nodules) enables precise operation and reaching narrow channels in
nasal, sinus and other regions—see Figure 5. There is a low risk of thermal damage to
tissue, so introduced wounds normally heal fast. The procedures are relatively fast and
less invasive than standard ones. The laser haemostasis inhibits haemorrhage. During the
period 2007–2020, 67 diode laser-assisted removals of cancerous changes were performed.
Complete clinical response was observed in 64 cases, and a partial response was seen in
three cases, giving an efficacy for the procedure of 95%.

(viii) The laser-assisted blepharoplasty (popular cosmetic eyelid surgery) is a me-
dical/cosmetic procedure leading to correction of upper eyelid drooping (Figure 6a). It
consists in removal of skin surplus from the upper eyelid. The procedure enables an
increase of eyeshot (improved field of vision) and face rejuvenation. Its efficacy reaches
99%. During period 2007–2020, 97 diode laser-assisted blepharoplasty procedures were
performed. Complete clinical response was observed in 96 cases, and a partial response
was seen in one case.
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Figure 5. Laser-assisted removal of cancerous tissue. 

Figure 5. Laser-assisted removal of cancerous tissue.

  

(a) (b) 

Figure 6. The laser-assisted (a) blepharoplasty and (b) nasolacrimal duct anastomosis 12 months after procedure.

(ix) Laser assisted dacryocystorhinostomy (DCR) was performed using a diode laser
810 nm, at power 8–10 W and pulses 0.5–1 s, in the case of patients with tear duct obstruc-
tion [43]. An elastic laser fiber 0.4 mm wide was introduced through the tear duct towards
the lacrimal sac. The procedure was performed for 60 patients (44 women and 16 men)
with average age 60.9 years. Positive effects were observed in the case of 96%, 75%, and
78%, after three, six, and 12 months, respectively (Figure 6b). In two cases the procedure
was repeated and general efficacy increased to 81%. The intraoperative use of mitomycin
C during the procedure of nasolacrimal duct anastomosis with diode laser increases its
effectiveness [44].

Summing up, the utilisation of a 810 nm diode laser allows not only the removal of
damaged tissue but it leads to haemostasis of blood vessels which in turn results in higher
safety of therapies. This is of special importance when dealing with blood engorged tissues,
where the risk of postoperative complications can be much higher.

3.2. Pulsed and Continuous (cw) Operation Regime of Diode Laser 975 nm Implemented for
Therapy of Dermal Neurofibroma

In the case of patients affected by dermal neurofibroma disease, therapy proceeded at
different levels of laser power in order to find the optimum conditions. Figure 7 presents

59



Micromachines 2021, 12, 710

the effects in the case, when laser radiation with cw power 10 W and 15 W pulsed regime
(pulse 50 ms, 10 Hz) was applied to treat right side of the décolleté area. In the second
case (see Figure 8), cw power 12 W was applied. The check after ~4–9 weeks have shown
that the best therapeutic and cosmetic results have been achieved for cw power of 10 W. In
the case of higher powers the healing period was longer as well as the cosmetic effect less
desirable due to tendency to scarring.

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 7. Laser therapy of dermal neurofibroma at right side of the décolleté area using DL radiation with wavelengths 975
nm: and cw power 10 W; (a) view before irradiation, (b) soon after irradiation (c) 7 weeks after laser treatment; and with
pulsed power 15W (pulse 50 ms, 10 Hz) left side of the décolleté area (d) view before irradiation, (e) soon after irradiation (f)
7 weeks after laser treatment.

  
(a) (b) (c) (d) 

Figure 8. Laser therapy of dermal neurofibroma at right side of the neck below ear region using DL radiation with
wavelengths 975 nm and continues wave, power: 12 W; (a) view before irradiation, (b) soon after irradiation (55 s),
(c) 7 weeks after laser treatment, (d) one year after therapy.
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Application of lower radiation powers does not significantly improve the final thera-
peutic or cosmetic effect, i.e., by flattening of irradiated distortions or reduced tendency
to scarring. It looks like the applied pulsed regime gives slightly better results (compare
Figure 7c,f), the procedure is slightly less painful and better tolerated by patients. However,
the procedure lasted longer. In the case of the patient presented in Figure 8, the effects one
year after therapy may point to the need for therapy repetition.

Due to dolorability of the therapy using both diode (975 nm), Nd:YAG and Ho:YAG
lasers the treatment was preceded by local anaesthesia with 1% of lignocaine. However,
patients’ reactions and tolerance of these laser therapies were variable. In the case of diode
laser (975 nm) patients do not experience real pain or any tissue warming despite deep
coagulation. The tissue coagulation proceeds fast and effectively. The reaction to Ho:YAG
laser irradiation (2100 nm) was different. Patients despite local anaesthesia very often
suffered unpleasant high temperature effects due to the laser irradiation and coagulation
process. The treatment (Ho:YAG laser irradiation) of the skin, necessary to achieve the
required result, lasts significantly longer than in the case of the laser diode.

In order to understand better the phenomena and mechanism of neurofibroma therapy,
a theoretical modelling and analyses of laser radiation interaction with neurofibroma blister
was performed. As mentioned in Section 2 the fluid contained in these cancerous blisters is
heated by laser radiation and evaporates rapidly increasing pressure. The blister eventually
explodes after some time, e.g., at least 3 s for blisters of 1.8 mm in diameter and more than
5 s for blisters 3 mm in diameter. These results correlate well with the results of introductory
simulations based on the ALE model described above, e.g., the full evaporation of liquid in
the neurofibroma blister occurred after 3 s of laser heating—see Figure 9.

  

Figure 9. The simulated gas phase change during the period of 3 s.

Figure 10 presents the relation between temporal evolution of pressure inside the
cancerous blister and the volume of fluid which has not yet undergone phase change
(evaporated). The maximum calculated pressure is 817 kPa, after 3 s of laser irradiation.
At that moment, 96% of the liquid had already evaporated. At that moment, the pressure
forces surpass the elastic forces and explosion results.
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Figure 10. Relation between volume of fluid inside skin blister and pressure inside.

4. Discussions

Diode lasers with wavelengths of 810 ± 10 and 980 ± 10 nm are used in cw and pulsed
modes. The radiation is transmitted to the operation field using optical fibre, which may or
may not contact the tissue being treated. These DL’s promote less bleeding, cleaner and
more adequate operative field, significant reduction in post-operative oedema associated
with direct reduction in pain, and improvement in tissue repair (see, e.g., [45]). Besides,
Hanke et al. [46] studied soft-tissue cutting-efficiency for DL emitting in the wavelengths
(λ) range 400 to 1500 nm. They found that the cutting depth for 2.5 W laser radiation
moving at the speed 2 mm/s is equal 530, 330, 260, 230 µ for λ = 445, 810, 980, 1064 nm,
respectively. Total interaction zones change accordingly. The 980 nm radiation is slightly
better absorbed by water than the 810 nm one, which results in a smaller interaction zone.
For example, Goel et al. [47] stated “The diode laser 980 nm is usually preferred for DCR
surgery as it provides a better ablation and narrower tissue area involvement versus 810 nm
that creates better coagulation than the vaporization”. Table 1 presents various medical
applications of the mentioned lasers.

Table 1. Medical application of pulsed and cw diode laser with wavelengths 810 and 980 nm (λ denotes wavelengths, τ
pulse lengths).

λ (nm) Operation Mode Applications Field Ref.

810 ± 10

cw and pulsed
photobiomodulation (PBM)—also known as biostimulation or low
level laser therapy—LLLT, dental biostimulation, neuronal
differentiation

[4,48]

τ ~ 5–15 ms ok. 30 Hz
lesion tissue: telangiectasias, spider veins, capillary dermal
malformation and a cutaneous venous malformation

[10]

NA vascular ophtalmology, [49]
cw and pulsed congenital subglottic hemangiomas [13]
cw Tis and T1 glottic carcinomas [14]
cw, 3.5 W Pyogenic granuloma [16]
8–10 W
τ~ 0.5–1 s

Laser assisted dacryocystorhinostomy [43]

p. 30 ms, 7 Hz hair removal [21]

5 W, τ = 4 s

Laryngology: laser-assisted somnoplasty, frenuloplasty, closure of
tonsillar crypts, haemostasis, removal of cancerous changes,
blepharoplasty, surgery of laryngopharynx and larynx, separation
of adhesions in nasal septum

here
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Table 1. Cont.

λ (nm) Operation Mode Applications Field Ref.

980 ± 10

cw, pulsed
photobiomodulation (PBM)—also known as biostimulation or low
level laser therapy—LLLT, wound and ulcers healing applications

[7]

pulsed, cw
tissue tumors, frenectomies, excision of gingival hyperplasias,
vestibuloplasties, hemangioma removal, and periimplant

[11]

NA
turbinate reduction, nasal polypectomy, ablation of an oral
papilloma, photocoagulation of nasal telangiectasias,

[23]

NA endovenous laser treatment of saphenous veins [24]
NA telangiectasias [12]
cw early glottic cancer [27]
cw vocal fold polyps [28]

Ceralas D15, 12 W superpulse
laryngeal lesions: vocal polyps, leucoplakia, laryngeal hair,
granuloma, subglottic stenosis and tracheal lesions

[29]

cw, dermatology: neurofibroma, hemangioma [34]
τ = 50 ms, 10 Hz

dual 980/1470 nm
vascular lesions of skin and lips: cherry angiomas, venous lakes, lip
hemangioma, and spider nevi, couperose, facial telangiectasia

[50]

cw, 30–120 W prostate treatment [51]
τ = 0.1 s, 5–9 Hz
NA ophthalmology [47]
3 W (100 Hz) removal of intracanal Enterococcus faecalis biofilm [32]
cw 8 to 9 W bilateral vocal fold immobility (BVFI) [30,31]
cw 3–4 W Maxillofacial surgeries including intrinsic TMJ pathologies [45]
cw 1.5 W gingival depigmentation [52]

Although in the paper we focus on diode laser application, in otolaryngology various
lasers have been used, following the first (in the late 70s) implementation of an argon laser
for inferior turbinate reduction. Lasers have been later successfully applied for a variety of
nasal pathologies, such as epistaxis, inferior turbinate hypertrophy, nasal and paranasal
tumors, skin lesions, and pathologies of the nasopharynx—see e.g., [53]. Although, Abiri
et al. [54] pointed to the argon laser as the superior for some laryngology problems (caused,
e.g., by hereditary haemorrhagic telangiectasia) other lasers such as Nd:YAG (second
harmonic) and diode lasers also give good results. However, the application of CO2
laser radiation is limited due to the complexity of nasal anatomy and lack of appropriate
elastic fibres.

The CO2, Nd:YAG (second harmonic), argon and diode lasers were also successfully
applied to oral cavity and oropharyngeal lesions, such as hypertrophic gingivitis, chronic
tonsillitis, benign and malignant tumors, etc. [55]. These lasers provide better haemostasis,
greater cutting precision, and reduced postoperative edema when compared to other
standard methods of surgery.

The first laser assisted dacryocystorhinostomy (DCR) was implemented (by Massaro
et al. [56]) in order to increase the diameter of tear duct (nasolacrimal duct) whilst avoiding
bleeding. The argon laser was used in order to generate a tear duct (4–6 mm wide), which
allow tears from the lacrimal sac of the eye to reach the nasal cavity. Later, the advantage
of various elastic fibres allowed the application of other wavelengths, e.g., 2120 nm of
Ho:YAG laser [57], 810 [43] or 980 nm [58] diode lasers.

Fluence is a key parameter which should be carefully adjusted in order to cause
minimal damage to tissues adjacent to the incision site. Another issue is related to pulse
operation mode. It was observed during neurofibroma treatment that pulsed mode (50 ms,
10 Hz) was perceived by the patient as less painful than the cw regime. However, it led to
a longer operation time. Besides, using a higher pulse power for a shorter period of time
results in less tissue damage than using lower power for a longer period of time. This is
of special importance for selective photothermolises studied by Anderson and Parrish [3],
but the most popular diode laser used in medical therapies does not offer such possibilities.
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Therefore, cw mode operation is usually favoured in various therapies due to the reduced
operation time. The exceptions are presented in Table 1.

5. Conclusions

The results of radiation tissue interactions depend upon the tissue absorption coeffi-
cient, the wavelength of the laser, power density, operation mode (including pulse lengths
and frequency), and interaction time. Although these data are presently better described in
various papers they are still not always fully provided.

From Table 1, it is clear that in the case of soft tissue surgery the cw operation mode is
preferred by the medical staff. This is because of the limitations of pulse power in the most
common diode lasers and its effect on operation time. However, one should remember
that pulsed operation mode may result in less damage in tissue adjacent to the incision site.
The 980 nm DL radiation may in some cases provide a better ablation and narrower tissue
affected zone in relation to 810 nm laser which in turn will be better for coagulation.

Diode lasers are becoming increasingly popular in medical applications due to their
small size, robustness and compactness, cost-effectiveness, and ease of operation as well as
high efficiency (reaching up to 70%). Moreover, the price of diode lasers is getting more
and more competitive in relation to other systems. However, the significant drawback of
this technology is the scarcity of diode lasers with short and high power pulses, important,
e.g., in the case of selective photothermolises therapy [3]. Pulse powers up to 150 W are
available [59].
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Appendix A. Patient Statement of Informed Consent for Surgical Treatment

As a patient of MML Medical Center, I hereby agree to undergo treatment, which will
consist of:

(Name of procedure)
I have been informed of the requirements, processes and stages of surgical treatment,

its purpose, expected results and potential risks that may occur as a result of this treatment.
I accept the multi-disciplinary treatment plan, which involves surgical treatment. I have
been informed of the costs of treatment and accept these.

I have been informed of the possibility of early and late post-surgery complications
and the accompanying risks. I have understood the explanations and asked all questions
that are of interest to me in regard to this medical procedure. Should a situation arise
requiring it, I agree to a modification of the surgical procedure to the necessary extent, in
accordance with the principles of medical knowledge.

I hereby give conscious consent to perform this treatment under local/general anaes-
thesia and declare that I have not concealed any crucial information regarding my overall
health status. I have been informed about the possibilities of medical complications during
the procedure which will be conducted.

I have been informed of and agree to allow the necessary photographic and radiologi-
cal documentation in connection with the treatments.

64



Micromachines 2021, 12, 710

I have been informed about the necessity of reporting to post-treatment follow-up
control visits. I have been informed that smoking and poor oral hygiene and failure
to follow post-treatment recommendations can significantly exacerbate potential post-
treatment complications and negatively affect the treatments success.

I submit to the following restrictions associated with the medical procedure:
Performing Doctor Legible Patient signature
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32. Prażmo, E.; Godlewska, A.; Sałkiewicz, M.; Mielczarek, A. Effects of 980 nm diode laser application protocols on the reduction of
Enterococcus faecalis intracanal biofilm: An in vitro study. Dent. Med. Probl. 2017, 54, 333–338. [CrossRef]
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Abstract: Oxide dispersion-strengthened (ODS) Eurofer steel was laser welded using a short pulse
duration and a designed pattern to minimise local heat accumulation. With a laser power of 2500 W
and a duration of more than 3 ms, a full penetration can be obtained in a 1 mm thick plate. Material
loss was observed in the fusion zone due to metal vaporisation, which can be fully compensated by
the use of filler material. The solidified fusion zone consists of an elongated dual phase microstructure
with a bimodal grain size distribution. Nano-oxide particles were found to be dispersed in the steel.
Electron backscattered diffraction (EBSD) analysis shows that the microstructure of the heat-treated
joint is recovered with substantially unaltered grain size and lower misorientations in different
regions. The experimental results indicate that joints with fine grains and dispersed nano-oxide
particles can be achieved via pulsed laser beam welding using filler material and post heat treatment.

Keywords: oxide dispersion strengthened steel; ODS Eurofer; laser welding; microstructure; EBSD

1. Introduction

Due to their good high-temperature strength, corrosion resistance and radiation resis-
tance, oxide dispersion-strengthened (ODS) steels are promising candidates for structural
materials employed in elevated-temperature and nuclear applications [1]. The favourable
properties of ODS steels are mainly attributed to the fine grains and homogenously dis-
persed nanosized oxide particles in the steel matrix [2]. These fine and thermally stable
dispersoids hinder the motion of dislocations and grain boundaries, acting as trapping
sites for both point defects and helium atoms generated during irradiation, resulting in an
increased resistance to irradiation damage.

Despite the promising behaviour of ODS steels for use in advanced nuclear systems,
joining these materials remains one of the major technological challenges limiting their
deployment [3]. Joining ODS steels by solid-state methods such as spark plasma sintering
(SPS), hot isostatic pressing (HIP) and friction stir welding (FSW) has been proven to
be feasible by several authors [4–6]. The degradation of featured microstructures and
mechanical properties can be minimised since these techniques do not create a molten
zone in the joint area [5]. However, the costs of SPS and HIP are relatively high due to
long processing times (1–5 h) [7] and the application of FSW is limited due to geometrical
restrictions and tool wear [8]. The welding of ODS steels by traditional, fusion-based
welding techniques such as gas metal arc welding and tungsten inert gas welding is
problematic. As soon as a molten zone is produced, the oxide particles rapidly agglomerate
and float to the top of the molten weld pool, resulting in a significant loss of strength [9].
Laser beam welding [10–12] can potentially be employed for joining ODS steels due to
its highly concentrated energy input, leading to the melting of a small amount of base
material, and consequently, the formation of a small heat-affected zone (HAZ). The study
of Lemmen et al. [12] showed that PM1000 had a good laser weldability with a wide range
of welding parameters. However, yttrium oxide clustering was found in all conditions,
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causing a reduction in strength in the weld. Similar results were obtained by Liang et al. [13]
who indicated that the nanoprecipitates were larger in the weld metal than in the base
material. In summary, a new laser welding method needs to be developed to address the
issue of microstructure and mechanical behaviour degradation.

In this study, pulsed laser beam welding was successfully employed to join ODS
Eurofer steel with only minor deterioration of microstructure when compared to the
parent material. The welding parameters were investigated and optimised to improve
the microstructure of the joint. The microstructural features were characterised by means
of optical microscopy (OM), scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and electron backscattered diffraction (EBSD).

2. Experimental Details

2.1. Materials

The alloy studied was ODS Eurofer steel with a nominal composition of Fe–9Cr–
1.1W–0.4Mn–0.2V–0.12Ta–0.1C–0.3Y2O3 (wt%), produced via powder metallurgy. The
production process started with mechanical alloying, where the precursor powders were
mixed in a Retsch planetary ball milling machine under an argon atmosphere for 30 h
at 300 rpm. The resultant powders were subsequently consolidated by spark plasma
sintering (SPS, FCT group, Frankenblick, Germany) at a pressure of 60 MPa and a sintering
temperature of 1373 K with a heating rate of 100 K/min. After a holding time of 30 min,
disks of 40 mm diameter and around 10 mm thickness were produced (Figure 1). These
parameters were selected based on our previous study [14].

 

Figure 1. Powder metallurgy-produced ODS Eurofer.

2.2. Methods

A 6 kW Yb:YAG laser was used for the welding experiments. The focusing optic has
a focal length of 223 mm and projects a laser spot with a diameter of 0.6 mm. Two work
pieces (30 × 20 × 1 mm3) machined from the SPS-prepared disk were welded by pulsed
laser beam welding with a peak power of 2500 W and a pulse duration ranging from 2 ms
to 5 ms. A shielding gas of argon was delivered to the work piece at a flow rate of 8 L/min.
Instead of moving straight in one direction, the laser beam was moved following the
sequence indicated in Figure 2 in order to minimise the heat accumulation in the material
and, therefore, shorten the melt pool lifetime. The time interval between each point is
around 30 s. The distance between the centres of adjacent spots was 0.5 mm to ensure a
continuous weld. A post heat treatment was conducted to recover the microstructure and
release the residual stress generated during welding by normalising at 1423 K for 1 h, air
cooling to room temperature, and then, tempering at 973 K for 1 h, followed by air cooling
to room temperature.
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Figure 2. Schematic illustration of welding strategies.

The microstructure of the joint was characterised using a Keyence Digital Microscope
VHX-5000 and a JEOL 6500F SEM equipped with an energy dispersive spectrometer (EDS)
and EBSD. The nano-oxide particles in the material were investigated using a JEM-2200FS
TEM. To reveal the microstructure by OM and SEM, the samples were etched in a solution
of 5 g ferric chloride, 50 mL HCl and 100 mL distilled water for 20 s. Specimens for EBSD
were mirror polished followed by a colloidal silica polishing step. TSL orientation imaging
microscopy (OIM) software was used for data processing and analysis. EBSD maps of
inverse pole figure (IPF), grain average image quality (GAIQ) and kernel average misori-
entation (KAM) were implemented and analysed in the study. The TEM specimens were
prepared by electropolishing disks with a diameter of 3 mm in a twin-jet electropolisher
using 4% perchloric acid and 96% ethanol as electrolyte.

3. Results

3.1. Parameter Optimisation

To study the effect of a pulsed laser beam on the microstructure of ODS Eurofer, a
number of spots were created on a plate with varying parameters. A short melt pool
lifetime would be beneficial for retaining the Y2O3 particles in the fusion zone. Therefore,
a laser power of 2500 W and short pulse durations between 2 ms and 4 ms were applied.
Optical micrographs of the cross-section of the spots can be seen in Figure 3. Material loss
was observed in all conditions due to metal evaporation during the welding process. The
width of the top of the “V”-shaped fusion zone is around 0.7 mm, which is very close to
the beam size, indicating a concentrated heat input. The heat-affected zone (HAZ) is small
in all cases, with a width of approximately 0.06 mm. It can be seen that partial penetration
is obtained with a pulse duration of 2 ms and 2.5 ms. Large pores can be observed in the
bottom of the fusion zone, probably because gas was trapped in the melt pool due to a
short escape time. Full penetration is realised with pulse durations of more than 2.5 ms. As
expected, more severe material loss was observed with longer laser beam pulses. Large
pores managed to escape in these open keyhole conditions, while microvoids were found
in the weld pool.
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Figure 3. Optical micrographs of spots on the plate, with a power of 2500 W and a pulse duration of (a) 2 ms, (b) 2.5 ms,
(c) 3 ms, (d) 3.5 ms and (e) 4 ms.

3.2. Microstructure Characterisation

In order to compensate for the material loss in the fusion zone, two ODS Eurofer
square bars with dimensions of 30 × 1 × 0.5 mm3 were attached to the top and bottom
surfaces of the work piece to act as a filler material. A duration of 5 ms was used to realise
full penetration. The material was joined using the pattern indicated in Figure 2. An SEM
image of the weld seam is shown in Figure 4a. It can be seen that the material loss in the
specimen is fully compensated by the filler material. In Figure 4b, the microstructure has
both martensite grains (dark regions) and ferrite grains (bright regions), with the presence
of microvoids. Martensite is formed during the rapid cooling process (~104–106 K s–1 [15]),
while δ-ferrite is formed during heating, as the peak temperature of laser welding is
definitely higher than the austenite–δ-ferrite transformation temperature (around 1400 K).
However, since the δ-ferrite–austenite transformation is a diffusion-controlled process, the
rapid solidification does not offer sufficient time to complete the phase transformation [16].
Consequently, residual ferrite is observed in the microstructure.

Figure 4d shows an enlarged image of the microstructure in the fusion zone. A large
number of nanoprecipitates can be observed in the steel matrix. As shown in the TEM im-
ages in Figure 5a,b, finely dispersed Y2O3 nanoparticles are observed in the microstructure.
The particle sizes vary between 1 and 30 nm and do not show a significant difference in
distribution between the fusion zone and base material. Figure 5c shows a dark field image
of Y2O3 particles (indicated by the arrows) pinning the grain boundaries in the fusion zone,
which is beneficial for enhancing the mechanical properties and extending the working
temperature range. The martensite lath structure in the fusion zone is revealed in Figure 5d.
From Figure 4d, it is also worth noting that the Y2O3 particles are not homogeneously
distributed in the steel matrix. It seems that the smaller grains have a higher number of
Y2O3 precipitates than the larger grains. This can be explained as follows: The distribution
of Y2O3 is not perfectly homogenous even after a long period of mechanical alloying. Since
Y2O3 nanoprecipitates have a strong effect on impeding grain growth through a Zener-
type pinning [17], grains with a higher density of Y2O3 are presumably more resistant to
recovery and growth.
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Figure 4. Morphologies of the weld seam with filler material: (a) SEM morphology of the 
Figure 4. Morphologies of the weld seam with filler material: (a) SEM morphology of the weld seam,
(b) fusion zone, (c) fusion line, (d) enlarged fusion zone and (e) enlarged HAZ.

The grain size of the HAZ is smaller compared to that of the base material and clearly
smaller than that of the fusion zone (Figure 4c), probably due to martensite transformation.
An enlarged image of the HAZ (Figure 4e) shows a large number of precipitates with a
size ranging from 0.1 to 1 µm in the steel matrix. They are found to be more preferentially
located at the grain boundaries, possibly due to a decrease in volume-free energy [17].
These precipitates are rich in Fe, Cr, W and C, which can be identified as M23C6 carbides
(M = Fe, Cr and W) based on their size and chemical composition.

Figure 6 shows inverse pole figure (IPF) maps of the base material as well as the centre
of the fusion zone and HAZ (P = 2500 W, t = 5 ms, with filler material) obtained by EBSD.
Ultrafine grains smaller than 250 nm could not be indexed, causing the non-indexed (black)
areas in the figures. It can be observed that the maps exhibit grain sizes ranging from the
nanometre scale to a few micrometres. The microstructure of the fusion zone consists of
elongated structures, while that of HAZ shows equiaxed grains. None of the regions show
preferential grain orientation.
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Figure 5. TEM images of the Y2O3 nanoparticles in the (a) base material, (b) fusion zone, (c) Y2O3

pinning the grain boundaries and (d) martensite lath.
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Figure 6. Inverse pole figure (IPF) maps of different regions: (a) base material, (b) fusion zone, (c) HAZ, (d) heat-treated
base material, (e) heat-treated fusion zone and (f) heat-treated HAZ.
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The average grain sizes were measured and are shown in Table 1. The grain size
distribution was determined under the assumption that the minimum misorientation
characterising grain boundaries is 15◦. It can be seen that in the as-joined condition, the
average grain size of different regions decreases from the fusion zone to the base material
to the HAZ, which agrees with the observation from SEM. In the heat-treated condition,
the average grain size of the fusion zone is still the largest, and that of the HAZ remains the
smallest, but with smaller differences compared to the as-joined condition. Additionally,
compared to the as-joined condition, there is a decrease in the grain size of the fusion zone,
which could be ascribed to a refinement effect due to martensite transformation. Grain
growth occurs in the HAZ, presumably resulting from the release of high stored energy
due to phase transformation and distortion during laser welding. In general, the grain sizes
of the joint overall do not grow significantly after the heat treatment, probably because of
the strong pinning effect of Y2O3 on the motion of grain boundaries.

Table 1. Average grain size of different regions obtained from EBSD data in Figure 6.

Conditions Regions Grain Size/µm

Base material 2.08 ± 1.31
As-joined Fusion zone 4.33 ± 2.89

HAZ 1.64 ± 1.25
Base material 1.92 ± 1.10

Heat treated Fusion zone 2.20 ± 1.50
HAZ 1.72 ± 1.07

From Table 1, it can also be noted that the standard deviations of all conditions are
high. This is due to a bimodal grain size distribution of the material. Taking the fusion
zone in the heat-treated joint (Table 1) as an example, the grain size distribution has
two peaks at 1.42 and 7.20 µm, respectively, as can be seen in Figure 7. Similar bimodal
grain size distributions have been widely reported for powder metallurgy-prepared ODS
steels [18–20]. In martensitic–ferritic steels, which generally contain 0.1–0.2 wt% C and
9–11 wt% Cr [21], this phenomenon could be due to the dual phase nature of the material.
To further differentiate martensite from ferrite in the studied material, a chart of grain
average image quality is shown in Figure 8a. Image quality (IQ) describes the quality
of diffraction property of the analysed Kikuchi patterns. This factor can be used as an
estimation of dislocation density or stored energy [22]. It can be seen that if a threshold
value of approximately 40 is chosen, phases with image quality less than 40 are highlighted
and shown in Figure 8b. In this way, martensite is differentiated from ferrite in the
microstructure, since martensite exhibits lower image quality than ferrite due to its highly
distorted lattice [23]. It can be noted that the smaller martensite grains are mainly located
between the larger ferrite grains. This finding supports the dual phase microstructure of
the material, and consequently, a high standard deviation of the grain size distribution.

The kernel average misorientation (KAM), which represents the numerical misori-
entation average of a given point with its nearest neighbours, was used to characterise
local misorientations. The maps were calculated using a maximum misorientation of 5◦.
Figure 9a shows the KAM map of the fusion zone in the heat-treated joint. It can be
observed that the grains standing out from the rest due to a larger size show almost no
misorientation, i.e., no local lattice distortion. In addition, misorientations between 0.5◦

and 2◦ are observed near the grain boundaries. These small grain regions with higher mis-
orientations can be linked to the areas with lower image quality. As shown in Figure 9b, the
KAM map combined with the IQ map reveals overlapping regions, where martensite grains
(yellow) have a higher misorientation and ferrite grains (dark blue) generally have a lower
misorientation. By comparing KAM of different regions in the joint, this indicates whether
the microstructure is changed significantly after welding or the heat treatment. The fusion
zone and HAZ have a higher KAM than the base material, indicating a more distorted
microstructure and probably a higher martensite fraction due to an additional thermal cycle
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(Figure 10). Meanwhile, in the heat-treated condition, the KAM is smaller than that of the
as-joined condition and shows no significant difference in different regions, demonstrating
that the microstructure is substantially recovered and homogenous after the normalising
and tempering treatment, which would be beneficial for the mechanical properties.

μ

 

Figure 7. Grain size distribution of the fusion zone in the heat-treated joint (P = 2500 W, t = 5 ms).

μ

  

Figure 8. Fusion zone in the heat-treated joint (P = 2500 W, t = 5 ms): (a) Image quality in percentage showing highlighted
low image quality and (b) Image quality map showing highlighted phases corresponding to martensite.

Figure 9. (a) Kernel average misorientation (KAM) map of the fusion zone in the heat-treated joint (P = 2500 W, t = 5 ms)
and (b) Kernel average misorientation (KAM) map combined with image quality (IQ) map shown in Figure 8b.
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Figure 10. Distribution of kernel average misorientation (KAM) of different regions in the as-joined
and heat-treated joints.

4. Discussion

With controlled welding conditions, including an optimised laser power and a short
pulse duration, a fully penetrated and not overheated spot weld was obtained. The welding
defects observed in the joint are mainly material loss and microvoids. The material loss is
generally caused by metal evaporation and spattering. This could be improved by tuning
the focal position and the divergence angle [24,25]. With a reduced power density around
the keyhole aperture, the speed of the melt flow as well as the instability of the keyhole
will be decreased; therefore, the evaporation and spattering phenomenon will be limited.
As for the porosity defects, it has been found that porosity can be effectively inhibited at
the optimum frequency and duty cycle of the employed laser pulse [26]. In addition, the
keyhole stability and material evaporation also have a large effect on the generation of
porosity [27]. The use of nitrogen instead of inert shielding gas was found to be effective to
suppress the formation of porosity defects, due to the occurrence of the on-and-off cycle of
nitrogen plasma prior to the initiation of keyhole instability [27]. All of these could be used
to reduce the welding defects and thus, improve the mechanical performance of the weld
in future works.

The melt pool lifetime during fusion welding is crucial for retaining the microstructure
and mechanical properties of ODS steel joints. Upon welding, the oxide particles will
quickly float to the top of the melt pool and, consequently, form a depleted area, leading
to significantly reduced mechanical properties. With traditional “continuous” welding,
the heat will accumulate in the weld. Even though techniques such as laser beam welding
have a very high cooling rate, the melt pool lifetime is still too long for ODS steels. The
temperature of the fusion zone usually stays above the melting point for a relatively
long period of time. It is therefore difficult, if not impossible, to obtain an undisturbed
microstructure, i.e., a microstructure with fine grains and dispersed nano-oxide particles.
For instance, Lindau et al. [9] studied the joining of ODS Eurofer via electron beam welding,
which also has a characteristic high power density. The results showed that the nano-
dispersoids in the fusion zone unsurprisingly agglomerated to larger particles, causing a
weak weld seam. Conversely, with the distributed pulsed spot welding procedure proposed
in this study, the melt pool lifetime of each spot is reduced to the order of milliseconds,
which is favourable for the retention of the microstructure and mechanical properties of
the joint. It is known that the strengthening mechanisms of ODS steels are mainly based on
grain boundary strengthening and dispersion strengthening [28], as neither the grain size
nor the nanoparticle distribution is changed significantly after joining, and the strength of
the joint will not be unduly reduced.
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5. Conclusions

ODS Eurofer was welded successfully using a pulsed laser beam welding technique
with a distributed pulse pattern. The welding parameters were optimised based on their
effect on the microstructure. The microstructure of the joint in the as-joined and heat-treated
conditions was investigated in detail. The main conclusions are as follows.

1. A full penetration is necessary to obtain an open keyhole condition without trapped
gas. With a laser power of 2500 W, a pulse duration of at least 3 ms is needed for a
1 mm thick sample. A longer duration may lead to excess material loss, which can be
compensated by the addition of filler materials.

2. In the as-joined condition, the fusion zone consists of elongated grains, while the HAZ
has refined grains compared to the base material. M23C6 carbides are observed in the
microstructure and found to be preferentially located at the grain boundaries. The
nanoprecipitates are retained in the fusion zone, although they are not homogenously
distributed in the steel matrix. Characterisations using small angle neutron scattering
or small angle X-ray scattering could be carried out in the future to better understand
the effect of laser beam welding on nanocluster behaviour.

3. EBSD results reveal that the joined material has a bimodal and dual phase microstruc-
ture. Martensite grains show a lower image quality and a higher misorientation
compared to ferrite grains. The microstructure is generally recovered and homoge-
nous after the heat treatment, which is beneficial for the mechanical properties. Our
study shows that pulsed laser beam welding is an effective method for the joining of
ODS Eurofer steel.
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Abstract: The wettability of electrodes increases the power and energy densities of the cells of lithium-
ion batteries, which is vital to improving their electrochemical performance. Numerous studies in the
past have attempted to explain the effect of electrolyte and calendering on wettability. In this work,
the wettability behavior of structured and unstructured LiFePO4 electrodes was studied. Firstly,
the wettability morphology of the structured electrode was analyzed, and the electrode geometry
was quantified in terms of ablation top and bottom width, ablation depth, and aspect ratio. From
the result of the geometry analysis, the minimum measured values of aspect ratio and ablation
depth were used as structured electrodes. Laser structuring with pitch distances of 112 µm, 224 µm,
and 448 µm was applied. Secondly, the wettability of the electrodes was measured mainly by total
wetting time and electrolyte spreading area. This study demonstrates that the laser-based structuring
of the electrode increases the electrochemically active surface area of the electrode. The electrode
structured with 112 µm pitch distance exhibited the fastest wetting at a time of 13.5 s. However, the
unstructured electrode exhibited full wetting at a time of 84 s.

Keywords: wettability; electrodes; laser structuring; spread area; electrolyte; wetting time

1. Introduction

The energy demand of daily human activities is growing fast, causing climate change
as a result of greenhouse gas emissions. The automotive industry is labeled the primary
contributor to this climate change [1]. Automotive battery technology is essential for the
production of efficient, sustainable, safe, stable, and low emission hybrid and electric
vehicles to overcome the above-mentioned challenges [2]. In contrast to lead-acid batteries
and nickel-cadmium batteries, lithium-ion batteries have high energy and power density, a
lighter weight, are nontoxic, and have a long cycle life [2–6].

The main components of a lithium-ion battery are the anode, cathode, separator, and
electrolyte. The anode is the negative electrode, which usually uses graphite as an active
electrode material. The active electrode material is coated on a copper current collector
foil. The cathode, meanwhile, is made of lithium metal oxide that coats the aluminum
current collector. During the battery charging process, lithium ions and electrons flow from
the cathode to the anode through an external circuit and separator, and vice-versa during
discharging [7–9]. As mentioned above, the active material of the battery are the main
elements that determine the performance of the battery. LiFePO4 (lithium iron phosphate)
is one of the most widely used cathode materials in energy storage. It offers excellent
electrochemical performance because of its low cost and thermal stability, as well as the
fact that it is environmentally safe compared to other cathode materials [10].

During the past few years, technologies that have been used for cutting, welding,
annealing, structuring, and surface processing of lithium-ion batteries have been replaced
with a new and simple method using a laser, as the laser is a non-contact process and can
perform precision processes. 2D electrode designs exhibit long ion transport distances,
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power losses, and interelectrode ohmic resistance, which results in the restricted perfor-
mance of the battery by minimizing energy and power densities. To overcome these
disadvantages, researchers have come up with the idea of the 3D electrode. 3D electrode
architectures are obtained by removing the active material partially and increasing the
areal energy capacity to overcome the above-mentioned limitations and mechanical degra-
dation during battery operation [9,11,12]. A battery’s performance is mainly determined
by its electrode performance, and laser structuring of an electrode is mainly aimed at
improving this.

Wettability is one of the main properties that greatly affects the electrode’s perfor-
mance, as insufficient and non-uniform wettability of an electrode results in poor capacity,
production failure, reduced lifetime, and degradation [9,13–15]. In the past, numerous
studies have attempted to investigate electrode surface characteristics and their effect on
wettability. The first study analyzed the effect of electrode calendering and found that
calendering of the electrode changes the pore structure, thereby improving the wetting
behavior [11,16]. The wetting behavior of laser-induced electrode surface structures such
as holes, cone, grid, and line structures were studied, and results indicated that surface
modification has a huge impact on improving wettability [12]. Other studies looked at the
effect of electrolyte solution on the wettability of electrodes, and found that the wetting
rate mainly depends on the viscosity and surface tension of the electrolyte solution [17].
However, most studies have focused on the effect of electrolytes with different composi-
tions on wettability, and there is a lack of study on the effect of laser processed electrode
surface on wettability. Hence, this study aims to investigate the effect of the electrode
surface microstructure. In addition, a wettability test is conducted to compare the wetting
behavior of micro-structured electrodes.

In the present experiment, the effect of laser power on the structured electrode was ob-
served in terms of ablation width, ablation depth, and aspect ratio. The structured electrode
microstructure was analyzed using SEM. In addition, the wettability of unstructured and
structured electrodes was analyzed in terms of wetting time and spread area. This paper is
organized as follows. First, an experimental setup, material information, laser source, and
laser parameters are described. Second, the surface morphology, ablation width, ablation
depth, and aspect ratio are discussed. Third, the wettability of the electrodes is explained
and discussed. Finally, the concluding remarks of this study are summarized.

2. Experimental Setup

2.1. Material

For this study, a one-side coated LiFePO4 electrode with aluminum as a current
collector was used. The slurry was prepared by mixing active material LiFePO4, super
P as a conducting agent, and polyvinylidene fluoride as a binder with a mass fraction
of 8:1:1, respectively. Active material with a thickness of 70 µm was coated on 20 µm of
aluminum foil. After calendering, the electrode total thickness was reduced to 76 µm.
At the same time, the active electrode material thickness was also reduced to 56 µm. A
LiPF6 liquid electrolyte composed of a solvent mixture of ethylene carbonate (EC) and
ethyl methyl carbonate (EMC) with a volume ratio of 3:7 was used for the wettability test.
The measurements were carried out as static experiments under ambient air using a drop
volume of 0.01 mL [18].

2.2. Laser Source

A Ytterbium nanosecond pulsed fiber laser (YLPM-1-4× 200- 20-20, IPG, NY, New York, USA),
shown in Figure 1, was used as a laser source for this experiment. It features a maximum
average laser power of 20 W, an emission wavelength of 1064 nm, and a maximum pulse
duration of 200 ns. The laser source also had a beam quality factor (M2) of 1.5, a collimated
beam diameter of 7.2 mm, and a spot diameter of 30 µm.
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Figure 1. Set up of Ytterbium nanosecond Pulsed Fiber Laser used for laser structuring.

2.3. Experiment Procedure

The LiFePO4 electrode was structured with a two-pass method using a laser power of
1–4.6 W (at 0.4 W intervals). The electrode structure with the minimum groove size was cho-
sen for further laser structuring with three different pitch distances of 112 µm, 224 µm, and
448 µm. To evaluate the wettability of structured and unstructured electrodes, electrolyte
spread area and total wetting time were analyzed. The effect of surface microstructure on
the wetting behavior of both a structured and an unstructured electrode was investigated.
The experiment parameters employed for this study are indicated in Table 1.

Table 1. Experiment parameters.

Laser Parameters

Laser power(W) 1~4.6 W
Wavelength 1064 nm

Pulse duration 4 ns
Pulse repetition rate 500 kHz

Scanning speed 500 mm/s
Number of passes 2 passes

Pitch distances 112 µm, 224 µm and 448 µm
Working distance 189 mm

3. Result and Discussion

3.1. Morphology

A scanning Electron Microscope (SEM) was employed to observe the top and cross-
section macrostructure of the electrode structures as shown in Figure 2. From both top and
cross-section views, the formation of a clear groove was observed from the minimum laser
power of 1 W. The spherical solidified molten active electrode material of approximately
5–8 µm in size was observed from the laser power of 1 W. The size of these melt formations
increases as the laser power increases. Under higher laser powers, observation reveals an
increase in molten active electrode materials extant on the top surface.

3.2. Ablation Width, Ablation Depth, and Aspect Ratio

The ablation top and bottom widths after being subjected to all laser powers in are
shown in Figure 3a. When the laser power increases, both the ablation top and bottom
width increase. The measured ablation top width ranges from 35 µm to 60 µm when using
laser powers from 1 W to 4.6 W. Meanwhile, the ablation bottom width varies from 8 µm
to 35 µm over the same power range. From the laser power of 1 W to 3.8 W, the ablation
top width increases rapidly. On the other hand, the bottom width increases significantly at
the laser power ranging from 3 W to 4.6 W.
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Figure 2. SEM image of the electrode after the laser structuring with two-pass.

Figure 3. (a) Ablation width, (b) ablation depth, and (c) aspect ratio.
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Figure 3b,c show the ablation depth and aspect ratio of the laser structured electrode.
An ablation depth of 17 µm is formed at the laser power of 1 W. The ablation depth increases
as the laser power increases. The maximum ablation depth is obtained at the laser power
of 3.4 W, at which point the aluminum foil gets exposed. The measured maximum ablation
depth is 56 µm. The ablation depth remains stable for the laser powers from 3.4 W to 4.6 W
because the active electrode material is completely removed.

The reason ablation depth does not change after the active electrode material is fully
ablated indicates that the fluence of the laser beam cannot exceed the ablation threshold of
the aluminum foil [17]. The laser powers from 3.4 W to 4.6 W contribute to the increase
of the ablation top and bottom width, but do not affect the ablation depth. The ablation
depth has reached its maximum possible value at the laser power of 3.4 W. The aspect
ratio calculated using the proportion of ablation depth to ablation top width is shown in
Figure 3c. The aspect ratio is a very important parameter. The maximum aspect ratio results
in creating an increased active electrode material surface area for better electrochemical
reaction and enhanced energy density of the battery [18]. The maximum average aspect
ratio was found to be 0.974, and was observed when the laser power of 3.4 W was used.
The maximum aspect ratio is obtained when the active electrode material is completely
removed. Moreover, the aspect ratio decreases as the laser power increase from 3.4 W.
The reason is that the ablation width keeps increasing while the ablation depth remains
unchanged. As the result, the aspect ratio declines. To clearly understand the wettability
phenomenon between structured and unstructured from the start, the groove with the
smallest depth and aspect ratio measurements was chosen. The groove formed at the laser
power of 1 W is structured again for further wettability tests. It was laser structured using
three different pitch distances of 112 µm, 224 µm, and 448 µm.

3.3. Wettability

Wetting property is dependent on drop spreading, electrolyte imbibition, and wicking
in the surface [16]. The electrolyte diffusion rate of a battery cell contributes significantly to
its capacity, safety, and life cycle. Moreover, the wetted volume of drop and wetting time
are the main factors of electrolyte diffusion [16]. The structures formed on the surfaces
of the electrodes result in a significant increase in the electrode surface area. According
to Wenzel, the wettability of the structured electrodes can be improved by modifying the
electrode’s surface (i.e., increasing surface roughness) [16,17,19,20]. In this study, electrodes
wettability was compared using the total wetting time and spread area at specific intervals.
The unstructured electrode and structured electrodes at a laser power of 1 W with different
pitch distances are shown in Figure 4.

Figure 4. (a) Unstructured, (b) pitch distance of 112 µm, (c) pitch distance of 224 µm, and (d) pitch
distance of 448 µm.
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Wettability is evaluated in terms of the wetting time and spreading area. The total
wetting time is the time required for the electrolyte to fully penetrate the electrode. The
spreading area of the electrolyte is the area covered by the liquid electrolyte while diffusing
over the electrode surface before fully penetrating the electrode. Additionally, the spread
area measurement starts from the initial drop to the spread area where a faintly visible
contact angle between the electrode surface and electrolyte drop can be obtained at different
times, t.

Figure 5 shows the electrolyte spread area at different wetting times and expresses the
quantitative electrolyte covered area. Additional pictures for the unstructured electrode
at 30, 50, 70, and 90 s were also taken. The total time required for the electrolyte to fully
penetrate the unstructured electrode was 84 s. In Figure 6, the total wetting time for the
electrode structured with 112 µm pitch was 13.5 s, the electrode structured with 224 µm
was 23.5 s, and the electrode structured with 448 µm was 33 s. The wetting time difference
between the structured electrodes is approximately 10 s. However, the unstructured
electrode took a long time compared to the structured electrodes.

Figure 5. (a) Images of an unstructured electrode at different points in time. (b) Electrolyte spread over the unstructured
electrode with time.

Figure 6. Total wetting time of all electrodes.

Taken together, these results indicate that the wetting time of structured electrodes
increases when the pitch distance between grooves increases. Electrodes with small pitch
distances have less wetting time than those with bigger pitch distances. This is due to an
increased active surface area caused by smaller pitch distances.

Moreover, the wettability is also evaluated by analyzing the wetted surface area after
5, 10, 15, and 20 s, respectively. The unstructured electrode showed different wettability
phenomena, unlike the structured electrode. The electrolyte droplet is stable on the surface
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and does not spread. Rather, it wets uniformly in all directions in a circular shape. In
the unstructured electrode, the drop is radially symmetrical around the center which is
due to the uniform pore distribution of the electrode. In addition, the spread area starts
falling with time without showing much difference from the initial drop. The drop spreads
over a maximum area of 15 mm2 out of the total area of 94 mm2. The covered area while
spreading can be seen in Figure 7b with time until it becomes fully wet. The images of
the structured electrode recorded at 5 s indicate that the spread area of the liquid on the
structured electrode with 112 µm pitch distance is larger than the two other structured
electrodes. It is also seen that the electrolyte spread area decreases while increasing the
pitch distance between grooves.

Figure 7. Images of the laser structured electrode with pitch distances of 112 µm, 224 µm, and
448 µm, respectively at the time of (a) 5 s, (b) 10 s, (c) 15 s, and (d) 20 s.

In comparison with the electrodes with 112 µm and 224 µm pitch distances, the
electrode with a 448 µm pitch distance seems to have an elliptical shape spread area and
is stable in a fixed zone. After 10 s, more than half of the electrolyte drop has wetted in
the electrode with a 112 µm pitch distance structure while the other two are still spreading.
After 15 and 20 s, the entire drop placed on the electrode structure with a 112 µm pitch
distance is fully spread, and has even started drying while the others are in the process of
wetting. The electrolyte spreads along lines parallel to the direction of the line structures.
Unlike unstructured electrodes, the spread area of the structured electrodes, in general,
is not radially symmetrical because the groove is formed, and the pore distribution is
affected by laser structuring. It is seen that the electrolyte spreads and wets quickly on the
structured electrode with the smallest pitch distance compared to bigger pitch distances.
This implies that the active electrode material surface area increases as the pitch distance
gets smaller.

4. Conclusions

In this study, LiFePO4 electrodes were structured using a nanosecond pulsed fiber
laser via two different number passes and three different pitch distances. The wettability
of the unstructured electrode and structured electrodes was discussed comparatively.
The wettability of the electrodes was mainly measured and analyzed by the electrolyte’s
ability to penetrate quickly and its spread area. The key observations of this study can be
summarized as follows:

1. The ablation top and bottom widths increase as the laser power increases. Similarly,
ablation depth also increases as the laser power increases. The aspect ratio increases
as the laser power increases until it starts falling at the laser power of 3.4 W, where
the depth reaches its maximum limit while width keeps increasing.
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2. The maximum ablation top width was measured to be 60 µm at 4.6 W, and the
maximum ablation depth was 56 µm starting from a laser power of 3.4. The minimum
measurements were found when using a laser power of 1 W. 35 µm and 17 µm
were the minimum measured values of ablation width and depth, respectively. The
maximum aspect ratio of 0.974 was obtained using a laser power of 3.4 W.

3. The wettability test results obtained by comparing the unstructured and structured
electrodes showed that the surface microstructure influences the wetting performance
of the electrode. It was observed that the electrode structured with a small pitch
distance exhibits fast wetting and spreading behavior. It has also been noticed that the
groove structures play an important role in guiding the electrolyte flow direction. The
unstructured electrode shows very slow wetting and a small spread area compared to
the structured electrodes.

4. This study demonstrated that the electrolyte drop chooses a differently shaped spread
pattern to minimize the energy required for spreading depending on the pattern and
geometry of the structured electrodes [18].

Further study may focus on investigating the wettability of laser-induced electrodes
and their effect on battery performance using better techniques.
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