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Abstract: While producing gas fuel supply pipes for duel fuel (DF) engines, a welding process
is essential. Accordingly, specimen management before and after welding is crucial to obtain
highly reliable weldments. In this study, we developed an environmentally friendly laser cleaning
technology to address a toxic work environment and environmental pollution problems caused by
chemical cleaning technology utilized in post-welding treatment of gas fuel supply for DF engines.
An experiment was conducted by implementing surface laser cleaning of the butt and fillet weldment
specimens according to process parameters. Conditions of process parameters were identified for
facilitating laser cleaning and used in prototype production. The prototypes were processed through
laser and chemical cleaning, and the quality of the end products was compared. The results indicated
that the proposed method satisfactorily cleans the prototype surface without generating a toxic work
environment and environmental pollution problems. Moreover, the roughness of approximately 5
µm was achieved on the laser cleaned surface. This is considered to be able to increase the adhesion
of the paint compared to the smooth chemical cleaned surface during the painting for anticorrosion
of the product.

Keywords: laser cleaning process; post-welding treatment; gas fuel supply pipe for duel fuel engine;
STS316L

1. Introduction

As the International Maritime Organization (IMO) reinforced environmental regula-
tions on air pollutants and greenhouse gases emitted from ships, solutions, such as the
operation of liquefied natural gas (LNG) fueled ships, the utilization of low sulfur fuel, and
installation of scrubbers, have been proposed [1,2]. LNG fueled ships, which have received
significant attention as ships utilizing next-generation clean fuel, generally utilize both
diesel oil and LNG based on dual fuel (DF) engine [3,4]. To produce gas fuel supply pipes
for DF engine, a welding process for joining a bellow and a flange should be conducted.
Several researchers have conducted many studies to improve the weldability of indus-
trial advanced engineering materials and difficult-to-work materials such as aluminum
alloys [5–7]. In addition, the welding process is very important in various application fields
and manufacturing industries. At this time, in order to obtain a highly reliable weld, the
management of the specimen before and after welding is very important.

Chemical cleaning technology, not only for the post-welding treatment, weakens
weldments, owing to excessive acid treatment, and can cause damage to products, such as
scratches and deformation in the process of moving these products for chemical cleaning.
In addition, it has issues involving severe environmental pollution, the welfare of workers,
and increased processing time due to a toxic work environment affected by utilizing
chemical solvents [8,9].
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Recently, in order to address the challenges of the chemical cleaning technology
and to select appropriate laser conditions, research on environmentally friendly laser
cleaning has been attracting attention. The laser cleaning process applies high-density
laser beams to the surface of a material to selectively eliminate substances on it [10,11].
This process is as follows. When a strong pulsed laser is irradiated onto the surface of
a material, evaporation occurs instantaneously in the surface contamination layer. As
the contaminants evaporate rapidly, plasma is generated, and when the pulse laser is
continuously irradiated, the temperature of the plasma is rapidly increased. These plasmas
generate powerful shock waves to break down the contamination layer into fine particles
to remove the pollutants [8]. As environmental pollutants are hardly emitted in the process
of this dry-cleaning technology, a work environment is fine. Excellent controllability of the
laser facilitates selective and local cleaning, thereby reducing work time and minimizing
damage to the base metal. Furthermore, this noncontact process is appropriate for cleaning
products that have three-dimensional shapes including edges and curved surfaces, such as
gas fuel supply pipes for DF engines.

In several previous studies, laser cleaning was applied to the surface of the material
before welding to improve the welding quality of aluminum alloy and carbon steel [12–15].
As a result of analyzing the characteristics of the weld before and after laser cleaning, it
was possible to remove all of the oxide layer and contaminants remaining on the surface
of the weld through laser cleaning. Therefore, it was possible to significantly reduce the
pores generated by the vaporization of the oxide layer and contaminants during welding
process. In addition, it was reported that the welding quality was greatly improved by
significantly reducing welding defects such as cracks, undercuts and humping beads.
However, few studies have examined the application of laser cleaning technology to post
welding process and gas fuel supply pipes for DF engines. Thus, this study developed
the optimal surface cleaning technology, which can minimize the defects of weldments,
and derive outstanding external weldment appearance by applying eco-friendly laser heat
sources to post welding process, to produce gas fuel supply pipes for DF engines requiring
high-precision welding [16].

2. Materials and Methods
2.1. Experimental Materials and Equipment

STS316L, austenitic stainless steel, is utilized as a gas fuel supply pipe material for a
DF engine. In this regard, this study produced and utilized butt and fillet weld specimens
based on a similar material used for a gas fuel supply pipe. Table 1 presents the chemical
composition of the experimental material.

Table 1. Chemical compositions of STS316L.

Element C Si Mn P S Cr Ni Mo Fe

Wt.% 0.02 0.572 1.089 0.03 0.003 16.213 10.120 2.077 Bal.

The laser cleaning device used in this study is a low-power portable laser cleaning
equipment composed of a Q-switching fiber laser with an average power of 100 W. Table 2
presents the specification of this equipment. Laser applied in this experiment has a wave
length of 1064 nm, and oscillates based on a short pulse duration time and high peak power.
As illustrated in Figure 1, the experimental laser cleaning equipment comprises a fiber
laser source, laser and stage control panel, a portable laser optic head, an Y stage, and a
suction duct.
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Table 2. Specification of laser cleaning equipment.

Q-Switching Fiber Laser Value

Beam mode Single mode
Input beam diameter (D) 7 mm

Focal length (f ) 250 mm
Wave length (λ ) 1064 nm

Average power (Pave) 100 W
Peak power (Pp) 6.7 kW

Pulse duration time (τP ) 150 ns
Beam size 97 µm

M2 2
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Figure 1. Experimental equipment and setup for laser cleaning.

2.2. Experimental Methods

In this study, experiments were conducted according to laser cleaning process parame-
ters such as energy density (De), defocused distance (f d), and an angle of a laser head (θ) for
butt and fillet welded specimens. A portable optical head was fixed and a stage was used to
derive quantitative results according to process parameters. As manual cleaning based on a
portable optical head was applied to prototypes, a fundamental experiment was performed
to identify a range of conditions of process parameters for facilitating laser cleaning.

Figure 2 illustrates the laser cleaning experiments conducted according to the shapes
of weldment. A butt weld specimen was placed on top of the stage, and a fillet welded
specimen was fixed at a jig, which was also placed at the stage and utilized to adjust
the rotation angle. Laser beams were irradiated on the specimens in the x direction by a
scanner, and the stage was moved to the y direction to scan the 30 mm × 30 mm areas of the
specimens. To derive uniform cleaning results, laser beams with Gaussian distribution were
overlapped by 50%, as illustrated in the schematic in Figure 2a. In the processing process
using a pulse laser, the laser beam overlap rate R is obtained through Equation (1) [17,18].
Here, v is the processing speed (mm/s), d is the beam diameter (mm), and f is the pulse
frequency (Hz).

R = [1 − (
v

d × f
)]× 100 (1)



Appl. Sci. 2021, 11, 11832 4 of 12
Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 12 
 

 

  

Figure 2. Laser cleaning experimental method according to the shape of the weld; (a) Butt weld, 
(b) Fillet weld. 

2.3. Analysis Methods 
The roughness and profile of the laser cleaned specimen were observed through a 

VHX-7000 high-resolution 3D microscope from KEYENCE, and the morphology was taken 
with a MIRA-3 Scanning Electron Microscope from Tescan (Brno, Czech Republic). The En-
ergy Dispersive Spectrometer System attached to the SEM was used to analyze the compo-
nent changes on the surface of the specimen before and after laser cleaning. In addition, in 
order to confirm the cleaning performance of the prototype, compositions were analyzed 
using SmartLab X-ray Diffractometer of RIGAKU. The X-ray source is a Cu tube and the 
2theta range is 5° to 80°. 

3. Results and Discussions 
3.1. Characteristics of Laser Cleaning Applied to the Butt Weldment 
3.1.1. Effects of Energy Density 

In this experiment, energy density was adjusted in a range from 3 to 9 J/cm2 to ana-
lyze its effect on laser cleaning of the butt weldment. Figure 3 illustrates the surface of the 
laser cleaned butt weldment according to energy density. The welded specimen before 
laser cleaning included defects, such as an oxide layer, heat tinting, and slag. After laser 
cleaning, such defects were completely removed. However, as the energy density in-
creased, the amount of heat input increased as well. Accordingly, the surface of the laser 
cleaned specimen was tainted by thermal effect under the condition of energy density of 
9 J/cm2. 

Butt welding; Pave = 100 W, R = 50%, fd = 0 mm 

     

Figure 3. Photos of the laser cleaned surface according to energy density; (a) Before laser cleaning, 
(b) 3 J/cm2, (c) 5 J/cm2, (d) 7 J/cm2, (e) 9 J/cm2. 

Figure 2. Laser cleaning experimental method according to the shape of the weld; (a) Butt weld,
(b) Fillet weld.

2.3. Analysis Methods

The roughness and profile of the laser cleaned specimen were observed through a
VHX-7000 high-resolution 3D microscope from KEYENCE, and the morphology was taken
with a MIRA-3 Scanning Electron Microscope from Tescan (Brno, Czech Republic). The
Energy Dispersive Spectrometer System attached to the SEM was used to analyze the
component changes on the surface of the specimen before and after laser cleaning. In
addition, in order to confirm the cleaning performance of the prototype, compositions were
analyzed using SmartLab X-ray Diffractometer of RIGAKU. The X-ray source is a Cu tube
and the 2theta range is 5◦ to 80◦.

3. Results and Discussions
3.1. Characteristics of Laser Cleaning Applied to the Butt Weldment
3.1.1. Effects of Energy Density

In this experiment, energy density was adjusted in a range from 3 to 9 J/cm2 to analyze
its effect on laser cleaning of the butt weldment. Figure 3 illustrates the surface of the
laser cleaned butt weldment according to energy density. The welded specimen before
laser cleaning included defects, such as an oxide layer, heat tinting, and slag. After laser
cleaning, such defects were completely removed. However, as the energy density increased,
the amount of heat input increased as well. Accordingly, the surface of the laser cleaned
specimen was tainted by thermal effect under the condition of energy density of 9 J/cm2.
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Figure 4 illustrates the enlarged SEM image, profile, and roughness of the weld
surface before and after laser cleaning in Figure 3a–d. Before laser cleaning, a nonuniform
oxide layer was observed on the surface of the weldment. After laser cleaning, traces
of the irradiated circular laser beam were observed on the specimen. As energy density
increased, the thermal effects of laser energy also increased. Accordingly, both the spot size
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irradiated on the material, and the influence of laser energy on the behaviors of molten
metal increased. Therefore, under the condition of the energy density of 3 J/cm2, the
size of laser beams irradiated on the specimen became smaller than 97 µm, leading to an
absence of overlapped laser beams. However, when the energy density was increased
to 5 J/cm2 or more, there was a 50% overlap between the laser beams, enabling uniform
cleaning. The surface roughness of the specimen was the highest at approximately 9.7 µm
before laser cleaning. The nonuniform oxidized layer was removed after laser irradiation,
and the roughness of the surface decreased. Under the condition of the energy density of
3 J/cm2, the surface profile with the shape of a crater was observed. When energy density
was 5 J/cm2 or more, the surface roughness slightly decreased because of the overlapped
laser beams.
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Figure 5 illustrates the EDS spot analysis results at position 1 and 2 illustrated in
Figure 4. Before laser cleaning, components of oxides, such as SiO2 and iron oxides, were
detected in the specimen. After laser cleaning, these oxide components were removed.
Subsequently, components of stainless steel, which was the base metal, were detected.
These results verify that oxides on the surface of the specimen were completely removed
without thermal damage caused by laser heat sources under the condition of energy density
ranging from 5 to 7 J/cm2. In addition, overlapping of laser beams formed a roughness of
approximately under 5 µm on the surface of the specimen.
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3.1.2. Effects of Defocused Distance

When laser cleaning is applied to a gas fuel supply pipe, a defocus of the laser beam
occurs because of the curvature of the pipe. Provided laser cleaning of the prototype is
manually performed, it is significantly important to identify a range of defocused distance,
which can derive a similar quality of the laser cleaned prototype in the defocused distance
to that in the focal position. The laser cleaning experiment according to the defocus distance
was performed while changing the defocus distance from −10 mm to +10 mm at 2 mm
intervals. At this time, energy density was fixed as 5 J/cm2. Figure 6 illustrates the surface
of the laser cleaned specimen according to the defocused distance. As illustrated, the
influence of the defocused distance is symmetrical to its increase in both positive and
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negative directions. In the focal position, contaminants, which remained on the surface of
the specimen, were completely cleaned. On the other hand, as the focal position increases
to + or −, the removal force of the contaminants decreases, and it can be seen that there is
no significant difference compared to the specimen before laser cleaning.
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A precise surface analysis on the specimen under the condition of the defocused
distance ranging from 0 to +7 mm was conducted to identify the threshold of defocused
distance for laser cleaning. Figure 7 illustrates the morphology of the weld surface before
and after laser cleaning according to the defocused distance. In the focal position, the
surface of the weldment was cleaned uniformly and clearly because of the overlapping of
laser beams. Such morphology of the surface was similarly observed under the condition of
the defocused distance ranging from +1 to +2 mm. However, when the defocused distance
was +3 to +5 mm, the size of laser beams irradiated on the material decreased as well as the
laser beam overlap. Moreover, as laser beam patterns were distorted, the influence of laser
heat sources on the material decreased gradually. However, the surface of the base metal
was all scanned with the laser beam. When the defocused distance was + 6 mm or higher,
no trace of the laser beam irradiation can be observed on the surface of the base metal. In
other words, since the laser energy did not reach the laser cleaning threshold energy, we
could not obtain the desired cleaning result. Therefore, the range of conditions for cleaning
work was derived from a defocus distance of −5 mm to +5 mm.
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Figure 7. Morphology of the weld surface before and after laser cleaning according to defocus dis-
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The depth of focus (D.O.F.) can be calculated based on Equation (2) [19].

D.O.F. =
8 · f 2 · λ

π · D2 · M2 (2)

Here, f is the focal length of a lens, λ is the wave length, D is the input beam diameter
and M2 is a constant that evaluates the quality of the laser beam. The depth of focus is
theoretically calculated as 6.9 mm. Such a value is lower than 10 mm, which is equal to the
depth of focus obtained in experiments. Thus, it was determined that laser cleaning for
eliminating oxide layer formed on the weld surface was successfully conducted, although
the depth of focus was different from its theoretical value to a certain extent.

3.2. Effects of Laser Cleaning Applied to the Fillet Weldment

The angle of a portable optical head can be adjusted to perform laser cleaning of a
fillet weldment uniformly. In this regard, this study conducted an experiment on analyzing
the fillet weldment specimen according to different head angles to increase the applicability
of the laser cleaning technology based on the shapes of a weldment. Figure 8 illustrates
the experimental method. The angle of the laser head was adjusted from 35◦ to 55◦ at
intervals of 5◦, and laser irradiation conditions included the average power of 100 W, the
energy density of 5 J/cm2, a laser beam overlap rate of 50%, and the focal position. Figure 9
illustrates the experimental results of laser cleaning according to different laser head angles.
It was determined that the remaining contaminants on the surface of the fillet weld, such
as an oxidized layer, were completely removed under the entire conditions. Moreover, the
influence of laser head angles was insignificant in the process of laser cleaning of the fillet
weldment. This result was obtained because laser beams irradiated on each area belonged
to the range of depth of focus when the corner of the specimen was laser cleaned.
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These results verify the applicability of laser cleaning to butt and fillet weldments,
which were shaped similarly as those of prototypes. In addition, the range of conditions
of process parameters for facilitating laser cleaning was identified by a fundamental
experiment according to butt and fillet welds.
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Figure 10. Laser cleaning application of gas fuel supply pipe prototype. 

Figure 9. Photos of the laser cleaned surface according to laser head tilt angle of the fillet weld;
(a) Un-cleaned, (b) 35◦, (c) 40◦, (d) 45◦, (e) 50◦, (f) 55◦.

3.3. Application of Laser Cleaning to the Prototype

Figure 10 shows the cleaning process method of a prototype using a portable laser
cleaning equipment. The prototype was placed on the stage, and the operator laser cleaned
welds of the prototype while moving the portable laser head. As for laser irradiation
conditions, energy density and a laser beam overlap rate were fixed as 5 J/cm2 and 50%,
respectively. A defocused distance and laser head angle were controlled in the ranges of
these conditions for facilitating laser cleaning, which were identified in the fundamental
experiments. The experimental result indicated that the laser cleaning.
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Technology facilitated significantly convenient cleaning of curved surfaces and 3D
shapes, based on its advantage as a noncontact cleaning method. Figure 11 illustrates
surface images of prototypes, which were obtained before cleaning, after chemical cleaning,
and after laser cleaning, respectively. Chemical cleaning of the prototype was conducted
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using the RA-885 chemical at room temperature, and two to five hours were required
for processing. Before cleaning, the weld surface indicated that it was rough and non-
uniform due to the remaining products of welding fume on it, which were caused by
evaporated particles of alloying elements and oxidation. However, after chemical cleaning,
contaminants formed on the weldment surface of the prototype was completely eliminated.
In addition, the chemical cleaning process made the surface of the weldment smooth.
The roughness of the chemical cleaned surface is about 1.2 µm. As for the laser cleaned
prototype, contaminants on the surface of its weldment was completely eliminated as well.
The enlarged image of the surface indicates traces of laser beams irradiated. At this time,
as can be seen from Figure 4, it can be seen that the roughness of the laser cleaned surface
is about 5 µm. Moreover, a component analysis based on X-ray.
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cleaning, (c) Laser cleaning.

Diffraction was conducted to identify a state of oxide removal formed on the weldment
of the prototype. Figure 12 illustrates the XRD analysis results of prototype before and after
cleaning. Before laser cleaning, iron oxides and main components of the base metal, Fe,
were detected simultaneously. However, when chemical or laser cleaning was conducted,
iron oxides were completely removed in the prototypes. Under such conditions, only the
components of the base metal were detected.
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The result of applying laser cleaning to the prototype indicated that the laser cleaning
technology cleaned the surface of the prototype at a satisfactory level, without resulting
in a toxic work environment and environmental pollution issues, which can be caused by
chemical solvents utilized for chemical cleaning. In addition, the roughness of approxi-
mately 5 µm was formed on the surface of the weldment after laser cleaning. Based on this
result, it is expected that a weldment, which was laser cleaned, can exhibit greater adhesive
force of paint for anticorrosion of the product than a smooth weldment that was chemically
cleaned [20,21].

4. Conclusions

This study analyzed the effects of weldment shapes and process parameters on the
properties of laser cleaning applied to the weld surface of gas fuel supply pipe for DF
engine. Based on the analytic results, it conducted experiments on applying laser cleaning
to prototype. The experimental results of this study are as follows.

(1) As energy density increased, the thermal effects of laser energy on the material also
increased. Accordingly, both the spot size irradiated on the material, and the influence of
laser energy on the behaviors of molten metal on the metal surface increased. Consequently,
oxides on the surface of the specimen were completely eliminated without thermal damage
caused by laser heat sources under the condition of energy densities ranging from 5 to
7 J/cm2. In addition, the result of analyzing roughness indicated that under 5 µm roughness
was formed on the surface of the laser cleaned weldment.

(2) Laser cleaning could perform at a defocused distance ranging from –5 to +5 mm,
owing to the characteristics of the depth of focus. The experimental value of the depth
of focus was higher than the theoretically calculated value, 6.9 mm. Nevertheless, it was
verified that laser cleaning for eliminating oxides formed on the surface of a weldment can
be successfully conducted. As a result, the best cleaning results can be obtained with an
energy density of 5 J/cm2 and a focal position.

(3) The experimental results verified the applicability of laser cleaning to both butt
and fillet weldments, which were shaped in a similar way as those of prototypes. In
addition, satisfactory laser cleaning results were obtained despite a change in the angle of
a laser head.

(4) Results showed that the laser cleaning technology could clean the surface of
the prototype at a satisfactory level without resulting in a toxic work environment and
environmental pollution issues. Since the roughness of about 5 µm is formed on the
weldment surface after laser cleaning, it is expected that a weldment that was laser cleaned
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can exhibit greater adhesive force of paint for anticorrosion of the product than a smooth
weldment that was chemically cleaned.
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