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ABSTRACT

The focus of today’s machining industry is on how to maintain high productivity and low cost achieved by
high tool life during the operation. Laser cutting is considered the right solution because it offers cutting
speeds of up to 170000 mm/min through a non-contact process regardless of the workpiece material
hardness. The aim of this study is to analyze the effect of cutting speed on the surface texture aspects namely
surface roughness, kerf shape, and dross height on the stainless steel 304 plate after laser cutting. The
nitrogen laser was utilized with the cutting speed of 400, 1700, and 2000 mm /min and the average roughness
(Ra) was then measured using a surface roughness tester. On the other hand, the top, middle, and bottom
area of the kerf surface as well as the dross height were analyzed by scanning electron microscopy (SEM).
The highest R, value was resulted at cutting speed of 2000 mm/min with 2.965 + 0.05 um while the lowest
was at 1400 mm/min with 2.522 + 0.16 um. In parallel, the R, was found to be higher when subjected
gradually from the top to bottom zone. The kerf surface also proved that the top zone is dominated by the
cutting zone, while the middle and bottom zone are characterized by the transition and deformation zone
respectively. The width between kerf lines increased when the higher cutting speed was performed.
Additionally, the larger dross height was found at the cutting speed of 1400 mm/min with 32.75 + 5.21 pm
and then degraded gradually at the higher cutting speed. The heat input and laser capability in exposing the
material thickness are responsible for determining the corresponding surface texture aspects.

Copyright © 2023. Journal of Mechanical Engineering Science and Technology.
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. Introduction

Traces of conventional technology in the railway manufacturing industry experience
machining problems in alloy metals, one of which is stainless steel 304 for side wall
components of Bangladesh MG (Meter Gauge) Train [1]. It is proven that stainless steel
alloy 304 is difficult to be processed with conventional machining due to its high hardness
which can reach 145-155 HB [2]. Such properties lead to the accumulation of high amounts
of heat and mechanical stress at the edges of the cutting tool at high cutting speed. Increased
temperature and cutting force can certainly lead to cutting tool failure [3]. To answer these
challenges, non-conventional machining with zero tool-workpiece contact is introduced as
the solution. One of the non-conventional machining techniques is laser cutting because it
is able to achieve a cutting speed of 170000 mm/min regardless the hardness of the material
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Laser cutting is a thermal-based machining technology that uses coherent light as a
source for cutting and can be applied to cut many kinds of metal and alloy such as stainless
steel, aluminum, copper, etc. The mechanism of laser cutting material disposal is absorption,
melting, and vaporization [5]. During vaporization, the material melted by the laser beam is
evaporated from the melting area with the help of assisted gas such as nitrogen, oxygen, and
atmosphere air. Nitrogen gas is largely applied for cutting stainless steel for many
applications [6]. The common dross height achieved by using nitrogen, oxygen, and air are
0.12, 0.27, 0.32 um, respectively, because nitrogen can exothermically react better in
aluminum at 830 °C compared to oxygen and atmospheric air [7].

The parameters to determine the quality of surface texture include cutting speed, laser
power, and gas pressure [8], where the key indicators playing an important role in the
formation of the surface topography of stainless steel 316 cut is cutting speed [9]. Cutting
speed is considered more objective in the range of 1400 to 2000 mm/min against stainless
steel 304 thickness 3 mm. The results obtained implied that the regression analysis was
successfully applied with an accuracy of 82.7% on surface roughness and 71.67% on kerf
width. Based on the results of the ANOVA, the minimum surface roughness was achieved
at a cutting speed of 2000 mm/min, laser power of 600 W, and gas pressure of 0.4 bar, while
the minimum kerf width was shown at similar level of cutting speed and laser power 600 W
but at the gas pressure of 0.5 bar. The surface roughness and kerf width increased as the
higher laser power and cutting speed were applied [5]

The other aspects of surface texture besides kerf width are surface roughness, kerf
surface, and dross height [10]. The results of cutting abrasive water jet cutting on the top
zone of aluminum alloy have better surface quality compared to the bottom zone illustrating
that there is a difference in the quality of surface roughness and kerf surface at different
thickness zones [11]. Additionally, dross is created due to uneven distribution of
vaporization which causes stuck in the bottom zone. Dross is easily found in the bottom
zone of stainless steel 316L cutting [9]. Based on these phenomena, surface texture is
important to be considered because it affects aesthetics, tribological considerations,
corrosion resistance, assembly considerations, and increased fatigue life [12].

Based on the purpose of laser cutting utilization during component manufacturing
primarily through machining, it can be expressed as an attempt to achieve predetermined
characteristics of product quality within the constraints of equipment cost and time. Rajesh,
et al [5] examined and optimized the kerf width and surface roughness of stainless steel 304.
However, the study is limited only in a single area of cutting thus it is unable to provide a
comprehensive point of view in surface texture aspects under laser cutting parameter
variation. In this study, the surface roughness and kerf surface examination were subjected
to top, middle, and bottom zones. Additionally, along with the kerf surface, the dross height
measurement was performed visually using microscopic observation.

I1. Materials dan Method

Stainless steel plate of AISI 304 having dimensions of 1500 x 1000 x 3 mm was
prepared for the workpiece material. Based on the material specification, the AISI 304
contained 17.5-19.5% Cr, < 0.07% C, < 1% Si, < 2% Mn, 0.45% P, <0.015% S, < 0.11%
N, and 8-10.5% Ni. The laser machine Trulaser 3060 Fiber was used to cut the plate
workpiece. The cutting speeds were set at the value of 1400, 1700, and 2000 mm/min.
During the cutting process, a nozzle with a diameter of 1.5 mm at angle of 90° was used
under nitrogen exposure. Moreover, the gas pressure, laser power, and stand of distance
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were constantly maintained at 0.3 bar, 600 W, and 1.5 mm respectively. The cutting was
done for three times of repetition for each cutting speed to ensure the data validity.

After the laser cutting was completed, the surface roughness measurement was
conducted using Mitutoyo surface roughness tester based on 1SO 4287 standard. The
scanning length was taken for 0.8 mm at 3 different locations for each specimen. In parallel,
the kerf surface and dross height were analyzed using scanning electron microscope (SEM)
according to ASTM C1723 standard with 200 times of magnification. The surface roughness
and kerf surface observation were subjected to three different locations based on the material
thickness covering top, middle, and bottom zones. Figure 1 shows the location of surface
roughness and kerf surface test.
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Fig. 1. Surface roughness and kerf surface testing locations. (Unit: mm)

I11. Results and Discussion
1. Surface Roughness
The results from surface roughness test are listed in Table 1.

Table 1. Average surface roughness (Ra) with cutting speed variations

Cutting speed R, (Um)

(mm/min) Top Middle Bottom Average R, (um)
1400 1.815 2.695 3.055 2.522 +0.05
1700 2.095 2.780 3.170 2.682 +0.21
2000 2.170 3.170 3.555 2.965 +0.16

Based on Table 1, each cutting speed is divided to top, middle, and bottom. At the
cutting speed of 1400 mm / min, the Ra smallest value is in the top zone of 1.815 um. This
value continues to increase in the middle zone of 2.695 um and the bottom zone of 3.055
um. Turning to the cutting speed of 1700 mm/min, the top zone Ra is 2.095 um and the
value increases to the bottom zone with Ra of 3.170 um. Similarly, the cutting speed of 2000
mm/min shows the smaller Ra at top zone with value of 2.170 um when compared to the
middle zone (3.170 um) and bottom zone (3.555 um). It indicates that the Ra is higher in a
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deeper cutting zone in all cutting speeds. On the other hand, the increase in R, also occurs
when the cutting speed increases. It can be concluded that both cutting speed and location
determine the Ra value of the cutting surface. To simplify the data presentation, Figure 2
shows the relationship between cutting speed and Ra in different locations.
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Fig. 2. Relationship between cutting speed and surface roughness (R,) in different locations.

The main finding in this study is an increase in average surface roughness (Ra) (top,
middle, and bottom) along with the increase in cutting speed, as shown in Table 1, compared
to previous studies. The previous research reported that the minimum surface roughness is
found at the highest cutting speed of 200 mm/min which is contradictive with the results of
the current study. It may because the different characteristics between N laser and CO: laser.
Moreover, the current study can provide a more complex illustration in the effect of location
representing the depth of laser exposure [5].

According to Tosun et al. [11] and Alsoufi et al. [13], the top zone is called smooth zone
while middle and bottom zone are called transition and rough zone. The top zone is
dominated by better cutting mechanisms because the process of absorption, melting, and
vaporization occurs smoothly and quickly. Turning to the middle zone of laser penetration
for absorption begins to be disrupted. As a result, remelting takes more time while the nozzle
immediately rushes to move due to an increase in cutting speed. Thus, it causes a decrease
in the quality received in the Ra of the middle zone. It finally gets worse when moving to
the bottom zone. The chance of absorption received by the bottom zone is getting smaller
and the cutting process relies on the remaining laser penetration received in the middle zone.
At the bottom zone the possible mechanism characterizing the cutting surface is only
deformation [11], [13]. This deformation certainly causes the width between kerf lines to be
larger when compared to the middle zone, moreover with the top zone [7].

The phenomenon can also be explained from temperature point-of-view. The heat input
received by the top surface is theoretically higher than the that at the bottom one inducing a
decrease in temperature at the deeper region. The decrease is due to a decrease in laser
energy received by the bottom one due to the absorption by the upper material region. The
heat transfer process that occurs during cutting is convection. This heat transfer occurs when
the melting process forming a pool and penetrates downward (driven by laser power and
gravity). Materials in middle zone will melt when the material receives heat due to the
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expansion channeled from the top zone. Considering this phenomenon, laser energy is more
difficult to penetrate to the bottom zone. The insufficient heat distribution reduce the cutting
ability resulting in the enhancement of surface roughness at the deeper zone [14].

The results also implies that the reduction in the volume occurs during material disposal
mechanism when the cutting speed increases. By enhancing the cutting speed, the heat
received by a unit area of material is reduced due to the shorter time of laser exposure. The
decrease in heat reduces formed melting pool [15]. The decrease is well caused by the
extensive shear deformation and cutting force generating faster cutting and shortening the
kerf width [3]. Thus, the narrower kerf width generates the larger kerf lines in a constant
area inducing rough contour and finally measured as a high Ra [7]. The surface roughness
results can be a meaningful recommendation for manufacturing industry, such as train
company to produce their components (roof, sidewall, end wall, underframe, and bogie)
through laser cutting.

2. Kerf Surface

The kerf surface evaluation was done as supplementary evidence in explaining the
surface roughness evolution. Microscopic observation by SEM is able to show further the
surface texture in an obvious way. Figure 3 shows the kerf surfaces produced by different
laser cutting speed in different locations.

Fig. 3. SEM images showing kerf surfaces of cutting zone generated by the cutting speed of 1400
mm/min at (a) top, (d) middle, (g) bottom; 1700 mm/min at (b) top, (e) middle, (h) bottom zone;
and 2000 mm/min at (c) top (f) middle (i) bottom zone.
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From Figure 3, it implies that by using nitrogen laser cutting, the enlargement of
distances between kerf lines is obvious in all zones (top, middle, and bottom) as the response
of cutting speed enhancement. On the other hand, by considering the cutting depth, the
distance becomes significantly larger when the observation is conducted at a deeper location.
This result is relevant with the previous research on Al 6061-T6 and 7075-T6 cutting using
abrasive water jet, where the surface roughness was increased because of cutting speed rise.
Moreover, the kerf surface quality at the top zone is far better than the bottom one resulting
the lower surface roughness [11].

Top zones as shown in Figure 4 (a), (b), and (c) are called cutting zones. From Figure
4, the increase of cutting speed causes the distance between kerf lines to increase from
70.309; 84.014; and 97.743 um. The increase of width between kerf lines at the top zone is
due to a decrease in heat exposure per area as the cutting speed increases [16]. The laser
absorbed material in the top zone becomes unbalanced due to an increase in cutting speed.
Increased cutting speed has the effect of increasing cutting force which consequently has
an impact on the rise of shear deformation in the cutting zone [3]. The kerf line formed is
dominated by fluctuations and oscillations that cause vertical direction due to laminar flow,
but still experience tilt due to drag force as cutting speed increases [17]. The increase in
cutting speed also induce the increase of the kerf line slope [16].

Turning to the middle zone as presented in Figure 4 (d), (e), and (f), it appears that as
the cutting speed increases in this zone there is also a significant change compared to the top
zone. The formed kerf line began to disappear, in line with the theory called the transition
zone [11]. The decrease in the number of kerf lines is caused by a decrease in energy during
the cutting process. The decrease in energy results in the decreasing of areas of melting,
fluctuation, and oscillations to focus on forming the same kerf line as the top zone [18]. This
is evidenced by the flow change occurring in the middle zone from laminar (top zone) to
turbulent (bottom zone) [11]. Increasing cutting speed causes both a decrease in energy and
an increase in cutting force causing the width enlargement between kerf lines. Moreover,
the kerf valley surface is decreasing as well [19]. The gas pressure ability to evaporate the
melt pool drops because the rise of cutting speed limits of the time span of melting and
evaporation state [18].

Subsequent exposures to the bottom zone as depicted in Figure 4 (g), (h), and (i)
indicates that the kerf surface pattern formed resembles a deformation mark and has been in
accordance with the theory called the deformation zone [11]. The increase in the depth of
the cutting zone using laser cutting causes more dominant in deformation mechanism. The
increase in deformation is caused by a decrease in heat energy limiting the laser penetration
to the bottom zone [20]. This results in less laser energy reaching the bottom zone after
energy absorption by upper material zone [21]. This deformation certainly causes the width
between kerf lines to be enlarged compared to the middle one and moreover with the top
zone [7] [19]. This is also influenced by the less ability of gas pressure to evaporate the
material as cutting speed increases [18].

3. Dross Height

The amount of dross height data obtained from the test results using the SEM test is
divided into the first and second points of each sample. The dross height measurement
results are presented in Figure 4 and Table 2.
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Fig. 4. (a) llustration of dross height geometry for measurement and SEM images of dross height
generated by the cutting speed of (b) 1400, (c) 1700, and (d) 2000 mm/min

Table 2. Dross height measurement results as the function of cutting speed.

Cutting speed Dross Height (um) Average Dross Height (um)
(mm/min) First Point Second Point
1400 36.43 29.06 32.74 +£3.68
1700 23.25 20.41 21.83+1.42
2000 10.28 9.45 9.86 £0.41

Based on Table 2 and Figure 4, the results show that the average dross height increases
as the higher cutting speed is applied. The cutting speed of 1400 mm/min results in the
highest dross height with an average of 32.74 + 3.68 um while the dross height at a cutting
speed of 1700 mm/min averages at 21.83 + 1.42 um. On the other hand, the cutting speed of
2000 mm/min produces the lowest dross height with an average of 9.86 + 0.41 um. To
simplify the information, the effect of cutting speed on dross height is presented visually in
Figure 5.

Based on Figure 5, it can be seen that the dross height data is divided into three cutting
speed values. Dross height with the highest value of 36.43 um at a cutting speed of 1400
mm/min and the lowest value of 9.45 pum at a cutting speed of 2000 mm/min. There is a
decrease in dross height when increasing cutting speed. This can be the effect of cutting
speed inducing a lower ability to melt the cutting zone [22], [9]. The heat input of the laser
in the cutting zone decreases as the cutting speed enhancement [18]. The loss of heat input
affects the formation of melting area volume and fluidity [1]. Heat inputs generally increase
at a lower cutting speed, and it decreases at higher cutting speeds. The greater the volume
of melting formed, the more difficult it is to be completely evaporated [18]. Based on this
outcomes, it is also confirmed by the kerf width formed as the kerf width decreased as the
enhancement of cutting speed [19].
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Fig. 5. Average dross height value as a function of laser cutting speed.

The formation of dross also depends on the viscosity, density, and surface tension of
the workpiece material. In addition, it also relates to the flow type occurring during cutting
where laminar flow takes place at the top zone while turbulent flow locates at the end of the
bottom zone. During the cutting process, lower cutting speeds are shown to result in higher
material removal. This is because the laser light absorbed by the material stays longer at
lower cutting speeds. Along the melting process with low cutting speed, the amount
(volume) melting becomes greater than those at the high cutting speed which affects
viscosity and fluidity. Therefore, the melt carried out by gas pressure and surface tension
material (melting) is lower because of the limited capabilities. The gas pressure not only
evaporates the melt, but also generates the shear stress pushing melting area enlargement
until the end of specimen bottom zone. When the greater melt pool is formed, the turbulent
flow of gas results in ineffective and insufficient vaporization. Thus, the melt solidification
is entrapped within the bottom zone as the formation of solidified metal drops. That is why
the dross height is higher at low cutting speed than higher cutting speed [18].

The results of this dross height research can be a reference for many automotive
manufacturing industries, one of which is the train manufacturing industry. When the
sidewall components of the railway train cut by laser cutting requires a low dross height
(high quality cutting), a high cutting speed can be selected. It should be underlined that the
height of the dross is important to note because it is a consideration for component assembly
with other components. The higher the dross height value, the more disruptive the assembly
of railway train sidewall components, thus sacrificing the precision of the products.
Therefore, it can be concluded that the higher the dross height, the effort of mechanical
finishing by grinding process is needed and this consequently increase the cost and time for
the train production.

I\VV. Conclusions

The cutting speed study on the surface texture (surface roughness, kerf surface, and
dross height) of SUS 304 on the by nitrogen laser cutting has been successfully conducted.
The use of higher cutting speed induced the increase of Ra and the increase is severe at the
bottom zone compared to those at the top one. The highest average Ra value was 2.965 *
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0.05 pum at a cutting speed of 2000 mm/min and the lowest was 2.522 + 0.16 um at a cutting
speed of 1400 mm/min. The Ra highest bottom zone value is 3.555 um at a cutting speed of
2000 mm/min and the lowest is 1.815 pum at a cutting speed of 1400 mm/min. On the other
hand, the rise in cutting speed caused the distance between kerf lines to be widened. Higher
cutting speed indicated a lower heat energy and larger cutting force increasing shear
deformation at the cutting zone. This characterized the formation of kerf surface from the
top zone to the bottom zone. The top zone was dominated by the cutting zone while the
middle and bottom zone were mainly dominated by the transition and deformation zone
respectively. Finally, increasing cutting speed also resulted in the decrease of dross height.
The average value of dross height is highest 32.74 + 3.68 um obtained at cutting speed 1400
mm/min and lowest 9.86 + 0.41 um at cutting speed 2000 mm/min.
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