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Abstract—Experiments were carried out on the process of
color marking with a fiber laser on AISI 304 steel samples.
The influence of the number of passes - one (at 0°), two (at 0°
and 90°) and three (at 0°, 60° and 120°), the raster step and
the scanning speed on the roughness and the resulting colors
was studied. R/G/B coordinates of all marked squares were
obtained. The positions of the individual colors in the color
space were determined. Graphs of the dependence of the
roughness on the raster step were constructed for three
speeds and for the three types of passes. The obtained results
were analyzed and summarized.

Keywords— lase rmarking, steel AISI 304, raster step,
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1. INTRODUCTION

Laser marking has become a widely adopted
technology in modern manufacturing due to its high
precision, flexibility, and non-contact nature [1] — [8].
Among the various laser-based surface processing
techniques, color laser marking has gained significant
attention, particularly for stainless steels, where it enables
the generation of stable and reproducible colors without the
use of pigments or coatings. This process relies on the
controlled formation of thin oxide layers on the material
surface, which produce colors through light interference
effects.

AISI 304 stainless steel is one of the most commonly
used austenitic steels due to its excellent corrosion
resistance, mechanical properties, and wide applicability in
industries such as food processing, medical equipment,
construction, and consumer goods. The ability to perform
color marking on this material expands its functional and
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aesthetic applications, including product identification,
anti-counterfeiting, branding, and decorative design.

The quality and characteristics of laser-induced colors
strongly depend on process parameters such as laser power,
pulse duration, scanning speed, raster step, and scanning
strategy. These parameters determine the thermal input,
oxidation kinetics, and surface morphology, which in turn
influence both the optical properties and the roughness of
the treated surface. In particular, raster-based marking
strategies and multi-pass configurations introduce complex
interactions between overlapping laser tracks, affecting
energy distribution and heat accumulation [9] — [17].

Previous studies have shown that surface roughness
plays a crucial role in color formation, as it affects light
scattering and interference conditions. At the same time,
scanning speed and raster step control the energy density
delivered to the material, thereby influencing oxide layer
thickness and uniformity [18] — [24]. However, the
combined effect of these parameters, especially when
different pass configurations are applied, remains
insufficiently explored.

The present study aims to investigate the influence of
raster step, scanning speed, and pass configuration (single-
, double-, and triple-angle marking) on the surface
roughness and color characteristics of AISI 304 stainless
steel during fiber laser marking. By systematically
analyzing these parameters and correlating them with RGB
(red, green, blue) color data and surface measurements, the
work seeks to provide a deeper understanding of the
mechanisms governing laser color marking and to identify
optimal processing conditions for achieving high-quality
and reproducible results. 08X18H10
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II. MATERIALS AND METHODS

A.  Material

AISI 304 stainless steel is one of the most widely used
stainless steels. HeliHnTe OCHOBHM HHIYCTpHAIHU
npuioxeHus ca in the food-beverage industry (processing
equipment, storage tanks, kitchen appliances), the
construction and architecture (structural components,
railings, decorative finishes), the chemical industry (piping
systems, heat exchangers, storage vessels for chemicals),
the medical and pharmaceutical products (surgical
instruments, sterile processing systems), automotive
industry (exhaust components, structural parts) and
consumer products (sinks, cookware, cutlery, washing
machines, water heaters).

The chemical composition of AISI 304 steel is given in
Table 1. This composition is carefully balanced to ensure
an optimal combination of corrosion resistance,
workability, and cost.

Alloying elements influence the steel’s internal
structure. Carbon influences strength, hardness and
ductility and weldability. It is low carbon steel and is soft,
ductile and easy to weld. The high chromium content
improves the corrosion resistance of this steel by making it
stainless (a passive oxide layer is formed by passivation).
Nickel increases its toughness and stabilizes the austenite
phase.

TABLE 1 CHEMICAL COMPOSITION OF AISI 304 STEEL

Element Content, % Element Content, %
C <0.08 Ni 8.0-10.5

Cr 18.0-20.0 Mg <2.0

Si <1.0 P <0.045

S <0,03 Fe Balance

Some physical properties of the steel are presented in
Table 2. This steel has a density typical of steels and a
relatively high specific heat capacity, which requires more
energy to heat than low-alloy steels. Thermal conductivity
is moderate, the coke is typical of stainless steels, which are
not good heat conductors. It has a relatively low thermal
diffusivity, as heat spreads slowly inside the material and
the surface heats up faster.

TABLE 2 BASIC OPTICAL AND THERMOPHYSICAL
PARAMETERS OF AISI304 STEEL

Parameter Value

Coefficient of thermal conductivity k£, W/(m'K) | 17

Density p, kg/m? 7850

Specific heat capacity ¢, J/(kg-K) 504

Coefficient of thermal diffusivity @, m*/s 4.3x10°°

AISI 304 Steel

B.  Laser system

A laser technological system equipped with a fiber laser
Rofin PowerLine F20 Varia was used to conduct the
experiments. The main technical parameters of both the
laser system and the laser source are summarized in Table
3.

The laser operates in the near-infrared spectral range at
a wavelength of 1064 nm, which is characteristic of
ytterbium-doped fiber lasers and ensures good absorption
in metallic materials such as stainless steels. The system
functions in pulsed mode, allowing precise control over
energy input and minimizing excessive thermal loading of
the treated surface.

The laser source is distinguished by its excellent beam
quality (M?<1.1), which enables tight focusing of the beam
to a small spot diameter of approximately 70 pm. This
results in high power density and makes the system
particularly suitable for localized surface treatment
processes such as laser marking, hardening, micro-
processing, and precision structuring.

Another important feature of the system is its wide
operating frequency range (20-250 kHz), which allows
flexibility in adjusting the interaction between the laser
radiation and the material. The short pulse duration (100
ns) combined with adjustable pulse energy (0.08—1.00 mJ)
and high peak power (up to 10 kW) ensures efficient energy
delivery within a very short time interval. This promotes
rapid heating and cooling cycles, which are essential for
achieving controlled microstructural transformations
without affecting the bulk material.

In addition, the laser system is characterized by high
positioning accuracy (+ 2.5 um), enabling precise control
of the processing path and repeatability of the results. The
relatively high efficiency (approximately 40%) of the fiber
laser contributes to reduced energy consumption and stable
operation during extended experimental runs.

Overall, these characteristics make the laser system
highly suitable for advanced material processing
applications requiring precision, repeatability, and
controlled thermal input, particularly in the treatment of
stainless steels such as AISI 304.

TABLE 3 MAIN PARAMETERS OF THE LASER SYSTEM FOR MARKING WITH

FIBER LASER

Parameter Value
Wavelength 4, nm 1064
Power P, W 20
Frequency v, kHz 20-250
Pulse duration 7, ns 100
Pulse energy E,, mJ 0.08 —1.00
Pulse power P,, kW 0.80 - 10
Diameter in focus d, pm 70
Beam quality M? <1.1
Positioning accuracy +2.5 um
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Efficiency, % l 40 ‘

C. Methodology

The experimental study was carried out through a
sequence of systematically organized stages aimed at
evaluating the influence of key technological parameters —
namely raster pitch and scanning speed — on the surface
characteristics and color properties obtained during raster
laser marking of AISI 304 stainless steel.

To investigate the effect of laser scanning strategies,
three marking configurations were developed:

Single-angle marking (0°)
Double-angle marking (0° and 90°)
Triple-angle marking (0°, 60°, and 120°)

For each configuration, a matrix consisting of 3 rows
and 8 columns (24 squares in total) was designed, as
illustrated in Figure 1. Each square had dimension of 5 mm
and was raster-marked under distinct processing
conditions.

Within each matrix, the raster step (distance between
adjacent scan lines) was varied in the range 20 pm to 80
pm. The scanning speed was varied from 25 mm/s to 125
mm/s, with increments of 50 mm/s.

The preparation of the test specimens was the next step
to ensure repeatability and reliability of results. The
procedure included:

- Cutting the AISI 304 stainless steel samples to the
required dimensions

- Surface grinding and polishing to obtain a uniform
initial roughness

- Cleaning the surfaces to remove contaminants that
could affect laser-material interaction

Proper surface preparation ensured that any observed
changes in roughness and color were solely due to the laser
processing parameters.

The experiments were conducted using a fiber laser
system (Rofin PowerLine F20 Varia), operating in pulsed
mode in the near-infrared range (A = 1064 nm).

Raster marking was performed by scanning the laser
beam line-by-line over each square area. The variation of
raster pitch and scanning speed directly influenced energy
input per unit area and overlap between successive laser
tracks. These factors are essential in determining the
formation of oxide layers responsible for color generation
on stainless steel surfaces.

Surface roughness was measured using a laser scanning
microscope OLS5100, which provides high-resolution,
non-contact surface profiling. The roughness analysis
allowed assessment of surface morphology changes and
correlation between processing parameters and surface
texture
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The color of each marked square was recorded and
expressed in terms of RGB (Red, Green, Blue) coordinates,
which represent the digital color space.

Ax, pm —————>

< v, mm/s

Fig. 1. Scheme of the matrix for conducting experiments on laser color
marking

III. RESULTS AND DISCUSSION

After conducting the experiments and the necessary
measurements, the influence of the raster pitch on the
surface roughness of single-angle, double-angle and triple-
angle marking and comparative analysis for a scanning
speed of 125 mm/s was analysed. The raster pitch varies in
the range from 20 pm to 80 pm, and three marking speeds
were studied: 25 mm/s, 75 mm/s and 125 mm/s. The
roughness of the untreated surface is R, = 0.223 um.

A.  Influence of raster step on roughness
- Single-angle marking (0°)

The graphs of the dependence of the surface roughness
on the raster step for three scanning speeds 25 mm/s, 75
mm/s and 125 mm/s are presented in Fig. 2. From their
analysis, the following findings can be made:

- With increasing the raster step, a nonlinear increase in
surface roughness is observed for the three studied speeds,
which indicates that the spatial distribution of laser energy
plays an important role in the formation of surface
morphology;

- In the raster step interval from 20 um to 50 um, the
rate of increase in roughness is greater compared to that in
the interval from 50 um to 80 pm. This behavior is
explained by the scanning overlap coefficient. In the first
interval, the overlap is larger, the absorbed energy is greater
and surface melting occurs. In the second interval, the
overlap is significantly smaller, reducing the absorbed
energy compared to the first interval, which leads to a
slower increase in roughness;

- At a speed of 25 mm/s, the roughness increases from
0.49 um to 0.62 pm. At a speed of 75 mm/s, the roughness
changes from 0.43 pm to 0.56 pm. At 125 mm/s, Ra
increases from 0.38 pm to 0.53 pum.

- It is indirectly obtained that with increasing speed, a
decrease in roughness is observed. Moreover, at the same
raster steps, the roughness at 25 mm/s is about 13% higher
than at 75 mm/s and 30% higher than at 125 mm/s. It is
explained by stronger thermal effects at lower scanning
speeds.
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Figure 2. Graphs of roughness versus raster step for
single-angle marking for three scanning speeds: blue color
— 25 mm/s; orange color — 75 mm/s, and green color —

125 mm/s. The black dashed line is the roughness of the
untreated surface.

- Double-angle marking (0° and 90°)

The graphs of the dependence of roughness on the
raster pitch for double-angle marking are presented in
Figure 3. From their analysis, the following conclusions
can be drawn:

- The same trends are observed as for single-angle
marking — a nonlinear increase in roughness with
increasing raster step for the three studied speeds, the
curves in the interval from 20 pm to 50 um are steeper than
from 50 pm to 80 pm;

- At a speed of 25 mm/s, the roughness increases from
0.41 um to 0.54 um. At a speed of 75 mm/s, the roughness
varies from 0.34 pm to 0.49 um. At a speed of 125 mm/s,
the roughness changes from 0.29 pum to 0.45 um;

- With increasing speed, a decrease in roughness is
again observed. At a given raster step, the roughness at 25
mm/s is approximately 18% higher than at 75 mm/s and
37% higher than at 125 mm/s.

AISI 304 Steel

0.15 == 25 mm/s -e=75 mm/s
== 125 mm/s = GS

Ax, pm

Figure 3. Graphs of roughness versus screen pitch for
double-angle marking for three speeds: blue — 25 mm/s;
orange — 75 mm/s and green — 125 mm/s. The black
dashed line is the roughness of the unprocessed surface.

- Triple-angle marking (0°, 60° and 120°)

The graphs of the dependence of roughness on the
raster pitch for triangular marking are given in Figure 4.
From their analysis it follows:

- With increasing raster step, a nonlinear increase in
roughness occurs. In the interval from 20 um to 50 um, the
rate of increase in roughness is greater than that in the
interval from 50 pum to 80 pum;

- At a speed of 25 mm/s, the roughness increases from
pum 0.34 to 0.46um for the studied interval of the raster step.
At a speed of 75 mm/s, the roughness varies from 0.29 pm
to 0.41 um. At a speed of 125 mm/s, the roughness varies
from 0.25 pm to 0.37 pm;

- At equal raster steps, the roughness at 25 mm/s is
approximately 15% higher than at 75 mm/s and 35% higher
than at 125 mm/s.

468



Secure Systems Design and Technology Development. Veliko Tarnovo, Bulgaria
Proceedings of the International Scientific Conference, 2026. Volume II, 465-473

=8= 25 mm/s =#=75mm/s
01 == 125 mm/s == GS

Ax, pm

Figure 4. Graphs of the dependence of roughness on the
raster step in triple-angle marking for three speeds: blue
color — 25 mm/s; orange color — 75 mm/s and green
color — 125 mm/s. The black dotted line is the roughness
of the untreated surface.

- Comparative analysis at 125 mm/s for roughness

A comparison of single-angle, double-angle and triple-
angle marking at 125 mm/s is given in Figure 5. For all
scanning strategies, increasing the raster step leads to a
nonlinear increase in roughness. Their roughness values
differ significantly. The highest roughness is observed for
single-angle marking. The roughness for double-angle
marking decreases by about 18%. The reduction in
roughness compared with single-angle repetition is
attributed to the cross-scanning strategy, which
redistributes material and partially smooths anisotropic
surface characteristics. Triple-angle marking has about
32% less roughness than single-angle marking. This
comparison shows that the scanning strategy has as much
of a role and influence in controlling surface roughness as
the raster step and scanning speed. Multidirectional
scanning not only changes the surface morphology but also
improves the uniformity of the marking, which is critical
for stable and reproducible color generation.
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Figure 5. Graphics of the dependence of roughness on the
raster step for speeds v = 125 mm/s: blue color — single-
angle marking; red color — double-angle marking and
green color — triple-angle marking. The black dotted line
is the roughness of the unprocessed surface.

B.  Influence of raster step on color

The color characteristics R/G/B for single-angle (0°),
double-angle (0° and 90°) and triple-angle marking (0°, 60°
and 120°) are summarized in Table 4, where each marked
square is identified by its scanning speed and raster-step
position - Table 4a for single-angle marking, Table 4b for
double-angle marking and Table 4c for triple-angle
marking. After using specialized software, the positions of
the points in the color diagram that correspond to a specific
color for each individual marked square were determined.
In addition, all obtained RGB coordinates were converted
to L*a*b*. Most of the obtained colors fall within the
yellow spectral region, with noticeable variations in
saturation.

TABLE 4 MAIN PARAMETERS OF THE LASER SYSTEM FOR MARKING WITH FIBER LASER

Ax, um 20 30 40 45 50 60 70 80
vV, mm/s
25 1.1.1 1.1.2 1.1.3 1.1.4 1.1.5 1.1.6 1.1.7 1.1.8
12/0/136 15/36/130 13/135/63 13/135/53 65/140/52 155/230/150 | 255/255/182 | 255/255/185
75 1.3.1 1.3.2 1.3.3 134 1.3.5 1.3.6 1.3.7 1.3.8
255/255/90 255/255/144 | 255/255/173 | 255/255/183 | 255/255/195 | 255/255/205 | 255/255/212 | 255/255/219
125 1.5.1 1.5.2 1.5.3 1.5.4 1.5.5 1.5.6 1.5.7 1.5.8
255/255/102 | 255/255/156 | 255/255/186 | 255/255/200 | 255/255/210 | 255/255/221 | 255/255/232 | 255/255/245
a)
b)
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Ax, um 20 30 40 45 50 60 70 80
vV, mm/s
25 2.1.1 2.1.2 2.1.3 214 2.1.5 2.1.6 2.1.7 2.1.8
0/0/151 0/36/145 0/135/29 0/135/42 50/145/57 140/230/145 | 255/255/166 | 255/255/170
75 2.3.1 2.3.2 2.3.3 234 2.3.5 2.3.6 2.3.7 2.3.8
255/255/75 | 255/255/129 | 255/255/158 | 255/255/169 | 255/255/180 | 255/255/190 | 255/255/197 | 255/255/204
125 2.5.1 2.5.2 2.5.3 2.5.4 2.5.5 2.5.6 2.5.7 2.5.8
255/255/87 | 255/255/141 | 255/255/171 | 255/255/185 | 255/255/195 | 255/255/206 | 255/255/217 | 255/255/230
¢
Ax, um 20 30 40 45 50 60 70 80
vV, mm/s
25 3.1.1 3.1.2 3.1.3 3.1.4 3.1.5 3.1.6 3.1.7 3.1.8
0/0/166 0/36/160 0/135/15 0/135/31 50/155/55 140/230/170 | 255/255/153 | 255/255/157
75 3.3.1 3.3.2 3.33 3.34 3.35 3.3.6 3.3.7 3.3.8
255/255/60 | 255/255/114 | 255/255/143 | 255/255/154 | 255/255/165 | 255/255/175 | 255/255/182 | 255/255/189
125 3.5.1 3.5.2 3.53 3.54 3.5.5 3.5.6 3.5.7 3.5.8
255/255/72 | 255/255/126 | 255/255/156 | 255/255/170 | 255/255/180 | 255/255/191 | 255/255/202 | 255/255/215

- Single-angle marking (0°) | 250
Figure 6a shows the color diagram for 25 mm/s for
single-angle marking. At small raster steps (20-30 um),
low speed and small raster steps corresponding to large
coverage lead to high energy absorption, melting in the
impact zone and the formation of darker colors, including
violet-blue tones. With increasing raster step, the scanning Yen
overlap coefficient decreases and a transition from partial
melting to oxidation occurs, corresponding to a transition
through a green color with various shades to a yellow color.

Figure 6b shows the resulting color diagram for a
scanning speed of 75 mm/s. Due to the significantly lower
energy absorption at a speed of 25 mm/s, all marked areas
remain in the yellow region. A decrease in their saturation
with an increase in the raster step is observed, which is " R “ a)
explained by the gradual formation of thinner oxide layers.

10 MacAdan ellipses

Figure 6c¢ illustrates the results for a scanning speed of
125 mm/s. Again, yellow colors are obtained for the entire
interval of the raster step and the trend of decreasing
saturation with increasing raster step is maintained. ‘
Overall, the colors are less saturated than at 75 mm/s. 050-

The analysis of the obtained results leads to the
following generalizations for single-angle marking:

- With increasing roughness and raster step, a
tendency for colors to move from darker to lighter %
or from more saturated to less saturated is 040
observed;

- For a speed of 125 mm/s, the saturation of the
obtained yellow colors is less than that for a speed
of 75 mm/s for the entire studied interval of the
raster step.

| 10 MacAdam ellipses

030 035 040 045 0.50

b)
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Figure 6. Color diagram for single-angle marking for
raster step in interval from 20 um to 80 um and speeds: a)
25 mm/s; b) 75 mm/s and c¢) 125 mm/s.

Double-angle marking (0° and 90°)

Figure 7a shows the color diagram for 25 mm/s for
double-angle marking. Again, the same trends are observed
as with single-angle marking, namely:

With increasing raster step, the colors transition
from dark to lighter — from blue through green to
yellow with different shades;

For a certain raster step, the saturation of the
corresponding color is greater than that when
marking at an angle.

Figure 7b shows the color chart for 75 mm/s for double-
angle marking. Again, the same trends are observed as for
single-angle marking, namely:

As the raster step increases, the colors go from dark
to lighter - from blue to green to yellow with
different shades;

For a given raster step, the saturation of the
corresponding color is less than that at a speed of
25 mm/s.

The color diagram for 125 mm/s is presented in Figure
7c. Again, similar findings can be made as for 25 mm/s and
75 mm/s:
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With increasing raster step, the colors go from dark
to lighter - from blue through green to yellow with
different shades;

The difference from the previous two cases is that
for the speed of 125 mm/s, the color saturation for
the individual raster steps is the smallest.
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Figure 7. Color diagram for double-angle marking for
raster step in interval from 20 um to 80 um and speeds: a)
25 mm/s; b) 75 mm/s and c¢) 125 mm/s.
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- Triple-angle marking 0550

The color chart for 25 mm/s in triple-angle marking is
presented in Figure 8a. The following trends are observed:

0.525

0.500

- With increasing raster step and roughness, the
colors go from dark to lighter;

0475

- For a given raster step, the saturation of the
corresponding color is greater than that for single- o
angle and double-angle marking.

0.450

The color chart for 75 mm/s in triple-angle marking is
given in Figure 8b. The following trends are observed: T

- With increasing raster step, the colors go from dark 0375
to lighter - from blue to green to yellow with
different shades; 0350

| 10 MacAdam ellipses
- For a given raster step, the saturation of the 0325 0350 0375 0400 0425 0450 0475
corresponding color is less than that at 25 mm/s. b)

The color chart for 125 mm/s is given in Figure 8c.
From their analysis, the following conclusions can be osas[ 1 ‘
drawn:

0.500

- Astheraster step increases, the colors go from dark
to lighter;

0475

0.450

- For a speed of 125 mm/s, the color saturation for
the individual raster steps is the lowest.

Yy 04251 ——

The following main conclusions can be drawn for raster _
color marking of AISI 304 stainless steel samples:

0375

- For single-angle, double-angle and triple-angle
marking, with increasing raster step and roughness,
either a transition from darker colors to lighter e IR
colors or from a more saturated yellow color to a e L ——
less saturated color is observed; T e )

0.350-

= | —
10 MacAdam ellipses

Figure 8. Color diagram for double-angle marking for
raster step in interval from 20 um to 80 um and speeds: a)
25 mm/s; b) 75 mm/s and ¢) 125 mm/s.

- With increasing speed, a decrease in color
saturation is observed. Of the speeds studied, the
least saturated colors are obtained at 125 mm/s;

- The most saturated colors are obtained with triple-
angle marking, and the least saturated colors are
obtained with single-angle marking.

IV. CONCLUSIONS

. IR The present study investigates the influence of the

010 015 020 025 030 035 040 raster pitch, scanning speed and pass configuration on the

o a) surface roughness and color characteristics obtained during
laser marking of AISI 304 stainless steel.

Based on the experimental results obtained by the
authors and their analysis, the following main conclusions
can be drawn:
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- Increasing the raster step leads to a nonlinear

increase in surface roughness for all marking
strategies. At the same time, it causes a transition
from darker, more saturated colors to lighter, less
saturated ones, due to the reduced energy load and
the formation of a thinner oxide layer.

Increasing the scanning speed leads to a decrease
in surface roughness and color saturation. Higher
speeds limit thermal build-up, which leads to
thinner oxide layers and reduced intensity of the
resulting colors.

The scanning strategy has a significant influence
on both roughness and color quality. Single-angle
marking results in the highest roughness and least
uniform colors. Double-angle marking improves
uniformity and reduces roughness. Triple-angle
marking provides the best results, with the lowest
roughness and highest color saturation

There is a strong relationship between surface
morphology and optical properties. Lower
roughness enhances light interference effects,
resulting in more stable and saturated colors.

The results provide valuable guidance for industrial

laser marking applications where precise color control and
surface quality are required.
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