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Abstract - Today, methods for marking parts and
components in industrial production are constantly
improving, and they must meet several basic criteria for
active traceability by consumers. The parameter that is of
paramount importance for the quality of the marking is
related to the contrast of the marked sign or QR code. To
achieve optimal contrast, a number of technological factors
and the functional relationships between them must be taken
into account.

The report examines the role of the number of repetitions
on contrast in raster marking of HS6-5-2-5 tool steel
products. The dependences of the number of repetitions on
the speed and frequency are also taken into account - the
main factors in the process of laser ablation. Graphs of the
depth of the marking are drawn depending on the number of
repetitions and the linear density of the pulses. The
experiments were made with a fiber laser. By the performed
analyses the working intervals of processing between the
studied factors are deduced, allowing to achieve the desired
optimal result.

Keywords - laser marking, fiber laser, HS6-5-2-5 steel,
number of repetitions, linear density of the pulses, speed, power
density, contrast.

. INTRODUCTION

Laser marking of metals and alloys is a technological
process that is widely used in production. It is used in
mechanical engineering, automotive, aircraft, military
industry, electronics, in the production of medical
equipment, household goods and more.

The technological process of laser marking has been
studied in the work of some authors [1 - 8]:
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The paper [1] presents a study of laser micro processing
of metals by using a high repetition rate femtosecond laser.
On stainless steel (AISI 304), copper and aluminium the
impact of the significant laser processing parameters onto
the machining process was investigated, such as laser
fluency, repetition rate, lateral pulse distance and
polarisation. The machining results were evaluated by the
ablation rate, surface roughness, process efficiency,
material removal rate and the wall-angle. For
complementary discussions the experimental data are
compared with results achieved in theoretical analysis.
Outgoing from the results appropriate laser processing
parameters are derived in order to optimise the machining
process.

The basic factors affecting the laser marking of
products — volumetric density of the absorbed energy and
the number of repetitions, were studied in the publication
[2]. Experiments were conducted of marking the samples
of stainless steel with fiber laser. The dependence of the
contrast of marking from the power density for different
number of repetitions, and also the volumetric density of
the absorbed energy from speed was obtained and the
experimental results analysed.

The report [3] presents the results of the measurements
and analysis of the influence of laser process parameters on
the color contrasting obtained. In this case, the relevant
parameter, the field of high frequencies and low pulse
energy were examined. It describes studies a properties of
the laser radiation, such as, pulse width, average power, the
intensity and beam diameter.

Laser marking tests are carried out on AlSI 304 steel,
using a Q-switched diode pumped Nd:YAG laser in [4].
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The aim is to determine the correlation occurring between
working parameters (i.e. pulse frequency, beam scanning
speed, and current intensity) and resulting mark visibility.
The latter is evaluated as the contrast index measured from
digital images of the marks. To characterize mark features,
its width and roughness are estimated, and analyses
employing optical and scanning electron microscopy
coupled with energy dispersive X-ray technique were
carried out. An empirical model was built, and from it the
best processing conditions for optimum mark visibility,
taking into account the operating constraints of the laser
system used, were drawn.

The paper [6] presents the results of the measurements
and analysis of the influence of laser process parameters on
the colour obtained. The study was conducted for titanium
(Grade 2) using a commercially available industrial pulsed
fiber laser. It was determined how a variety of different
laser process parameters, such as laser power, the scanning
speed of the material, the temperature of the material, the
size of the marked area, and the position of the sample,
relative to both the focal plane and the centre of the
working field of the system, affect the repeatability of the
colours created. Additionally, a comparison of the results
for titanium with those obtained for stainless steel in a
previous study is presented.

The influence of a number of basic quantities on the
process of laser marking of metals and alloys as well as
their mutual connection during the realization of the
process is still not clarified. Also, lasers and laser marking
systems are constantly being improved, which undoubtedly
expands their application capabilities [9 — 12].

The aim of the development is to study the influence of
the overlap coefficient when marking HS6-5-2-5 tool steel
products with a fiber laser for different values of speed and
linear density of the pulses.

The laser marking process is influenced by a number of
physical quantities such as power density, speed, frequency
and duration of pulses, pulse power, pulse energy, linear
pulse density, linear energy density, effective energy,
overlap coefficient, fill factor, coefficient of reflection,
absorption capacity, wavelength of laser radiation,
coefficient of thermal conductivity, coefficient of
diffusivity, specific heat capacity, etc. In each specific case
of marking (depending on the material, laser, marking
method) studies must be performed. Numerical and / or real
experiments can be performed to determine the optimal
parameters of the technological process. The speed and
linear density of the pulses are quantities that have a
significant impact on the studied process.

THEORETICAL ASPECTS

Marking speed is one of the most important parameters
of the technological process. The time of impact on the
sample and the energy that is absorbed in the material in
the impact zone depend on it. It is decisive in choosing the
method of marking.

The requirements for the speed in the technological
process of laser marking are contradictory: on the one
hand, the speed must be high in order to reduce the time
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for performing the operation, and therefore to obtain
greater efficiency in the production of the product; on the
other hand, it must be relatively small in order to be able
to absorb the required amount of energy under the
influence in order to reach the required temperature and
contrast of the marking. By taking into account the other
factors influencing the process, a balance must be found
between these contradictory requirements and optimal
technological parameters must be obtained to achieve
laser marking with the required contrast.

Linear density of the pulses is a physical quantity equal
in number to the number of pulses dropped per unit length

L=, (1)
\"

where v is the frequency, v — the marking speed.

It is a quantity of complex character. It is determined
both by a quantity related to the laser source (marking
speed) and by a quantity related to the technological
process (marking speed). Linear density of the pulses
affects the contrast and homogeneity of the resulting
marking.

For each drawn square, the contrast was determined by
measuring the Grey colour saturation of the resulting
marking Jx and the background of the sample J. The
contrast of the marking was determined by the formula.

J

r = 2
J

X

x 100% 2)

b f

where Jp is the saturation of the black colour

The experiments were performed with samples of HS6-
5-2-5 rapid tool steel. It is widely used in industry. Steel
HS6-5-2-5 is used for making cutters, turning knives,
cutting strips for wood and steel, for roughing and semi-
finishing tools when machining advanced alloy and
stainless steels in conditions of increased heating of the
cutting edge. It is high carbon steel and has a high content
of chromium, molybdenum, tungsten, vanadium and
cobalt. Some physical characteristics of the steel are given
in Table 1.

MATERIAL AND LASER SYSTEM

TABLE 1. BASIC PHYSICAL CHARACTERISTICS OF THE HS6-5-2-5 RAPID
TOOL STEEL

Characteristic Value
Coefficient of thermal conductivity k, W/(m.K) 27
Specific heat capacity c, J/(kg.K) 460
Density p, kg/m® 8200
Coefficient of diffusivity a, m?/s 7.16x10°°

The experiments were performed with a laser
technological system with a fiber laser. Some of its basic
parameters are presented in table. 2. The fiber laser is an
innovative laser operating in pulsed mode. The wavelength
of its radiation is in the near infrared region. It has
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extremely high beam quality and high efficiency. The laser
system has high positioning accuracy.

TABLE 2. BASIC PARAMETERS OF A LASER TECHNOLOGICAL SYSTEM
WITH AFIBER LASER

Parameter Value
Wavelength 4, nm 1064
Power P, W 20
Diameter of working spot d, pm 35
Frequency v, kHz 80
Pulses duration z, ns 100
Pulse energy Ep, mJ 0.25
Pulse power P, KW 2.50
Beam guality M? <11
Positioning accuracy, um 25
Efficiency, % 40

IV. EXPERIMENTS

The study of the influence of the number of repetitions
on the process of laser marking of samples of alloy tool
steel HS6-5-2-5 was performed in two directions:

1. Investigation of the dependence of the contrast of

the marking on the speed

Samples of the study steel were prepared. A raster
method of marking was applied. Squares with a side of 5
mm were marked once, twice, three times and five times.
The marking speed varied in the interval v € [40, 220]
mm/s throug 20 mm/s. The parameters that are kept
constant are presented in Table 3. The marked sample from
HS6-5-2-5 steel is given in Fig. 1. The contrast for each
mark was determined. Five contrast measurements were
made at different locations in each square and the mean
contrast value was determined.

TABLE 3. PARAMETERS THAT DO NOT CHANGE DURING THE
EXPERIMENTS.

Parameter Value
Power density gs, W/m? 7.66.10°
Diameter of work spot d, um 35
Frequency v, kHz 20
Pulse duration 7, ns 100
Raster step Ax, um 50
Defocus Af, mm 0
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Fig. 1. Sample of tool steel HS6-5-2-5 marked with fiber laser
Results analysis

The graphs of the experimental dependence k*= k*(v)
are presented in Fig. 2 for different number of repetitions
of the marked squares: N = 1; 2; 3 and 5. The following
conclusions can be done from their analysis:

e As the number of repetitions increases, the

contrast of the laser marking increases
nonlinearly;
e When the speed changes in the interval

naTepBana V € [40, 100] mm/s in the double
raster marking of the lines the contrast k*
increases by about 62% compared to their single
marking (the graphics in orange and red,
respectively). When the speed changes in the
interval v € [100, 220] mm/s this increase is
about 2 times. The explanation for this
experimental result is that the first treatment
increases the absorption capacity in the impact
zone. Thus, when re-acting on the treated surface,
more energy is absorbed by the incident laser
radiation;

The number of repetitions N =3 and N =5 results
in a higher contrast k* of the marked area
compared to that of N = 2, but the increase in
contrast is about 25% and 40% respectively.
These results show that for laser marking of the
studied tool steels it is not necessary to do a large
number of repetitions (greater than N = 2). This
leads to a loss of time and energy to perform the
marking, which increases the production cost of
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the product. In this case, the quality of the
marking does not change noticeably;

Double marking should also be used when the
power of the laser source is not sufficient to
obtain a quality marking on a single marking. For
example, a contrast k* = 37% is obtained (see
Fig. 2) at a speed v = 40 mm/s for the used power
density and the marking is well perceived when
using special readers. A contrast k* = 60% is
obtained (see Fig. 2) for double marking at the
same parameters and the marking is well
perceived both visually and when using special

readers.
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Fig. 2. Graphs of the experimental dependence k* = k*(v) for marking
with fiber laser at number of repetitions: red color - N = 1; orange color
- N =2; green color - N = 3; blue color - N = 5.

2. Investigation of the dependence of the contrast of

the marking on the linear density of the pulses

The raster marking method was used again. Squares
with a side of 5 mm were marked once, twice and three
times. The linear pulse density varied in the interval L, €
[125, 1000] mm™ throug 125 mm-*. The parameters that are
kept constant are presented in Table 4. The contrast was
determined for each marked square. Figure 3 shows a
sample with a single (top row) and double marking (bottom
row) with power density gs = 7.66.10° W/m?2.

TABLE 4. PARAMETERS THAT DO NOT CHANGE DURING THE
EXPERIMENTS.

Parameter Value
Power density gs, W/m? 7.66.10°
Diameter of work spot d, um 35
Speed v, mm/s 80
Pulse duration z, ns 100
Raster step Ax, um 50
Defocus Af, mm 0
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Fug. 3. Single (top row) and double (bottom row) raster marked fields
with fiber laser

Results analysis

The graphs of the experimental dependence k*=k*(L,) are
presented in Fig. 4 for different number of repetitions of
the marked squares: N = 1; 2 and 3. Several conclusions
follow from the analysis of the graphs:

e As the linear density of the pulses increases, the
contrast of the marking increases nonlinearly for
all three graphs;;

In the interval L, € [125, 375] mm™ the curves
are significantly steeper than in the interval L, €
[375, 1000] mm™;

At number of repetitions N = 2 the contrast is
from 25% to 55% higher than at number of
repetitions N = 1 for the whole studied interval of
the linear pulse density;

At number of repetitions N = 3 the increase of the
contrast is from 40% to 100% greater than at
number of repetitions N = 1 for the whole studied
interval of the linear density of the pulses;
Again, it is seen that the required number of
repetitions should not be greater than N = 2.
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Fig. 4. Graphs of the experimental dependence k* = k*(L,) for marking
with fiber laser at number of repetitions: red color - N = 1; orange color
- N =2; green color - N =3.
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V. CONCLUSIONS

The study we present in this report shows the direct
relationship between the contrast in the marking area and
the number of repetitions. The relationship between the
contrast and the processing speed in the range from 40
mm/s to 220 mm/s with single and multiple repetitions of
the laser impact zone was also analysed.

The influence of the linear energy density (pulse
tracking frequency in combination with the processing
speed) on the contrast in single and multiple repetitions of
the marked area was also analysed.

The correct assessment of the impact of these technological
parameters on the contrast of the marking made on samples
of HS6-5-2-5 rapid tool steel contributes to the
optimization of the production process and increases the
wear resistance of the marking and the efficiency of
automated QR codes reading to track the quality of the
products.
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