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Identification of products becomes a decisive factor in 

the technological chain in the conditions of global digitali-

zation of industrial processes and realization of Industry 4.0 

concepts [1–3]. Lack or damage of marking on components 

can lead to violation of logistics, decrease of safety during 

operation risk of falsifications and problems in control at all 

stages of a component lifecycle [4, 5]. In this connection, 

information coding and technologically optimal application 

of identifiers on the surface of products become key factors 

of their high–quality marking [6, 7]. 

Laser marking occupies the leading positions among the 

existing technologies owing to their advantages:

– non-destructive contactless method of application [8];

– high resolution [9]; 

– absence of auxiliary consuming materials [10];

– resistance to extremal effects (mechanical, thermal, 

chemical) [11];

– possibility of automation of production lines [12, 13]. 

At present time, conventional kinds of 2D matrix codes 

(DataMatrix and QR codes) are used actively; they provide 

information capacity with high resolution of module size 

250–1,000 μm, what restricts possibility of their record with 

use of large information volume [9, 14]. It makes them un-
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acceptable for marking products in several industries, where 

record using codes with large information volume is required 

(what is possible only with use of codes with more dense 

information recording, e.g. with module size 50–100 μm. 

Respectively, it requires principal variations in approach to 

the conditions of obtaining such ultra-dense codes in laser 

marking of machine-building products [15]. 

Use of nanobar-code (NBC), the 2D matrix code with 

above-pointed module size, which allows locating of volu-

metric data on a relatively small square (Fig. 1), is considered 

as one of the prospective solutions in this direction. Such 

marking technology opens possibility for individual identi-

fication and protection from falsifications on the level which 

is inaccessible for conventional methods [16]. 

Fig. 1. Illustration of NBC record
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Previously the authors have developed the technique for 

determination of optimal technological parameters of NBC 

forming on the surface of steel 08Kh13 using the Mini-Mark-

er-2 laser system [17]. Based on the five-factor experiment,  

a linear regression model was built; it connects marking con-

trast with laser parameters, what allowed to determine the 

area of optimal conditions for obtaining contrast image of 

nanobar-code for this steel.

This work constitutes expansion of the researches applied 

to four various groups of the alloys, which are most widely 

used in the industry: steels (stainless steels 08Kh13 – an an-

alogue of AISI 316L, 12Kh17, 03Kh17N14M3), titanium 

(VT1), brass (L59) and aluminium (AMg). Selection of the 

above-mentioned groups was based on the idea that princi-

pally various values of laser parameters should be used for 

each of them in order to obtain the optimal contrast nano-

bar image. Each of these groups is characterized by special 

features – reflection coefficient, heat conductivity, oxidizing 

sensitivity, structural and phase compositions, what stipu-

lates necessity of their taking into account during searching 

optimal parameters of laser marking [18–20]. 

Based on this, the aim of this work is searching the opti-

mal parameters of laser marking for each of these four groups 

of alloys, using ultra-dense matrix nanobar-code, which al-

low providing of contrast application and reliable informa-

tion scanning for these alloys.

The following tasks should be solved for reaching the 

formulated aim:

1. Conduction of a multi-factor experiment for determi-

nation of optimal marking procedures for each of the selected 

materials;

2. Analysis of relationship between contrast and tech-

nological parameters (intensity, speed, frequency, impulse 

duration);

3. Establishment of parameters of dual-stage marking 

forming (dark and light elements) for increase of optical 

contrast;

4. Optimization of marking speed and minimization of 

marking time;

5. Formulation of the scientifically substantiated man-

aging system for parameters, which is adapted for various 

mechanisms and units.

Especial attention was paid to putting this technology 

into practice at a real industrial equipment. Based on the 

conducted analysis of the technical literature data it was es-

tablished that combined use of laser procedures allows mark-

ing application with high contrast even on the materials with 

low reacting coefficient (such as aluminium) and with sensi-

tivity to non-stable coloring (such as brass). 

Materials and methods

The following materials were selected as the objects for 

research:

– stainless steels 08Kh13 and 03Kh17N14M3 (analogues 

of AISI 316L), 12Kh17 (AISI 430);

– non-ferrous metals ( titanium, brass, aluminium).

The plates have width 50 mm and length 100 mm, with 

thickness 1.0–1.5 mm. Preliminary laser grinding with re-

moval of micro-inequalities allowed not to take into account 

surface roughness of plates before marking in this research. 

Selection of materials was stipulated by their wide use 

in different industries [21–23] and their significant features 

in physical and chemical properties, that provide effect on 

interaction with laser radiation (Table 1).

All above-mentioned steels and metals are widely used 

in instrument manufacture, agriculture, medicine, power 

engineering and oil and gas industry [14, 20, 24–26].

Results and discussion

Marking was conducted using the Mini-Marker-2 laser 

system with wave length 1064 nm, maximal intensity 30 Wt, 

impulse duration up to 20 ns, speed up to 32 m/s and impulse 

feed frequency up to 1,000 Hz [19, 27, 28].

Five-factor experiment, including examination of the 

ultimate values of all parameters of laser system was used in 

the previous work [17] for determination of the optimal con-

ditions. It was established after evaluation of regression coef-

ficients that high levels of intensity, frequency and impulse 

duration, as well as low level of marking speed were recom-

mended to be used for maximal response – maximal marking 

contrast. It was revealed during testing that laser radiation 

frequency 40 KHz provides stability of operating parameters, 

as well as absence of compensating variations from the side of 

laser managing system, while optimal balance between peak 

intensity and impulse energy is achieved for impulse dura-

tion 20 ns and dark trace with distinct boundaries is forming. 

When varying these parameters, instability of peak intensity 

is observed, what decreases process reproducibility [14]. 

The optimal number of lines in mm lineature was de-

termined in the same way. Linear density war identified for 

Table 1. Physical and operating properties of selected materials

Material Grade Colour Marking features

Stainless steel 08Kh13 Silver gray
Good contrast, stable oxidizing, suitable for marking without 

preliminary preparation

Stainless steel 12Kh17 Silver gray High heat-resistance, coloured interference during overheating

Stainless steel 03Kh17N14М3
Light gray, metallic 

appearance

Austenite structure, sensitivity to interferential coloring, high corrosion 

resistance

Titanium VТ1-0 Silver gray, dim Distinctly expressed coloured marking

Brass L59 Golden yellow Selective zinc evaporation, heterogeneous oxidation

Aluminium АMg Light gray High reflection and heat conductivity
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the value 20 pieces per mm, what provides high application 

quality, absence of thermal stratification and saving distinct 

boundaries without melting and widening of lines. 

In this connection, frequency, impulse duration and 

lineature were identified in this research as constant val-

ues. Respectively, we could use two-factor experiment plan 

instead of five-factor one [29–31]. It decreased essentially  

the volume of conducted experiments. The following dif-

ferentiated factors are noted:

– x1 – impulse capacity, %;

– x2 – marking speed, mm/s.

The two-factor experiment plan requires only N = 22 = 4 

experiments [32, 33]. The authors prepared the table of fac-

tors and their limits (Table 2) as well as the experiment matrix 

(Table 3).

After building a two-factor experiment, several series of 

laser effects were carried out for all samples (Fig. 2). Each 

combination of parameters (intensity, speed) was applied on 

separate surface areas, meeting the requirements of repro-

ducibility conditions: one pass, fixed frequency (40 KHz), 

impulse duration (20 ns) and linear density (20 pieces). 

Analysis of the results of the two-factor experiment dis-

played that the research within intensity range exceeding 

80 % and application speed above 200 mm/s is inexpedi-

ent from the point of view both quality of forming marking 

and efficiency of technological process. If intensity exceeds 

80 %, transition to the conditions of intensive ablation and 

surface melting is observed; it leads to widening of lines and 

decrease of geometrical accuracy of nanobar-code elements. 

In its turn, it finalizes in deterioration of reading ability even 

for visual dark trace. At the same time, at high application 

speed (200 mm/s), specific effect energy decreases to criti-

cally small values and does not provides sufficient local heat-

ing for forming a stable oxide layer. Use of parameters at the 

lower range boundary (intensity below 20 %, speed below 

10 mm/s) also does not lead to improvement of marking 

quality. At the lowest intensity, specific effect energy is insuf-

ficient for effective absorption of laser radiation and forming 

a layer on metal surface, what expresses in the form of weak 

and non-continuous trace. When application speed is below 

10 mm/s, time for code applying increases, what makes the 

process economically unprofitable, meaning its putting into 

operation in industrial scale. 

Based on the established intervals (excluding defects and 

overheating), the new table for varying limits of factors for the 

two-factor experiment was built (Table 4). The values 20 % 

and 80 % were selected respectively as minimal and maximal 

intensity levels. The speed interval was set within the range 

10–200 mm/s. 

It was reveled in the previous elements that relationship 

between contrast and selected factors (x1 and x2) is charac-

terized by nonlinear type, and its extremal points can be lo-

cated within narrow ranges of values. Taking it into account, 

it was decided to conduct investigations with minimal varying 

step of varying parameters – 5 % and 5 mm/s. Such approach 

allowed not only to reveal the optimal procedures, but also 

to obtain the detailed map of contrast distribution (Fig. 3), 

which demonstrates the marking varying gradient. Selection 

 

  Table 2. Factors of laser effect and their limits 

Factor
Factor variation level

Minimal Maximal

Title Designation number code number code

Impulse intensity (Factor x1) P, Wt 1 –1 99 +1

Marking speed (Factor x2) S, m/s 1 –1 32 +1

Laser radiation frequency (Factor x3) F, N const 40

Impulse duration (Factor x4) �, ns const 20

Number of lines per mm (Factor х5) μ, pieces const 20

  Table 3. The matrix of a two-factor experiment

No. of experiment x1 x2

1 –1 –1

2 +1 –1

3 –1 +1

4 +1 +1

Fig. 2. The results of marking application during the two-factor 
experiment
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of small step was based on necessity to obtain the detailed 

information for consequent building of mathematical model 

and development of managing system on laser marking pa-

rameters [18].

To provide quantitative evaluation of marking contrast, 

digital data processing was carried out [34, 35]. Each matrix 

module, which corresponds to determined combination of 

marking intensity and speed, was analyzed via special pro-

gram for measurement of coloured parameters. Each module 

was identified with average colour value according to RGB 

system; it allowed to step up from visual interpretation to 

objective data and to build a mathematical model.

To determine contrast of each module, the following de-

rived formula was used:

  Table 4. The new factors of laser effect and their limits

Factor
Factor variation level

Minimal Maximal

Title Designation number code number code

Impulse intensity (Factor x1) P, Wt 20 –1 80 +1

Marking speed (Factor x 2) S, mm/s 10 –1 200 +1

Laser radiation frequency (Factor x3) F, N const 40

Impulse duration (Factor x4) �, ns const 20

Number of lines per mm (Factor х5) μ, pieces const 20

a b

c d

Fig. 3. Example of matrix application on the samples: a) steel 08Kh13, b) aluminium; c) brass; d) titanium
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  Table 5. Fragment of the matrix with RGB identified 

   for each module, for the sample of steel

P = 20 % P = 25 % … P = 80 %

? = 10 mm/s 122, 120, 105 94, 81, 63 … 52, 45, 41

P = 20 % P = 25 % … P = 80 %

? = 15 mm/s 88, 91, 90 90, 81, 68 … 68, 57, 53

… … … … …

? = 200 mm/s 229, 228, 224 236, 227, 210 … 127, 106, 77

 

  Table 6. Contrast calculation via the formula (1)

P = 20 % P = 25 % … P = 80 %

?�= 10 mm/s 55 % 69 % … 82 %

? = 15 mm/s 65 % 69 % … 80 %

… … … … …

? = 200 mm/s 11 % 12 % … 59 %

where R, G, B – average intensity values of coloured  

channels,

765 – maximal sum, which corresponds to white  colour.

The obtained data allowed to build the tables of contrast 

distribution (Table 5, Table 6) and to reveal the optimal in-

terval of technological parameters. 

RGB system is standard for digital processing of im-

ages, which were obtained via microscopy and from digital 

cameras [10, 34, 36]. The formula operates correctly in the 

cases, when marking has black tones and coloured channels 

are close with each other (R�G�B). It corresponds to the 

conditions of experiment conducting, because achromatic 



96

CIS Iron and Steel Review — Vol. 30 (2025), pp. 92–98 Laser Technologies

(colorless) marking is forming for all examined conditions, 

and contrast is determined by the value of surface dimming.

Based on the obtained table with experimental data, the 

contrast matrix was built (Fig. 4). This form of data interpre-

tation allows evaluate obviously contrast distribution along 

the whole area of parameters and to reveal the zone of opti-

mal conditions.

Based on the experimental data, two regression mod-

els describing forming of contrast NBC marking for steel 

08Kh13 were built.

1. The optimal zone for dark modules (black marking) is 

determined within intensity range 40–45 % and speed range 

10–20 mm/s. Let’s build the table (Table 7) for two-factor 

experiment in the selected range.

Fig.  4. The contrast matrix in Excel

To provide more detailed analysis of relationship between 

contrast (from one side) and intensity and speed (from other 

side), the 3D response surface model (Python software envi-

ronment) was developed (Fig. 5). This model was built on the 

base of the massif of experimental data, it provides visualiza-

tion of contrast as a function of two variables. Such approach 

allows not only to evaluate the effect of parameters with high 

quality, but also to determine the peak of optimal zone and to 

use the model for prediction of the results for intermediate 

values of the conditions.

Fig. 5. The response surface model using Python software 
environment

Data analysis displayed that maximal contrast (93 %) is 

achieved within intensity range 35–50 % and speed range 

10–20 mm/s. When speed increasing above 50 mm/s or 

intensity decrease below 30 %, contrast drops below 80 %. 

In these conditions, laser radiation energy is insufficient for 

forming dense oxide layer, what can lead to deterioration of 

observability of code modules. In the same way, extremely 

high intensity (above 60 %) and low speed (below 10 mm/s) 

causes appearance of overheating signs: melting, deforma-

tion, roughness increase [37]. Thus, the optimal interval of 

NBC forming for steel 08Kh13 is determined within the 

range Р = 40–45 % and ? = 15–20 mm/s.

  Table 7. Two-factor experiment in the selected range 

   for high contrast

No. P, % V, mm/s Х1 Х2 С, %

1 40 10 –1 –1 90

2 45 10 +1 –1 93

3 40 20 –1 +1 99

4 45 30 +1 +1 91

  Table 8. Two-factor experiment in the selected range 

   for low contrast

No. P, % V, mm/s Х1 Х2 С, %

1 20 150 –1 –1 14

2 305 150 +1 -1 22

3 20 200 –1 +1 11

4 30 200 +1 +1 13

2. The optimal zone for low contrast is determined within 

intensity range 20–30 % and speed range 150–200 mm/s. So, 

the conditions for low contrast are presented in the Table 8.

Let’s use the linear model:

C = b0 + b1 x1 + b2 x2 ,  (2)

where С – contrast,

х1 – coding intensity;

х2 – coding speed,

b0, b1, b2 – coefficients which were determined during 

experiment.

Free term b0 (3):

i
i

i ijb y xN
	

	
�1

1

where N = 4 – total number of experiments,

yi – response value in the i-th experiment,

хij – value of the j-th factor in the i-th experiment.

The final model for high and low contrast according to 

the formula (2) looks like:

Cdark = 90.5 + 1.5x1 – 1.0x2

Clight = 15 + 2.5x1 – 3.0x2

The formulas display that intensity has more strong effect 

on marking contrast in the case of dark contrast. As for light 

contrast, speed has decisive effect.

The developed regression models allow conducting anal-

ysis of features of the effect of each of the examined laser 

parameters on contrast degree for obtained nanobar-codes 

[4, 33]. 

The obtained data were confirmed by the series of real 

experiments. Fragments of a nanobar-code were formed 

according to the determined optimal interval. Microscope 

snapshots were made for detailed analysis of the surface and 

quality of code forming (Fig. 6). 

Experimental researches, that have been carried out 

with various metals, confirmed efficiency of the developed 

(3)
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and suggested method of nanobar-code forming. Micro-

scope snapshots demonstrate qualitative difference between 

marking executed according to the proposed technique and 

marking applied with combination of maximal laser param-

eters. In the first case we observe distinct and well-expressed 

boundaries of modules, while in the second case – fuzzy con-

tours and violation of elements geometry, what deteriorates 

information capacity and code readability. 

Conclusion

Based on the results of conducted work, the following 

conclusions can be done.

1. The technique of searching the optimal parameters of 

forming ultra-dense nanobar-code was realized on the ex-

ample of steel 08Kh13. 507 combinations of laser conditions 

were analyzed in order to reveal the maximal contrast zone.

2. The research displays that contrast of marking on 

steel 08Kh13 depends maximally on intensity and speed of 

marking application. Maximal contrast (93 %) is achieved 

at intensity 40–45 % and speed 10–20 mm/s. As for other 

steels 12Kh17 and 03Kh17M3, the optimal interval is the 

same. Aluminium is characterized by intensity 60–90 % 

and speed 10–30 mm/s intervals, brass has optimal values 

of intensity and speed within the ranges 40–60 % and 10– 

20 mm/s, while titanium displays maximal contrast for in-

tensity 30–35 % and speed 10–25 mm/s. 

3. The scheme for application of dark and light code ele-

ments for opposite laser parameters is suggested. This ap-

proach creates maximal optical contrast, similar to printed 

code on paper and provides high readability. 

4. The analysis displayed that speed increase up to 

20 mm/s without losing marking quality is possible with 

saving high contrast, what decreases time for NBC appli-  

cation. 

5. The visual instruments – the contrast matrix and 3D 

model – were developed for illustrative selection of proce-

dures. 

Input of the authors: 
Pryakhin E. I., Dr. Eng. – conceptual development  

of the technology;

Dranova A. Yu., Post-graduate – practical realization  

of the technology, collection and processing of the experi-

mental data.
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