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Abstract— The paper studies the penetration depth of the
laser radiation during marking of layered reinforced
composite materials with a polymer matrix. The generated
radiation is from Fiber laser — RFFL-P-502B. The study of
the marking depth was carried out on a measuring
microscope using Insize ISD-V150/V250/ V300 software. To
derive the mathematical model of the process, a cybernetic
scheme with two input factors and one objective function was
used. The output power of the laser radiation — P=5+45W and
the marking speed — V=50-+250 mm/s were selected as input
quantities. The penetration depth — 6[um] was the objective
function. Based on the derived mathematical models,
graphical dependencies in two and three coordinate systems
are presented. A dispersion analysis was conducted based on
mathematical models and graphical relationships are
presented for the influence of the laser beam power and
marking speed on the depth of the marking stroke.

Keywords— dispersion analysis, fiber laser, llayered
composites, marking depth.

I. INTRODUCTION

The ever-increasing dynamics of change is one of the
few constant characteristics of the reality surrounding us.
Technological innovations in industry are continuous and
comprehensive. The developing directions of “Industry
4.0” lead to the dynamic development of unconventional
electrical technologies, powder metallurgy and other
energy-saving technological processes [1] - [4]. New
electrothermal technologies enable the processing of new
materials (essential for the development of the electrical
industry, electronics, medicine and other sectors of the
economy) with increased operational properties, extended
life and increased reliability. The laser marking process as
part of electrophysical technologies is massively entering
the production of metal products and tools, semiconductor

Petko Naydenov
Department of Management
Technical University of Gabrovo
Gabrovo, Bulgaria
petkonaydenov(@abv.bg

devices, glass and ceramic products [5] - [7]. In recent
years, it has also become increasingly widespread in
marking non-metallic materials used in industry, as an
alternative to traditional marking methods [8] - [12]. This
is an innovative method that differs greatly from marking
in any other way, without the use of consumables, no
chemicals, no ink ribbons or other materials are needed.
When laser systems are used for marking, the surfaces of
the products are processed extremely accurately,
qualitatively, quickly and with clear contours by the laser
beam. Laser marking is a non-contact effect on the
structure of the processed material, the result of which is
obtaining a permanent contrast image. Information can be
applied to the surface of the product with this method in
the form of inscriptions, identification symbols (letters and
numbers), bar codes — fig.1.a, matrix codes (2D) — fig.1.b,
special characters, serial numbers, images, decoration, etc.
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Fig.1. Marking codes: a — matrix; b — 2D.

In practice, with the help of a laser, it is possible to very
easily create an arbitrary image of one's own design. The
quality of this image is directly dependent on both the type
of workpiece being processed and a number of
technological factors affecting the contrast of the image,
as well as the type of laser source used. The purpose of the
present study is to determine the penetration depth during
laser marking of layer-reinforced composites with a

Online ISSN 2256-070X
https.//doi.org/10.17770/etr2025vol4.8438
© 2025 The Author(s). Published by RTU PRESS.

This is an open access article under the Creative Commons Attribution 4.0 International License.

407



https://doi.org/10.17770/etr2025vol4.8438
https://creativecommons.org/licenses/by/4.0/
mailto:s.tsenkulovski@advanced-technology.eu
mailto:petkonaydenov@abv.bg

Simeon Tsenkulovski., et al. Modeling the Penetration Depth During Laser Marking of Layered Reinforced Composites

polymer matrix. Based on the experimental results
obtained, mathematical models of the technological
process are developed and a dispersion analysis is
performed for the influence of the input variables (laser
radiation power and marking speed) on the objective
function (marking depth).

II. MATERIALS AND METHODS

In this study, two types of samples of textolite and
glass textolite were used. The textolite samples are 10mm
thick — Fig. 2.a and mechanical characteristics according
to DIN 7753/ PFCC 202, and IEC 60893 Hgw 2082. The
textolite is a composite material based on phenolic
laminate with cotton fabric. Due to the higher density of
the cotton fabric, the composite has good dielectric and
mechanical properties, The glass textolite samples are type
PTGC 201 with a thickness of 10mm — Fig. 2.b and
mechanical characteristics according to IEC/EN 60893-3-
1. This is a glass fiber phenolic laminate, in which glass
fibers or glass fabrics are used as a filler. Epoxy resin is
used as a binder. To increase the vibration and chemical
resistance of the material, some of the glass fibers have
been replaced with polyester fibers.

a. b.
Fig.2. Marked samples: a — textolite and b — glass-textolite.

The marking of the samples was done using a laser
installation — Fig. 3,a, based on Fiber lazer — RFFL-P-
502B. Its main technological characteristics are presented
in Table 1.

Fig. 3 Equipment, a — marking, b - measuring

TABLE 1. CHARACTERISTICS OF THE LASER INSTALLATION

. Standard Variation
Ne Items Unit Value Step
1. | Output Power W 5+50 25
2. | Frequency kHz 50+100 25
3. | Marking Speed mm/s 12000 1000
. +/- from the
4. | Defocusing el

with a Polymer Matrix

| S. | Focal spot | um | 37+42 | 1 |

The depth of the marking was examined using a
measuring microscope — Fig. 3.b, using Insize ISD-
V150/V250/V300 software.

III. RESULTS AND DISCUSSION

The main technological parameters in laser marking of
layered composite materials on a polymer basis are the
marking speed and the output power of the laser unit. To
derive the mathematical model of the process, a cybernetic
scheme with two input factors and one objective function
was used. The input factors and the factor space were
selected on the basis of preliminary experiments [6], [10]
and analysis of literature sources [7], [14], [15]. In it, the
output power of the laser radiation — X1, and the marking
speed — X2 were selected as input quantities. As objective
functions, the penetration depth — Y1 for glass-textolite
samples and - Y2 for textolite samples was studied. The
studies were conducted at constant values of: O the
frequency of the laser pulse — f = 50kHz; 0 the inclination
of the raster — a = 0% 0 defocus — S = Omm; 6 marking
repeatability — R = 1. 6 wavelength — A= 1064 nm; 6 focal
spot diameter - df = 40um The main levels and ranges of
variation of the input quantities are presented in Table 2.

TABLE 2. FACTORS VARIATION

Factors X X

levels P, l\;v v, mzl,n s Coded value
Xio + AXj 45 250 +1
Xio 25 150 0
X - AX; 5 0 3

At the values fixed in Table 2, marking strokes were
made, and their depth was measured. The results obtained
are plotted in the experimental plan - Table 3.

TABLE 3 EXPERIMENT PLANS

N | X | X X, §: X2 | X2 | Y Y,
1| +1 | +1 | +1 +1 +1 | 41 | 281 | 182
2 | +1 -1 +1 -1 +1 | +1 31 18
30 +1 | +1 -1 -1 +1 | +1 | 1440 | 818
4 | +1 -1 -1 +1 +1 | +1 | 160 | 91
5| +1 | +1 0 +1 0 | 469 | 273
6 | +1 -1 0 +1 0 52 30
7 | +1 0 +1 0 0 +1 | 156 | 91
8 | +1 0 -1 0 +1 | 800 | 455
9 | +1 0 0 0 0 0 260 | 152

The processing of the obtained results for the
investigated objective function — Y1, leads to the
determination of a linear regression equation of type 1, and
forY2-2

Y1 =Dbo + bix; + baxaz + biaxixz (D
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Y2 =bo+ bixi + baxa + biaxixa+ biixixi 2)

regression1.model.txt.auto1; x1; x2
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Fig.4.Graphic presentation of Y, = f (X, X»)
a- tridimensional; 6 — bidimensional

The coefficients of the regression equation are
calculated by 3,4 and 5 [7], [14], [15]. The obtained values
are shown in Table 4.

by =d; ¥ xq, Yy +dy Z 2 Xy Yy

u=l1 i=lu=1

N
b; =d Y
1 3u§1 Xiju Yu @)

N
by = d4u§1(xixj)u Yy (5)
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TABLE 4 REGRESSION COEFFICIENTS

b bo b1 bz blz bll
Y 405,444 | 324,500 | -322,00 -257,50 -
Y, 232,667 | 189,000 | -178,83 -140,75 2,667

Based on the obtained values in Table 4, the regression
equations for glass textolite and textolite, respectively, 6
and 7, have been derived.

Y, =405,444 + 324,500X, — 322,000X; -257,500X,X; (6)
Y2=232,667+189,000X,-178,833X,-140,750X,X>+2,667X, X, 7

Fig. 4 and Fig. 5 present the graphical dependencies of
the derived regression equations in three-dimensional and
two-dimensional coordinates.

When conducting the analysis of variance of the
obtained mathematical models, the computer program
AnoVA was used. Its results for the penetration depth for
glass-textolite samples are presented in Fig. 6, and for
textolite samples in Fig. 7.

regression1.model.txt.auto3; x1; x2
x1

1
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Fig.5.Graphic presentation of Y2 = f (X1, X2).a- tridimensional, b —
bidimensional
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Fig.7.Dispersion analysis of V,= f (X, X,)

IV. CONCLUSIONS

From the conducted research and the results obtained,

we can formulate the following more important
conclusions:
e The penetration depth during laser marking of

layered reinforced composite materials with a
polymer matrix (textolite and glass-textolite)
with a thickness of 10mm was studied.

When building the mathematical models, the
laser radiation power — P = 5+45W, and the
marking speed — V = 50+250 mm/s were selected
as input factors. The laser beam penetration depth
— d,um was studied as an objective function.

The regression equations for the studied objective
functions were derived and checked for
adequacy. Graphical dependencies in two and
three coordinate systems of the objective
functions were constructed depending on the
laser radiation power — P, W and the marking
speed — V, mm/s.

Based on dispersion analysis, graphical
dependences for the change in the marking depth
depending on the power of the laser radiation and
the marking speed have been derived. From them,
with a sufficient degree of accuracy, the
penetration depth of the radiation - §,um, in the

(1

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

with a Polymer Matrix

two studied composite materials can be

determined.

It has been proven that the maximum marking
depth is achieved at the studied maximum power
- 45 W and minimum marking speed - 50 mm/s.
For glass textolite samples it is about 1500 pm,
and for textolite samples it is about 800 pm
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