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The interaction of laser radiation with matter is considered. Marking of non-metallic materials re-
quires heating below the softening point, heat treatment requires heating to temperatures above the phase
transformation temperature, laser cutting of metals occurs with heating above the melting point, and en-
graving occurs above the melting or evaporation point. The choice of a laser for a certain type of processing
is determined by the specific impact of laser radiation on a given material and the characteristics of the
technological task at hand. Laser radiation in the UV range with a wavelength of A = 355 nm, which can be
obtained through third harmonic generation, is increasingly used in industry.Recommendations are pro-
vided for the use of low-power pulsed UV lasers for marking, engraving, cutting of metallic and non-
metallic materials and surface hardening of steels. The paper presents the results of a study of the effect of
laser radiation wavelength on metal engraving. The studies show that engraving with a beam with a radi-
ation wavelength of 4 =0.355 um allows obtaining a high-quality image without melting the surface. Due
to the fact that radiation with a wavelength of 2=0.35 pm is equally well absorbed by metals and dielec-
trics, UV-lasers can be used for separation operations in microelectronics, for example, for cutting flexible
printed circuit boards with high quality. Reducing the diameter of the focus spot of the UV-laser compared
to the focus of the COz-laser makes it possible to reduce the radiation power and perform better cutting.
Comparison of thermal strengthening of steels by volume hardening, laser hardening with melting, laser
hardening by UV-radiation showed high efficiency of hardening by UV-radiation. Laser processing in the
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UV-range is rationally used for local surface hardening of fuel equipment parts, cutting tools.
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1. INTRODUCTION

The basis of laser industrial technologies is the
thermal or physico-chemical effect of radiation on the
material being processed. Under the influence of
radiation absorbed by the material, various
thermophysical processes can take place on its surface
and in the volume [1-3].

The process of interaction of laser radiation with
matter can be schematically imagined as follows:
absorption of light by the surface, transfer of energy
into the depth of the material due to thermal
conductivity, heating of the material below or above the
temperature of phase transformations, melting and
destruction of the material through the emission of
melt and evaporation, cooling of the material after the
end of exposure to light. In the case of heating below
the temperature of phase transformations (melting and
evaporation), there is no stage of destruction of the
material. Thus, when developing any technological
process implemented with the help of a laser, it is
necessary to take into account the thermophysics of
laser heating. Most of the technological processes using
a laser are based on the thermal effect of its radiation,
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that is, the main condition is the need to heat the
affected object to a given temperature. The choice of a
laser for carrying out a certain type of processing is
determined by the specifics of the effect of laser
radiation on this material and the specifics of the given
technological task. Heating below the softening
temperature is suitable for marking non-metallic
materials because the main mechanism 1is
photochemical. Depending on the expected result, heat
treatment requires heating to temperatures above the
temperature of phase transformations (below or above
the melting temperature). Laser hardening when
heated above the temperature of  phase
transformations, but below the melting temperature,
i.e. hardening from the solid state, allows
strengthening of steel products while preserving the
geometric characteristics of the surface, which is very
important for precision parts, for example, parts of fuel
equipment [4-7].

Laser cutting of metals occurs when heated above the
melting temperature, and engraving — above the melting
or vaporization temperature. Therefore, the main
characteristic of the laser used in such technologies is its
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power. For pulsed lasers, the power in the pulse and the
average power are considered, which depends on the
duration and frequency of the pulses, as well as on the
coherence, directionality, = monochromaticity  and
polarization of the radiation [8-14].

The nature of the described processes, and therefore
the result of this interaction of matter and radiation,
largely depend on the absorption coefficient of the
material at the wavelength of laser radiation.

Traditionally, laser sources emitting near-IR (solid-
state and fiber lasers) and far-IR ranges (COgz-lasers)
are used in industry for processing materials. The
choice of source type depends on the radiation
absorption coefficient of a particular material at a
certain wavelength: the absorptive capacity of metals
decreases with increasing wavelength (Fig. 1), for non-
metals this dependence is more complex (Fig. 2) and is
characterized by high absorption in the far IR- and for
some materials and UV-ranges [15-16].

Therefore, metal processing using fiber (1= 1.53-1.56
and 1.064 um) and solid-state Nd:YAG or Nd:YVOy lasers
with a wavelength of 1=1.064 um is more efficient than
processing with a COz-laser with a wavelength of 1=10.6
pm [9-11]. The use of radiation with an even shorter
wavelength, for example, UV, is limited by the low power
of UV-lasers or their high cost [17].
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Fig. 1 — The absorption coefficient of some metals depending on
the wavelength of radiation [8]

100

L Resin
B - ~
o L
2
£50F \ Glass
2 | \
( e /
| \ [\ / Copper
| ) \¥ - Cu
ol L xi\ — 7 1 ﬁ 1
0,2 0,4 0,6 0,8 1 2 4 6

Wavelength. um

Fig. 2 — Absorption spectrum of materials mainly used for
printed circuit boards [8]

Laser radiation of the UV-range can be obtained
due to the generation of the third harmonic, which is
implemented as a cascade process. Frequency tripling
is a process of nonlinear frequency conversion, where
the resulting optical frequency is three times the
frequency of the input laser beam.

Non-linear optical phenomena are used to generate
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the third harmonic (355 nm) in a diode-pumped solid-
state laser. The generation is implemented according to
the following scheme: the main wavelength A= 1064
nm excites the second harmonic with 4 =532 nm (the
corresponding green region of the spectrum) on the first
non-linear crystal of potassium titanyl phosphate
(KTiOPOy4). Potassium titanyl phosphate crystals are
physically and chemically inert and have high
nonlinear optical efficiency. These nonlinear crystals
are most often used to double the radiation frequency of
solid-state lasers. Then the radiation of the main and
second harmonics is combined on the second nonlinear
crystal, as a result of which the third harmonic with a
wavelength of 355 nm is emitted at the output.

Lasers with radiation in the UV-range are
increasingly used in industry due to a number of
advantages — high accuracy of processing, high quality
of the processed surface, the ability to process both
metallic and non-metallic materials, and a small zone
of thermal influence [18-28].

2. VICORISTANT OF ULTRAVIOLET LASER
PULSES FOR MARKING

Laser marking is the application of text and graphic
images to the surface of a product under the influence of
high-intensity laser radiation. Marking of parts, units or
the final product allows the manufacturer to control the
volume of manufactured products, their quality and
promote their trademark. One of the methods of product
marking is engraving — removal of a part of the material
under the action of focused radiation. Engraving is most
often applied to metal (usually to products made of
carbon and stainless steel), ceramics, organic glass and
acrylic. In this case, a layer of material is removed: up to
0.5 mm for artistic or 3.5 mm for deep engraving.

The marking becomes clearly visible because the
incident light is scattered in the channels near the
unmarked material. The technology has found wide
application in all branches of production. In
microelectronics it is used for marking blanks and
products at all stages of development and production, for
example, for silicon wafers.

The work investigated the effect of laser radiation
wavelength on metal engraving.

As a result of experiments using a Nd:YAG laser
(4 =1.06 pm), surface engraving with partial melting was
performed. Fig. 3 shows the appearance of a surface
processed at an average power of 17 W and a processing
speed of 5 to 20 mm/s. The pulse frequency varied from
20 to 2 kHz.

Comparison of the relief of samples processed in
different modes shows that changing the parameters
within the studied limits allows one to obtain a rough
image with melting using an engraving unit based on a
Nd:YAG laser.

In this work, laser processing was also carried out
using a solid-state Nd:YVOs laser with diode pumping
(initial wavelength 1=1.06 pm) and a nonlinear
crystal, with a power of 5 W and a radiation
wavelength of 1=0.355 um, (=10 ns). The radiation
frequency was 50 kHz, the focal spot diameter was
75 ym and 150 pm. The wavelength of 0.355 pm is
provided by third harmonic generation.
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Fig. 3 — Surface relief under different processing modes: a —
pulse frequency 4 kHz, processing speed 5 mm/s, b — pulse
frequency 12 kHz, processing speed 20 mm/s

Fig. 4 — Laser engraving with different diameters of the
focusing spot: a — 75 pm, b — 150 um

The conducted studies show that engraving with a
beam with a wavelength of radiation A=0.355 pm
allows obtaining a high-quality image without melting
the surface (Fig. 4).
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Under the same conditions, the image is affected by
the diameter of the focusing spot.

An important processing characteristic is also the
scanning interval, which determines the distance
between the processing lines, the so-called resolution.
Fig. 5a shows the result of laser processing when
scanning a metal surface with a resolution of
20 lines/mm.

In this case, the pattern of each line is created
independently of the others, and the final image is
formed sequentially — line by line. To create a film of
uniform color, the line thickness must vary between 20
and 50 um. In this image, obtained using a scanning
electron microscope, the surface of the original material
is visible between the scanning lines, but it is not
noticeable to the naked eye.

During laser processing, such a scanning mode is
possible, in which the lines of movement of the laser
beam will overlap (Fig. 5b).

N o
o,

Fig 5 — Laser engraving with resolution: a — 20, b — 30
lines/mm

In this case the resolution is 30 lines/mm. The color
of the processed surface is more uniform than when
scanning with a resolution of 20 lines/mm.

Scanning with overlapping lines gives a more
contrasting marking, but the outer lines differ in color
from the others due to the smaller amount of energy
falling on the remaining area of the laser-processed
surface.

Laser marking of polymers is used for almost all
classes of commercial plastics. Marking can be based on
the thermal (Fig. 6) or photochemical effect (Fig. 7).

Marking can be done not only by evaporation of the
material, but also by decolouration under the influence of
ultraviolet radiation (Fig. 7). In this case, the third harmonic of
laser radiation is also used.

For thermal marking, COz2-lasers of the TEA type
are used quite effectively, the radiation of which is
equally well absorbed by almost all types of polymers.
These lasers are most effective in cases where high
productivity is required, and high image accuracy is not
a determining requirement.
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Fig. 6 — Surface layer of a part after marking based on the
thermal effect: 1 — groove obtained as a result of heating,
melting and evaporation of the material, 2 — zone of charring
of the material, 3 — zone of the material with a partially
changed structure
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Fig. 7— Surface layer of the part after ultraviolet laser
marking: 1 — zone of material with changed color, 2 — zone
with minor structural changes

Intense ultraviolet radiation discolors almost all
modern polymer materials — under the action of the
laser beam, a white marking is formed on a dark field.
Polymers colored white (the main pigment is TiOs2)
acquire a silver-gray marking due to the reduction of
titanium ions.

3. CUTTING WITH LASER RADIATION IN THE
UV-RANGE

Cutting is one of the first operations using lasers.
The main mechanism of metal destruction during
cutting is melting and displacement of the melt from the
processing zone by a jet of auxiliary gas. For such
processing, massive and reliable fiber lasers are usually
used, the radiation of which is practically not absorbed
by dielectrics.

The absorption of laser radiation by dielectrics is due
to the presence of vibrational degrees of freedom of the
crystal lattice, impurities, defects, intermolecular
vibrations, etc. Dielectric materials absorb COgz-laser
radiation well at a wavelength of 2A=10.6 um, but IR-
lasers remove material by intense local heating, which
results in carbonization products, charred edges, and
high thermal stresses. A comparison of cutting
dielectrics with radiation of different wavelengths shows
that when cutting with a COzs-laser there are traces of
carbonization of the material, while with UV-cutting
there is a clean, even cut edge [3, 8].

Due to the fact that radiation with a wavelength of
A=0.35 um is equally well absorbed by metals and
dielectrics, UV lasers can be used for separation
operations in microelectronics. Laser cutting with a
UV-laser allows for high-quality cutting of flexible
printed circuit boards. Reducing the diameter of the
UV-laser focusing spot compared to the focusing of a
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COg-laser allows for lowering the radiation power and
producing higher-quality cutting. In addition, COz-laser
radiation is completely reflected by metals, which makes
it impossible to cut flexible printed circuit boards with
metal elements.

4. THERMAL STRENGTHENING BY
ULTRAVIOLET LASERS

The basis of the laser hardening process is rapid
heating to the phase transformation temperature
(melting temperature or lower, but higher than the
austenization temperature) of the surface layer of the
metal, followed by rapid cooling due to thermal
conductivity. Laser hardening can be used for all types
of steel and provides higher hardness than traditional
volumetric hardening. More often, processing without
melting is used while maintaining the initial roughness
R.=0.16-1.25 pum. The depth of the hardened metal
layer is determined by the amount of permissible wear.

Hardening with solid-state laser radiation (mode 2)
results in surface melting (Fig. 8a). Hardening with
UV-radiation does not cause surface melting or
deterioration of its quality (Fig. 8b).

- 3 . o T e

a — mode with reflow, b — without reflow

Fig. 8 — Steel I1IX15 after laser hardening with UV-radiation

In this work, the studies were carried out on 40X
and IIX15 structural steels and P9 tool steel. The
hardened layer was controlled by microhardness, which
was measured on a PMT-3 device by pressing a
standard tetrahedral diamond pyramid with a load of
100 g. The following modes were studied: bulk
hardening with cooling in water (1), hardening with a
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beam of an ND:YVOs-laser with 4=1.06 um (2) and
hardening with a beam of an Nd:YVOs-laser with
1=0.355 um (3). The radiation power density was
q =(0.8-0.9) x 10* W/cm?2.

Results of studies of volume and laser hardening of
steels 40X, IIIX15 and P9 are shown in Fig. 9.
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Fig. 9 — Microhardness of steels after various types of
hardening: 1 — bulk hardening; 2 — laser hardening with
melting; 3 — laser hardening with UV-radiation

On the one hand, melting hardening provides
maximum hardness, which is the purpose of surface
hardening (mode 2). But on the other hand, it has a
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PosrnsHyTa B3aemoIis J1a3epHOT0 BUMPOMIHIOBAHHS 3 PEYOBHHOWL. [/ MapKyBaHHS HEeMeTAaJIeBUX Ma-
TepiaJiiB BUKOPUCTOBYIOTh HATPIBAHHS HUMKYE TEMIIEPATyPH PO3M SIKIIIEHHs, TepMiuyHa 00poOKa moTpebye
HATPIBAHHSA JI0 TEMIIEpaTyp BUIIE TeMIepaTypu (Pa3oBUX IIePEeTBOPEHbD, Ja3epHe pi3aHHsS MeTaJB BiOyBa-
€ThCS TIPY HATPIBAHHI BUINE TEMIIEPATYPH ILJIABJIECHHS, 4 TPABIPYBAHHS — BHUINE TEMIIEPATYPU ILJIABJIEHHS
a00 BUMapoByBaHHsA. Bubip Jasepa i IPOBeIEeHHS IEBHOIO BHAY O0POOKK BHU3HAYAETHCS CITEITU(IKOI0
BILIMBY JIA3€PHOI0 BUIIPOMIHIOBAHHS Ha JAHUN MaTepiasl 1 0COOJIMBOCTSIMU IIOCTABJIEHOTO TEXHOJIOTIYHOTO
3aBmaHHsI. Bce Oliblle BUKOPHUCTAHHS B IIPOMHCJIOBOCTI 3HAXOQUTH Jia3epHE BUIIPOMIHIOBAHHS
YO-gianazony 3 noB:xuHOW0 XBUIl A = 355 HM, sKe MOKHA OJIEPIKATH 34 PAXyHOK NeHeparlii TpeTboi rapmo-
mikyu. Hamani pexomenmariii 3 BUKOPUCTAHHS MAJIOMOTY/KHUX IMITyJIbCHUX Jiadepis Y D-miarmasoHy mIpu Mapky-
BaHHI, IPaBipyBaHH], pi3aHHI METAJIEBUX Ta HEMETAJIEBUX MaTepiajiB Ta IIOBEPXHEBOMY TapTyBaHHI crayeil. B
po0OTI HaBeeH] Pe3yJIBTATH JIOC/IKEeHHS BILIMBY JOBKHUHN XBUJI JIA3€PHOTO BUIIPOMIHIOBAHHS HA I'PaBIpyBaH-
Ha MetamB. [IpoBemeHi JoCITIIKeHHS CBIAUATS, 10 TPABIPYBAHHS IIPOMEHEM 3 JOBYKMHOKI XBUJI BUIIPOMIHIOBAH-
s A =0,355 MKM J103BOJIsI€ OJIEPKATH SKICHE 300paskeHHsI 0e3 OIUIABJIEHHS [TOBEPXHI. 3aBIsKU TOMY, 10 BUIIPO-
MIHIOBAHHS 3 JOBYKMHOK XBU/ A= 0,35 MKM 0OZHAKOBO J00pe MOIVIMHAETBHCA MeTajJaMu 1 miejekrpuxamvu, Y-
JIa3epy MOYKYTDH 3aCTOCOBYBATHUCS I POSILIGHUX OIEPAIliil B MIKPOEJIEKTPOHIIT, HATIPUKIIA, IS PI3aHHs THYyY-
KHX JIPYKOBAHMUX ILIAT 3 BUCOKOIO AKICTIO. 3MEHIIIEHHS JiaMeTpy WiAMH orycyBauus Y D-1asepy y MOPIBHAHHI 3
dorycyBaumam CO2-ma3epy I03BOJIsAEC SHUSUTHU MIOTYKHICTh BUIIPOMIHIOBAHHS 1 IIPOBOIUTH OLIBII AKICHE PidaH-
Hs1. [lopiBHAHHS TepMIYHOrO 3MIITHEHHS CTaJIell 00'€MHUM rapTyBaHHSM, JIA3€PHUM TapTYBAHHSM 3 OILIABJIEH-
HAM, JIA3ePHUM TraprTyBaHHAM Y O-BHIPOMIHIOBAHHAM IIOKA3aJI0 BHCOKY eQeKTHBHICTL rapryBaHHsa YO-
BUIIPOMIHIOBAHHAM. JIazepHy 00po0ky B YD-miamasoHi palfioHAIILHO 3aCTOCOBYBATHU JJIS JIOKAJIHLHOIO ITOBEPXHE-
BOTO 3MIIIHEHHS JeTaell MaIMBHOL artapaTypy, pl3aIbHUX IHCTPYMEHTIB.

Knrouori cnosa: Jlazepu 3 BumpominioBanasaMm Y®-miamasony, Tpers rapmonika. Jlasepre pisanHs,
Jlazepre mapryBanHs, JIasepHe rapryBaHHs.
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