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The workability of equipment operating in the northern regions can be ensured by using various technologies during
its manufacture. Laser exposure is widely used in various industries, including manufacture of welded joints, heat
treatment of small areas, application of coatings, preparation of surfaces for further processing, and marking of
products both directly on the material surface and on special films. This work examines the processes occurring in
the surface layer of AISI 321 austenitic steel products exposed to nanosecond laser radiation. Various methods for
controlling the metal melt in the exposed zone are considered. It has previously been established that moving the
beam along a trochoidal trajectory allows creation of stable linear relief up to ~700 um high, while moving along
a spiral trajectory produces point elements up to ~500 um high. In the present study, structures up to ~400 pm
high were obtained using a linear trajectory. Laser processing methods that can be implemented using standard
low-power laser equipment, were studied, enabling surface processing of austenitic steel without use of protective
gas environments. It was shown that laser exposure of surface layers preserves the austenitic structure, stabilizes it,
just reduces the oxide phase content, and does not lead to the formation of carbide phases in the area of the formed
relief. These results are important for various branches of mechanical engineering, including laser processing dur-
ing welding, creation of functional surfaces, application of durable markings, production of a preset profile in the
manufacture of decorative and applied products, and tactile elements such as Braille script. The study demonstrates
the potential of liquid phase control for effective relief formation on the surface of austenitic steels.
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Introduction

Mastering and rapid development of Arctic regions, Si-
beria and Far East imposes strict requirements to the ma-
terials and technologies, which should provide durable and
reliable operation of the equipment in the extremal climatic
conditions [1—3]. Especially sharply these requirements are
manifesting in the petrochemical industry, where equipment
is subjected to exposure of aggressive environment, essential
mechanical loads and dramatic temperature gradients [4—6].
Supply of machine components, piping, construction com-
ponents and technological equipment parts with the complex
of high operating parameters, which include corrosion resist-
ance, wear resistance and long service life, is critically impor-
tant in these conditions [7, 8]. Solving this problem needs use
of up-to-date methods of surface hardening of the materials.

The technologies of laser processing of metals are con-
sidered as prospective direction in this field; they allow

modifying of structure and properties of materials surface
layers [9, 10]. The laser technologies are widely used in vari-
ous industries, including welding, local heat treatment, ap-
plication of coatings and preparation of surfaces [10—12].
These technologies are mostly required when creating deco-
rative and applied products and marking of products both
directly on the material surface or on special films [13—15].
Use of laser technologies for processing of austenitic steels
attracts especial interest, because they are characterized by
optimal combination of corrosion resistance and physical-
mechanical properties and are widely used in various in-
dustries (from manufacturing medical tools to fabrication
of equipment for the power engineering complex, including
petrochemical industry) [ 16—18]. The modern laser technol-
ogies achieved the principally new level in the field of metal
processing, owing to development of powerful fiber-optic
systems with modulated radiation [19—21]. In particular,
laser sources of YB-fiber pulsed (YPL) type (IPG Photon-
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ics) provide extraordinary accuracy and processing stability,
which opens the new prospects for their industrial use [15,
22]. These radiation sources are characterized by high stabil-
ity of parameters, compact size and possibility of integration
in automatized technological complexes [9]. Such equip-
ment can be used in forming of controlled relief and pre-
set phase-structural state on the surface of austenitic steels,
what presents essential scientific and practical interest. It
allows obtaining the required complex of the properties (in-
cluding tribologic ones); creating stable marking elements;
forming functional surfaces with preset properties; provid-
ing tactile identification (e.g. in Braille script) [23—25].
Additionally, the conventional marking methods for steel
products (mechanical processing, chemical pickling) often
do not ensure the required accuracy and reproducibility [ 14].
At the same time, laser marking can be used for monitoring
of products at all manufacturing stages, for detecting waste
metal and for protection against falsification [13].

The previous researches [22] displayed possibility of
controlled relief forming in steel St3 during one-pass and
two-pass laser processing procedures. It was established that
the geometry of linear structures depends essentially on tra-
jectory: maximal stability is provided by trochoidal beam
motion ( up to ~700 pm high), which forms uniform en-
ergy distribution and controlled melt flow. For the tasks of
tactile marking, forming of dotted structures along a spiral
trajectory (up to ~500 um high), valid for a Braille script, was
examined [13, 14, 22]. Layer-by-layer relief growing with
alternating of forming and “cleaning” passes was realized
in a multipass procedure; it increases the amount of oxide
phase [22]. Such results became a methodical base for this
research, which was adapted for the stainless steel AISI 321
for evaluation of the effect of procedures on relief forming
and phase-structural transformations in the surface layer.

This research presents the results of complex investigation
of relief forming processes on the surface of the stainless steel
AISI 321 under the effect of nanosecond laser radiation. Spe-
cial attention was paid to the interaction mechanisms between
laser radiation and the material, control possibilities for a liquid
phase and analysis of phase-structural transformations in the
processing area. It should be noted in this case that the main
difficulty during high-temperature processing of austenitic
steels is connected with their addiction to oxidation, forming
of carbide phases and possible thermal deformations [26, 27].
The conducted research is very important for development of
additive technologies, creation of functional surfaces and solv-
ing the applied problems in various industries. The obtained
results allow optimization of laser processing technologies for
austenitic steels and widening of their practical use area.

The aim of this research was to evaluate possibility of
controlling melt flow processes during heating with low-
power laser in order to form the preset configuration and
relief structural state on the surface of products made of the
austenitic steel AISI 321.

Materials and methods of the research

Austenitic steel AISI 321 was used as the research mate-
rial. Selection of this steel was caused by its wide applica-
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tion in the mining and processing industries as well as in the
power engineering complex, e.g. in pipelines and vessels at
the stages of mining, processing and transportation of raw
materials and finished products [28—30]. It is known that
high-temperature heating of austenitic steels leads to forming
of carbides (mainly Cr23Cs) and oxide phases [26]. These ox-
ide phases are characterized by developed porosity and cre-
ate channels for oxygen diffusion in subsurface layers, what
intensifies corrosion processes [27]. It stipulates necessity of
optimization of the processing procedures for minimization
of oxidation [31, 32].

The experiments were carried out using the automatized
laser complex TurboMarker (LLC “Laser Center”), including:

*fiber laser YPL-V2-1-100-100-100 (IPG Photonics) with
wavelength 1,064 nm, pulse duration 100 ns, maximal pulse en-
ergy 1 mJ and nominal average output capacity 100 W;

* scanning laser system on the base of F-Theta objective,
providing focal spot diameter 75 pm, with maximal scanning
rate 10,000 mm/s and operating field 180x180 mm.

The main variable operating indicators were selected on
the base of data of thermophysical and optical material pa-
rameters [33], which are presented in the Table 1.

Table 1. The range of variable conditions

Indicator Range
Scanning rate (V), mm/s 50-275
Frequency of following impulses (f), kHz 50-500
Radiation intensity (P), W 10-100
Beam motion trajectory Linear
Distance between the lines (R), um 10-100

Length of vectors (L), mm 0,1-1

The range of indicators covered the area from melting
threshold, where forming of concave structures is initiated
during directed melt-flow transition; it allowed for assess-
ing the influence of these conditions on melt behaviour.
As soon as radiation intensity rises, the height and width of
ledges increase to a definite size, following by transition to
evaporating procedure with consequent intensity growth,
and then geometric dimension of the relief decrease together
with elevation of number of defects. Rise of pulse frequency
and scanning rate, with other equal parameters, provides de-
crease of structures height, but forming reliefis more smooth
and has minimal number of defects. When relief'is forming,
impulse energy and overlapping degree are especially critical:
they should provide melting without transition to ablation
and intensive evaporation. Outside the operating area, poros-
ity, unevennesses and oxide inclusions are observed.

The research was based on the previously developed tech-
nique for surface processing of the steel St3 and included
consequent examination of relief forming processes, using
multi-pass treatment along a linear trajectory of beam mo-
tion including combination of forming and cleaning passes.
This research also was devoted to analysis of influence of
number of passes on relief geometrical parameters, its struc-
tural and phase state, its properties in the processing zone
and adjacent areas [31, 34]. Relief geometrical parameters
were assessed via the method of optical microscopy using
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the inspection microscope ADF C150. Microstructural stud-
ies were carried out in accordance with the GOST 5639-
1982, using the optical microscope Zeiss Axio Observer
3. Analysis of phase composition was conducted by X-ray
diffraction (XRD) Rigaku Ultima IV. Elemental compo-
sition was determined via the method of energy-dispersive
X-ray spectroscopy (EDS) by scanning electron microscope
Tescan Mira 3.

Results and discussion

It is shown that density of accumulated energy, which is
regulated by laser processing parameters during laser pro-
cessing of metal surface, determines the phase state of the
material. When exceeding a definite energetic threshold,
evaporation of substrate occurs, while lower values of energy
density are accompanied by material transition in a liquid
phase [32, 35—36]. To form the preset surface structure, it
is necessary to select such processing procedures, when ma-
terial in the processing area remains mainly in liquid state
without essential evaporation. Melt management is carried
out via laser beam motion along the trajectory, which is preset
by the system with closely spaced parallel vectors (Fig. 1).
Concave relief with minimal material loss due to evaporation
isformed as a result of directed redistribution of liquid phase.
Thus, exact control of energy density and scanning trajectory
is a key aspect of the process, providing preferential melt
flowithout phase transition in the gas state.
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Fig. 1. Scheme of concave relief forming: (1) — laser
radiation spots on the surface; (2) — scanning lines
L — length of scanning lines; R — distance between
scanning lines; V — scanning rate; N — number of cycles;
H — roll height

Transversal polished sections of linear relief on the sur-
face of the steel AISI 321 are displayed in the Fig. 2. This relief
was obtained during multipass treatment, with one process-
ing cycle (Fig. 2 a, b) and with two processing cycles (Fig. 2
¢, d), without use of cleaning passes. Main metal structure
consists of austenite with grain size 6—8 grain size number
according to the GOST 5639-82. Fine-grain (Fig. 3 a)
and ultrafine-grain austenitic (Fig. 3 b, ¢, d) structures with
grain size number 16—18 number according to the same
standard are formed in different zones in the obtained relief.

The layered structure, which was obtained after one
forming pass (including the effect according to the preset
program — see Fig. 3 b, d), is connected with the fact that

Fig. 2. Relief (a, c) and its microstructure (b, d) obtained via multipass method during one cycle (a, b)
and two cycles (¢, d) of the steel AISI 321 surface processing
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Fig. 3. Relief overview on the surface of the steel AISI 321 and examined area (a), microstructure of the

examined areas (b, c, d)

the distance between the vectors (15 pm) is smaller than the
laser beam diameter (~ 75 um); it leads to 5-fold overlapping
of the effect zone. Increasing the amount of forming passes
led to widening of ultra-dispersed structure in the ridge zone
(Fig. 3 d) and supposedly of the thin layer of amorphous
state due to very high cooling rate. The authors of the work
[37] also confirmed possibility of amorphous layer origina-
tion during laser surface processing. Presence of oxide film
on relief surface is observed in both cases (Fig. 3 b, d).

The cleaning passes were additionally conducted at the
following stage for decrease of oxides amount. The types of
reliefs, which were obtained during multipass treatment with
use of additional cleaning pass, are compared in the Fig. 4.

The results of examination of the steel AISI 321 have
shown that adding the cleaning passes leads to additional
grain refining in the roll zone. An appearing temporary delay
changes the features of mass transfer: microrelief could have
time to transfer the essential portion of thermal energy to
the sample. However, the applied laser radiation intensity
is chosen in such way, that small decrease of oxide phase
amount is provided (Fig. 5 a, b); but carbide phases of vari-
ous morphology are not forming in this case (Fig. 5, Table 2).
It is related to the low heat conductivity of austenitic steel,
which does not allow to develop carbide forming processes,
i.e. forming of the most dangerous carbides of Me,,C; type,
which support intercrystalline corrosion [30]. At the same

Table 2. Crystallographic data about the phases, presented in the examined samples

No. Phase Formula Crystalline system Space group Cell parameters
N
i i Guti (800) 29:m3n G505 50005000
’ et ° Heragona 194:PBS/MMS griorc 0013000
‘ Haonette 0 cube 21FS0 400090009000
5 Iron & Chromium oxide Cr,Fe0, Tetragonal - %g%%g%’g&}%
i B
7 Maghemite Fe,0, Tetragonal 96:P 43212 8.340,8.340,8.322,

90.00,90.00,90.00
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Fig. 4. Microstructure of transveral cross section of relief, obtained via multipass treatment during one cycle (a, ») and during two
cycles (¢, d) of surface processing of the steel AISI 321: a, ¢ — without cleaning passes; b, d — with cleaning passes
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Fig. 5. Elementary composition of the samples with formed relief , obtained via multipass treatment during two cycles of surface
processing of the steel AISI 321: a — without cleaning passes; b — with cleaning passes
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Fig. 6. Combined diffractograms of the examined samples with formed relief obtained via multipass treatment during
one or two cycles of surface processing of the steel AISI 321 without and with the cleaning passes
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time, carbides, which are existing in steel, can be partly dis-
solved under laser effect [31].

The phase composition of the samples is presented by the
main phase with FCC (face-centered cubic) lattice — y-Fe.
A number of low-intensive diffraction maximal values are
presented in all samples as well; they can belong to Fe oxides
(Table 2, No. 4-7), such as magnetite Fe,O,, maghemite
Fe,0;, of iron-chromium oxides Cr,FeO, (Fig. 6).

The results of investigations have revealed that the lower
part of ledge is characterized by more light colour, while
when approximating to the initial surface it becomes practi-
cally the same as the base metal. It is due to the fact that this
area is forming at the initial stages of processing, is covered
by melt during the following passes and is not subjected to
secondary effect — unlike the zones located above, which
are heated and melted many times. Such processes support
forming of fine-grain and ultrafine-grain structure.

Conclusion

The conducted investigations demonstrate possibility of
controlling ablation processes and liquid phase transition in
order to form the preset configuration and phase-structural
state during laser processing of surface layers in austenitic
steels. The obtained data expand our knowledge about the
processes of structure forming under extremal thermal effect,
which is important for development of laser technologies for
surface treatment of materials. It was revealed that the linear
relief with height up to 400 um can be obtained during pro-
cessing along the linear trajectory, with power intensity 80 W,
frequency 500 kHz and scanning rate 100 mmy/s. It was es-
tablished that use of low-power laser in surface treatment of
austenitic steel does not lead to forming of carbide phase.
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