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This paper presents the results of computer simulations and experimental studies, aiming to increase the mechanical strength of
sheet metal parts manufactured from high-quality structural carbon steel by means of local laser processing. The effects of laser
processing on the strength of steel sheet plates and their ability to resist bend load after laser treatment were studied. The results of
bending experiments and computer simulations of elastoplastic deformation establish that local laser processing with surface
melting can be used to increase the mechanical strength of structural elements made from thin sheet steel C22E and to decrease its
deflection under similar workload, as an alternative to the application of complex geometric shapes, additional strengthening

elements, or heat treatment.

1. Introduction

Despite the availability of a wide range of durable and light
materials in various areas of industry and engineering, steel
is currently one of the most commonly used structural
materials. Global steel production is increasing annually.
The World Steel Association (worldsteel, WSA) predicted a
rise in steel production by at least 1.4% in 2019. In 2018,
according to the WSA, 1808.6 million tons of steel were
manufactured, an increase of 4.6% compared to 2017 [1].
These data are based on the analysis of carbon steel man-
ufacture in 64 countries, contributing about 99% of world
steel production. High alloy stainless steels and special steels
constitute a separate market and production segment.
According to the International Stainless Steel Forum (ISSF),
global steel production reached 50.7 million tons in 2018,
rising by 5.5% compared to 48 million tons in 2017 [2]. These
data suggest that carbon steels are still the most requested
and most commonly used structural material.

Cheap, high-quality carbon steels are widely used to
manufacture parts and metal products for noncritical
structures in engineering and in other industries. Various
carbon steels are widely used in welded structures [3]. The
properties of carbon steels and semifinished steel products

are highly dependent on their chemical composition, heat
treatment method, and as-delivered state [4]. Steel pro-
duction processes and the manufacture of various welded
structures are quite simple and well established. However,
carbon steels and low alloy steels widely used for these
purposes have significant drawbacks. Structural carbon steel
is fairly heavy, not very durable, and not resistant to cor-
rosion [5]. Improvement of the mechanical properties
(strength and hardness) of steel is a key factor to reduce the
quantities of metal required by structures and to reduce the
weight of metal parts.

In modern engineering practice, there are often prob-
lems whose solution involves taking into account the plastic
properties of metals like steel. Taking into account the de-
velopment of plastic deformations (ultimate load method or
limit state design) during calculations and designs allows
metal consumption to be reduced in comparison with the
application of working stress methods. Heavily loaded
structural elements, such as the shells of building structures,
rockets, chemical reactors, thin-walled pipes, and other
structures, are designed using calculation methods that take
such plastic deformations into account. Since, in these cases,
the systems are considered to be elastoplastic, the calcula-
tions are carried out outside the elasticity of the material.


mailto:visnik@inbox.lt
https://orcid.org/0000-0003-2003-9159
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/5963012

Using this approach, local plastic deformations are allowed
in the calculations, i.e., the construction material no longer
follows Hooke’s law in the process of loading. Calculations
taking into account plastic deformations often allow access
to additional reserves of structural strength in steel struc-
tures and increase available workloads (in particular in the
case of bending of rectangular profiles, up to 45%) or ul-
timate bending moment (for beams, up to 1.5 times), in
comparison with the results achieved by traditional working
stress methods (only in elastic conditions) [6, 7].

The mechanical strength (includes compressive, tensile,
and bending strength) of a steel structure is most important
in many engineering applications. The application of heat
treatment helps to increase the yield and ultimate strength of
steels.

Another effective solution to increase strength (partic-
ularly bending strength) is changing the dimensions of parts,
modifying the shape, or the application of special
strengthening elements [8]. Techniques such as different
heat-treatment or thermochemical-treatment processes and
the addition of strengthening elements, complex-geometry
profiles, and structural thickenings [9, 10] are mostly usable
to improve the mechanical properties of steels products and
their surface. However, these heat-treatment and thermo-
mechanical-treatment technologies are expensive, compli-
cated, and long-running processes. This technology is,
therefore, not appropriate for large constructions and heavy
sections from unalloyed and carbon steels containing less
than 0.3% carbon, but thin plates and sheets from such steels
can still be hardened and provide different combinations of
strength and toughness after heat treatment. Application of
strengthening elements, complex-geometry profiles, and
structural thickenings increase the manufacturing costs and
the weight of metal parts and require complex equipment
and accurate designs.

Laser treatment is one popular technique of surface
modification, which is designed to change the microstruc-
ture of metals through controlled heating and cooling. Laser
surface treatment technologies (laser hardening, nitriding,
and carburization) allow the enhancement of various
properties, such as the surface strength, hardness, roughness,
coefficient of friction, chemical resistance, and corrosion
resistance of the surface of various metals [11]. Laser
treatment technologies provide local heating, high-tem-
perature gradients, and achievable cooling speed (10°-10%C/
s) due to thermal conductivity. In such conditions, the
hardening of low carbon steels (such as high-quality carbon
steel 10 or 20) is also possible [12]. The usual practice is the
treatment of part of a large construction surface, which is
possible with laser treatment technology.

Laser transformation hardening (LTH) is often used for
surface hardening of cast iron, medium-carbon steel, and
tool steel. LTH is a method in which a high-power laser
beam quickly irradiates the surface of the workpiece to
rapidly increase the surface temperature to a temperature
higher than the austenite transformation temperature but
lower than the melting point [13]; melting is usually un-
desirable in LTH [14]. The typical thickness of the hardened
layer after transformation hardening by CO, laser usually

Advances in Materials Science and Engineering

extends less than 0.3 mm, applying a pulse laser, 0.15 mm. By
applying a more concentrated laser beam or powerful laser
(1kW), the depth of hardening can be increased up to
1.5mm [15, 16].

Most of the mixtures and composite materials proper-
ties, including their structural strength, follow the additivity
rule and are linearly dependent on the percentage quantity
or volume of individual components of the mixture. In this
case, the approximate strength of dual-phase steels can be
calculated according to the rules of mixtures [17]:

o.=0,V,+0V, (1)

where 0, is material property of matrix; o, is material
property of reinforcement; V,,, and V, are volume fraction of
matrix and reinforcement phase.

According to this rule, the efficiency of such laser
processing and the final strength of the laser-treated zone
depend on the total area of the processed zone and the depth
of hardening. This means that the effectiveness of LTH is
limited by the small thickness of the hardened layer, because
a large area of the surface must be treated without melting.
The “wide-spot” method uses a laser with a large spot, which
moves evenly along a treated area. The scanning method uses
a small laser spot in combination with a laser scanning head,
which allows fast laser spot displacements. However, the
LTH of large surface areas, large or thick-walled compo-
nents, and the entire surface of metal parts is still compli-
cated. Thus, LTH is mostly used for other purposes, for
example, to improve the resistance of work surfaces to
friction, wear, or corrosion through hardening. LTH without
melting of the metal is not effective for the creation of
specially oriented structural strengthening ribs, which
strengthen metal constructions against outward deflection.

However, according to some research studies
[12, 18, 19], laser processing can be performed without
melting of metal (when the temperature in the laser heated
zone is close to melting temperature), as well as with melting
(at higher temperatures), because the increase of hardness in
the hardened zone and melted zones of hypoeutectoid
carbon steel are similar. The difference comes from the
presence of the melted zone and potential alterations in the
hypereutectoid steel microstructure and the thickness of the
hardened zone. Laser treatment with melting allows the
greatest depth of treatment.

Due to phase transformations and local changes of
material structure at the area of the laser beam exposure, it is
possible to create structural strengthening ribs with better
microstructure, which can significantly affect the overall
strength of metal parts. Existing equipment and laser pro-
cessing techniques offer ample opportunities to control the
laser beam, which allows treatment of local areas, formation
of structural strengthening ribs in the desired areas, and
changing their orientation, disposition, depth, and other
geometrical parameters of the treated layer [20]. This leads to
better strength of the thin-walled metal parts.

The main objective of this study was to test the properties
of the laser-melted layer and the efficiency of the application
of laser processing with surface melting to increase the
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strength of thin sheet components manufactured from
unalloyed and structural carbon steels containing less than
0.3% carbon, without the use of complex geometric struc-
tures or heat treatment.

The article presents the results of a study of the influence
of laser treatment on the microstructure and mechanical
properties of bent metal parts from hypoeutectoid high-
quality carbon steel. The effects of laser processing on the
mechanical properties of steel sheet plates were studied,
together with their ability to resist bending loads after laser
treatment. The results of modeling of elastoplastic defor-
mations of differently treated samples are compared and
validated with results obtained by bending tests on real
samples. The research results establish that local laser
processing with surface melting can be used to increase the
strength of structural elements made from thin sheet steel
C22E and to decrease its deflection under similar workloads,
as an alternative to the application of complex geometric
shapes, additional strengthening elements, or heat
treatment.

2. Material

One of the most common grades of high-quality structural
carbon steel with carbon content less than 0.3% was used in
an experiment. High-quality carbon steel is an alloy of iron
and carbon with a low content of other chemical elements.
Even small alterations in carbon and alloying elements
content strongly affect the properties of the steel. These
grades of steel are highly plastic and deformable [21].

Thin metal plates (30 x 150 x 2 mm) from hypoeutectoid
high-quality carbon steel 20 (1.1151, C22E) were used as
samples (Table 1). The mechanical properties of these steel
sheets can vary, depending on the thermal or mechanical
treatment applied (Table 2) [21, 22]. All the samples used
were taken from one large sheet plate. The cutting orien-
tation and preparation of the surface samples were identical.
All the samples were heat-treated by tempering for stress
relief. One side of the plate was mechanically processed to
ensure uniform absorption of laser radiation on the steel
surface. Sand blaster “Power Plus Tools” (China) and quartz
sand “Sakret” (Germany) with a grain size of 0.1-0.5 mm
were used for blast cleaning. The surface roughness Ra after
the treatment did not exceed 5pm.

The tests show that the chemical composition (Table 1)
and mechanical properties (Tables 1 and 3) of the samples
comply with the technical requirements listed in EN 10083-
2:2006 [23].

3. Methods

3.1. Calculation of Laser Processing Modes and Laser Treat-
ment Methodology. Laser surface treatment was carried out
on the Nd:YAG 4-axis laser-welding machine BMM400
(China), of which the technical characteristics are presented
in Table 4. During laser treatment, the metal plates were
tightly fixed to a 3-coordinate metal table to avoid distortion
of the samples. When using mild- or low-alloyed steel, Nd:
YAG laser radiation is readily absorbed by the workpiece;

therefore, there is no real need to use expensive inert
shielding gas (pure Argon or gases mixtures with a helium
content). A shielding gas mixture Ar-CO, (20% CO,) was
used for the Nd:YAG laser processing of the steel samples.
The typical shielding gas flow rate of 201/min was used for
prevention of metal oxidation.

The appropriate processing mode was calculated con-
sidering the physical properties of the metal (Table 5) and
the technical limitations of the available laser equipment
(Table 4), using the methodology presented in reference
literature [24]. Parameters for laser processing in a pulse
mode are mainly selected based on the critical energy density
necessary for melting a given material. Melting or LTH of
most metals proceeds at low energy density in the range of
10°-10° W/cm?. The critical power density for local laser
treatment in pulse mode can be calculated according to the
equation given in [24]:

Pd — p(Te TO)Ch, (2)

Atp

where Py is critical power density (W/m?); A is absorptivity:
A=(1-R); R is reflection coefficient; ¢ is specific heat (J/
(kg-K)); Ty is initial (room) temperature (K); T, is heating
temperature, material melting, or evaporation temperature
(K); p is density (kg/m); t,, is duration of laser pulse (s); & is
thickness of the material or melted layer (m).

The depth of penetration in this case should be minimal
in order to avoid excessive embrittlement, cracking, and
deformation of the treated material [26, 27]. Mathematical
calculations demonstrate that there are multiple options for
local laser processing, depending on the required laser
penetration depth, possible pulse duration, and diameter of
the laser spot, as well as critical and peak power. The most
appropriate laser processing parameters for the available
equipment were selected according to the mathematical
calculations. The selected parameters (laser spot diameter,
laser speed, pulse time, pulse frequency, and energy per
pulse) remained constant throughout all experiments. The
alterable parameters are the number of laser tracks and the
distance between them. 3 variants of distance between laser-
treated tracks were applied: a—tracks with 30% overlap of
their width (56 tracks), b—distance between tracks equal
approximately to 50% of their widths (27 tracks), and
c—distance between tracks equal to their widths (21 tracks).
The dimension of the laser-treated surface area in all cases
was 40 x 29 mm.

3.2. Testing of Laser-Processed Surface Layer Properties and
Analysis Microstructure. The structure, chemical composi-
tion, and mechanical properties of the steel were determined
in order to establish the input data for the FEA simulation.
The chemical composition of the steel was determined by
spectral analysis using the PMI Master PRO Oxford In-
struments (UK) optical emission spectrometer. The me-
chanical properties of the steel were established by standard
tensile and hardness tests according to ISO 6892-1:2016 [28].
For the tensile testing, a universal tensile-testing machine
TIRAtest 2300 (Germany) with Katman-Express software
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TaBLE 1: Chemical composition % of steel C22E (1.1151) [23].

Chemical elements (wt.%) C Si Mn P S Cr + Mo + Ni
Typical composition of steel according to EN 10083-2:2006 0.17-0.24 Max 0.4 0.4-0.7 Max 0.03 Max 0.035 Max 0.63
Sample 0.17 0.13 0.44 0.02 0.02 0.12

TaBLE 2: Mechanical properties of steel C22E (1.1151) according to standard EN 10083-2:2006 [23].

Heat treatment

Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%)

Hardness (HB)

Min Min Min Max
Rolled 490 7 207
Annealing or tempering 600 (°C) 230 390 21 163
Normalizing 900 (°C) 240 430 24 101-143
Quenching 880 (°C) 340 590 18 370
Quenching 880°C + tempering 600 ("C) 340 500-650 20 143-179

TaBLE 3: Results of mechanical tensile tests of steel samples.

Elastic modulus E (GPa) Yield strength Ry, (MPa)

Tensile strength R, (MPa)

Relative extension A (%) Hardness (HV)

200 275

450 32 135

TaBLE 4: Technical data of [24].

Technical parameters Range
Laser working substance Nd:YAG
Maximum single-pulse energy (J) 150
Maximum peak power (kW) 14
Laser wavelength (nm) 1064
Spot size diameter (mm) 0.1-3.0
Average laser power (W) 400
Pulse duration (ms) 0.5-10
Pulse frequency (Hz) 0-20

TaBLE 5: Physical properties of carbon steel [25].

Melting temperature, To—initial (room) .. Reflection Density, p Specific heat, ¢
T (K) temperature (K) Absorptivity, A coefficient, R (kg/m3 ) (J/kg-K)
1733 295 0.09 0.91 7800 462

was used (dynamometer up to 50kN). The precision of
testing equipment, load, and deformation measurement
sensors was +0.03%. Steel hardness was determined using
Zwick/Roell ZHU universal hardness tester, using the
Vickers method with a square-based tetrahedral pyramid.
Steel hardness was determined on the surface with a load of
10 N. The hardness of the laser-processed surfaces was de-
termined using Zwick/Roell ZHy hardness tester (Swiss),
with a diamond square-based tetrahedral pyramid tip with a
load of 2.942 N. Hardness was measured on the surface of
the processed layers and on its cross section according to EN
ISO 4516 [29].

Macroscopic and microscopic examination of laser-
treated samples was done according to ISO 17639:2003.
Metallographic analysis of the steel and of the laser-pro-
cessed zones was carried out using a Nikon Eclipse MA200
optical microscope (Japan) with Lumenera Infinity 2-2 video
camera and a JEOL JSM-7600 (Japan) scanning microscope,
equipped with an energy-dispersive spectrometer (EDS)
Oxford INCA Energy X-Max20 (UK) for chemical

microanalysis at different magnifications (up to x1500).
Etchants for macroscopic and microscopic examination
were selected according to ISO/TR 16060:2003. A Nital
solution (3 wt.% concentrated nitric acid in ethyl alcohol)
was used for etching the steel samples.

3.3. Simulation of Elastoplastic Bending of Metal Sheet.
Thin-walled metal parts manufactured from steel, which are
most often stressed by bending load, are modeled using finite
element analysis (FEA) [11]. The simulation of the elasto-
plastic deformation of the plates under bending load was
done using a device model analogous to that used in metal
bend tests according to ISO 7438:2016 [30]. The 3D mode
was created and subsequently converted to STEP format
using the Autodesk Inventor software package. An Ansys
Workbench software package was used in the second step for
computer simulation of the deformations in a laser-pro-
cessed thin plate acted on by a bending load. The size of the
3D model and the shape and depth of the processed layer
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were the same as in the real samples (Figures 1-3). Boundary
conditions, maximum applied load (1280 N), and maximum
deflection (2 mm) in the bending simulation were identical
to those used during the experimental bend tests. The
structural supports were modeled as roller movable sup-
ports. The punch rounding radius, width (10 mm), and
distance between supports (40 mm) were the same as in the
real bending test.

Several variants of metal plate processing with different
degrees of overlapping (distance between the layers) pro-
cessed by laser beam were simulated to assess the influence
of the geometry of the treated layer on the required bending
load and mechanical strength of the metal sample. 4 variants
of the model with different geometry of the treated layers
were applied in the simulations: a—unprocessed plate (case
A); b—laser track with a 30% overlap of its width (case B),
c—distance between laser tracks equal approximately to 50%
of their widths (case C), and d—distance between tracks
equal to their widths (case D) (Figures 2 and 3). The treated
layers were oriented in the direction of the greatest stresses,
by analogy with the strengthening of composite materials
with longitudinal strengthening elements. The total treated
area (40x29mm), localization of processed layers, and
depth of fusion (0.35mm) remained unchanged (Table 6).

A mixture of 3D Solid brick and tetrahedral elements
was used to mesh the model of the metal plate [31]. The
untreated part of the model metal plate consists mostly of
large-scale elements with maximum mesh size of 0.7 mm.
The mesh density of the treated area was increased but the
maximum mesh size was less than 0.12 mm. The numerical
investigation of the physically nonlinear problem was solved
for the bending case. For FEA, the relatively simple plasticity
model—Multilinear Isotropic Hardening model—was used
[32]. The stress-strain curves of the basic metal and the
treated layer are provided from experimental data, but the
dependences of the nonlinear part of the curves are sim-
plified to linear, which is traditionally used for the Bilinear
Isotropic Hardening model; then, only the yield strength and
the tangent modulus of the material are used as input pa-
rameters (Figure 4).

The total deformation in the model is represented as the
sum of the elastic and plastic deformation components
[11, 33]:

e=¢ +¢f, (3)
where ¢° is elastic deformation and {ef} is plastic
deformation.

Two different material properties were used in the FEA
model: the base steel and laser-treated steel (Table 7). Base
steel properties are applied in modeling Case A and in
models of Cases B, C, and D for the area outside the
semicircles (Figure 3). Treated steel properties are applied in
modeling Cases B, C, and D in the areas inside the semi-
circles (Figure 3). The mechanical properties of the steel used
in the simulation were established by mechanical (tensile
and bending) testing of specimens and applying the pub-
lished information [34-36]. The mechanical properties of
the laser-processed zones were determined through

measurement of their hardness, analysis of the micro-
structure, and the application of parameter values picked
from examples in the published literature [34], calculated
using empirical equations (1), (4), and (5) (Table 7).

Expressions related to the hardness, tensile strength, and
yield strength of steels and laser-processed layers were used
for the calculation of mechanical strength [37-39]:

HV n \"
= — 5 4
787359 <0.217> @
HV
0'0‘2 = TO.ln, (5)

where op and 0y, are tensile strength and yield strength,
respectively; # is strain-hardening exponent (for carbon steel
n is in the range from 0.15 to 0.26) [34-36].

3.4. Measuring of Deflection of Metal Sheet. For the bend test,
a universal tensile-testing machine TIRAtest 2300 (Ger-
many) was used, with a bending test tool and Katman-
Express software (dynamometer up to 2kN). The precision
of testing equipment, load, and deformation measurement
sensors was +0.03%. The distance between supports was
40 mm, punch width was 10 mm, maximum load used was
1280 N, and the maximum deflection was 2 mm. The dis-
tance between supports was set longer than that required in
ISO 7438:2016 [30] for the bend test and equal to the length
of the laser treatment area. These experimental conditions
would be appropriate for the purpose of simulating the case
of bending a thin-walled plate with strengthening ribs or a
surface fully treated by laser.

4. Results

4.1. Results of the Calculations of Laser Processing Modes.
One of the criteria for the selection of appropriate processing
modes was the required depth of laser penetration. An
appropriate depth of laser penetration is about 0.35 mm
(~20% of the total thickness of the metal sheet). This value
was based on previous research [20] with similar thin sheet
steel, when various technological parameters of laser were
applied, and shape, microstructure, and surface defects of
the processed layers were analyzed. The critical power of
3.9810° W/cm® and other selected laser treatment param-
eters (Table 8) ensure that the depth of the metal melting
zone will reach the required value.

4.2. Results of the Study of Laser-Processed Surface Layer
Properties and Microstructure. The metallographic analysis
of sections indicated that the expected thickness (depth) of
the treated layer (0.35 mm) was achieved using the calcu-
lated parameters of the laser beam in the experiments. The
surface of the treated area was free from superficial defects
and other indications of improper laser treatment (Figure 5).
The shape of the laser track was close to hemispherical
(Figure 6). The same layer shape was used in FEA simula-
tions (Figures 1-3).
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F1GURE 1: Finite element mesh of a model in Ansys workbench: (a) general view of 3D mesh, (b) enlarged view of mesh of laser tracks,
(c) enlarged view of surface mesh of treated area, and (d) cross-sectional view of mesh of individual laser track.

28.7mm

40mm
FIGURE 2: Views of the surface of samples in Ansys software: (a) general view of metal plate with dimensions of treated area. (b) Case B. (c)

Case C. (d) Case D.

F1GURE 3: Cross-sectional view of laser-treated zones in Autodesk Inventor software. (a) Case B. (b) Case C. (c) Case D.



Advances in Materials Science and Engineering 7
TaBLE 6: The geometry of treated area.
Samples Case B Case C Case D
Radius of individual track (mm) 0.35 0.35 0.35
Treated surface, length x width (mm x mm) 40 x 29 40 x 29 40 x 29
Number of laser tracks in treated area (pc) 56 27 21
Volume of treated area (mm?) 406 270.7 161.55
Ratio of volume of treated area related to the total bent volume (%) 16.92 11.28 6.73
700
600
500
g‘f 400
2
£ 300
w
200
100
0
0 6 12 18 24 30

Elongation (%)

— 1
— 2

FIGURE 4: Deformation curves: (1) untreated metal; (2) area treated by laser.

TaBLE 7: Parameters of steel and laser-treated surfaces used to calculate elastoplastic deformation of samples.

Modulus of elasticity, E ~ Shear modulus, G Yield strength, 0o,  Ultimate strength, o  Poisson’s ratio

Material (GPa) (GPa) (MPa) (MPa) )
Base metal (steel
C22E) 200 78.1 275 450 0.28
Laser-treated layer 210 82 412 665 0.28
TaBLE 8: Parameters of local laser processing.

. . Overlap -, Real critical
Depth i Speed, v Frequency, f Single pulse Spot size, Peak power, fFicient. P Calculated critical 1, Py (W/
(mm)  (mm/min)  (Hz)  energy, E, ) d(mm) P, (kw) E(;) * e power, Py; (W/em?) POYE o)
0.346 240 10 14.4 3 2.8 98.6 4.1110° 3.98+10°

The analysis of metallographic sections shows that local
laser processing of sheet steel C22E causes local changes of its
microstructure. The structure of the crystal lattice of steel in the
heated and remelted zones is modified, turning from ferrite-
pearlite structure (characteristic of carbon steel C22E after
tempering or normalizing) into a sorbite structure (Figure 7),
i.e., ferrite-cementite mixture, which has more fine texture than
pearlite. The distance between lamellae in the obtained dis-
persed sorbite structure was about 0.4 micrometers and its
grain size was G11 [4, 40]. In general, sorbite is formed during
accelerated cooling of decomposing austenite in the

temperature range of 600-700°C or during tempering of
martensite. Sorbite structure has higher dispersity and hard-
ness, which increases the strength, resistance to cyclic loading,
and wear resistance of metal parts without loss in plasticity [41].
The series of measurements of microhardness in this case
shows that the hardness of the processed layer increases by 50%
(up to 205 HV) compared to the untreated zone, where
hardness did not exceed 135 HV (Figure 8). The hardness in the
overlapping area of the tracks is very similar to the hardness in
the middle of the laser-treated area, which was in the range of
195-205 HV.
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FIGURE 6: Sectional view of laser-treated area. (a) Case B. (b) Case C. (c) Case D. (d) Shape of a separate laser track.

No hard and brittle quenching structures or other un-
desirable inclusions and internal defects were formed in the
laser-processed (remelted) layer or along the edge of melted
zones (Figures 9 and 10).

Grain size in the processed zone decreased from G8
(average grain diameter about 20 ym) to G11 (average grain
diameter about 7 ym). The presence of the sorbite and the
absence of hard and brittle quenching structures were also
confirmed by measurements of microhardness on metal-
lographic sections (Figure 8). A study of the distribution of
chemical elements in the processed (remelted) layer showed
that there was no significant chemical heterogeneity in this
area. SEM-EDS element mapping, line scan, and point
analysis of the distribution and concentration of chemical
elements show that the distributions of C, Mn, and Si are
fairly uniform across the sample (Table 9).

4.3. Results of the Deformation Simulation of Elastoplastic
Bending of Metal Sheet. The simulation results of 4 devel-
oped models (Figures 1-3) were subjected to a comparative
analysis of stresses and strains under different load and
deflection (Figure 11). The required bending loads for
samples deflection till 0.5, 1, 1.5, and 2 mm were determined
by FEA.

The model was validated by comparing the results of
bending tests with the results of the modeling of samples.
Experimental results and deflection simulation results of
untreated samples were compared with the results of
samples treated, applying different distances between laser
tracks.

The results of bending experiments and calculation
according to the rules of mixtures (equation (1) showed that
the average yield strength and ultimate strength of laser-
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FIGURE 7: Microstructure of steel: (a) untreated area of steel with ferrite-pearlite structure (65% ferrite and 35% pearlite according to GOST
8233-56 [40], grain size G8 according to ISO 643:2012 [42], magnification x1500), (b) laser-treated layer (dispersed sorbite structure, grain
size G11 according to ISO 643:2012 [42], magnification x1500), and (c) laser-treated layer (dispersed sorbite structure, according to GOST

8233-56 [40], magnification x20000).

processed metal sheets increase from 3.4% to 8.4%,
depending on the quantity of laser tracks and the volume
of the treated area in comparison to untreated samples
(Table 10)). It is established that metal sheets with 30%
overlay of laser tracks have the highest mechanical strength
compared to the other treatment modes (Tables 11 and 12).
However, simulations suggest that, in practice, it is also
possible to use noncontinuous processing (with a certain
distance between tracks) because the difference in the effi-
ciency of such processes is small. After local laser processing,
the load required for 0.5mm deflection in the elastic stage
increased by 25-32% in comparison with untreated plates.
When an external load of 700N was applied (conditions
where internal stresses are close to this steel’s yield strength),
the plate deflection was reduced by 8-18% depending on the
processing mode (applied distance between laser tracks).

4.4. Experimental Results of the Deflection Analysis of Elas-
toplastic Bending of Metal Sheet. The mechanical bend tests
showed that local laser processing increases the mechanical
strength of samples in comparison with untreated samples
(Figure 12 and Table 13). The bending force-deflection curve
of each case was drawn using the average data of 3 tests. From
Figure 12, it is visible that a larger load was required to reach
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FIGURE 8: Microhardness distribution in the laser-treated layer.

the same level of deflection for the laser-processed samples
compared to the untreated ones. The maximum bending load
to reach the limit of deflection in the elastic stage varied in the
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FIGURE 9: Microstructure of the transition zone: (a) magnification x1000; (b) magnification x250; (1) surface layer after laser processing; (2)

untreated zone.

F1GURE 10: Microstructure in the zone of overlapping of individual tracks: (a) magnification x250; (b) magnification x1000; (1) surface layer
after laser processing; (2) untreated zone.

TaBLE 9: Chemical compositions (by energy-dispersive X-ray spectroscopy analysis) of regions 1 and 2, Figure 9(a).

Region

Chemical elements (wt.%)

C Fe Si Mn Other
Area treated by laser 3.52 95.20 0.33 0.39 0.56
Basic metal 2.31 96.50 0.33 0.40 0.46

TaBLE 10: Mechanical properties of bent plates.

Characteristics Case A Case B Case C Case D
Poisson ratio (v) 0.28 0.28 0.28 0.28
Modulus of elasticity E (GPa) 200 202.89 201.13 200.67
Yield strength o, (MPa) 275 298.18 290.45 284.22
Ultimate strength op (MPa) 450 486.38 474.25 464.47

range from 699N to 821N, depending on the mode of
treating, which is equal to a 17% increase in load. The elastic
deflection of the samples varied from 0.75 mm to 0.95 mm,
depending on the mode of laser treatment.

The load required to reach a 2mm deflection in the
plastic stage was 1000N for the untreated samples and
1200 N for the laser-treated samples, which is equal to a 20%
increase in load. Experimental data confirmed that the

strengthening and the total increase in bending load (when
treated by the laser area and achieved deep of penetration of
all samples are constant) are influenced by the distance
between laser tracks, which in turn affects the volume of the
hardened phase and its ratio to the volume of untreated
material in the bent area. The maximum difference between
the experimental and computational modeling results is less
than 6% (Table 14).
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FiGure 11: Computer simulation of bending test in Ansys workbench: (a) stress distribution in a bent element; (b) strains degree of the bent

element under load.

TaBLE 11: Results of computer simulation of the elastoplastic deformation in the plates (with 2 mm deflection).

Objects Case A Case B Case C Case D
Bending strain w (mm) 2 1.98 1.99 2
Maximum von Mises equivalent stress (MPa) 416 462 444 436
Bending force P (N) 1033 1280 1217 1167
TABLE 12: Results of computer simulation of the elastic deformation in the plates (with a load of 700 N).
Objects Case A Case B Case C Case D
Bending strain w (mm) 0.92 0.75 0.80 0.85
Maximum von Mises equivalent stress (MPa) 309 323 306 299
Bending force P (N) 700 700 700 700
1400 —
1200 H
1000 —
g 800
g
£ 600 -
400
200
T T T T T T T T
0 0.5 1.0 1.5 2.0
Displacement (mm)
— a —
— b — d
FIGURE 12: Results of bend test. (a) Case A. (b) Case B. (c) Case C. (d) Case D.
TaBLE 13: Results of mechanical bend tests.
Objects Case A Case B Case C Case D
Load not exceeding the elastic properties of the metal (N) 699 821 787 767
Maximum applied load at deflection of 2 mm (N) 986 1206 1167 1142
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TaBLE 14: Comparison of results of mechanical bend tests and
computational modeling.

Objects Case A Case B Case C Case D

Deflection of samples is 0.5 mm

Calculated bending force (N) 431 572 550 519
Measured bending force (N) 417 560 531 511
Difference (%) 3.24 2.09 3.45 1.54
Deflection of samples is 1 mm

Calculated bending force (N) 732 808 798 776
Measured bending force (N) 713 801 777 761
Difference (%) 2.59 0.86 2.63 1.93
Deflection of samples is 1.5 mm

Calculated bending force (N) 875 979 963 954
Measured bending force (N) 852 950 936 909
Difterence (%) 2.62 2.96 2.81 4.71
Deflection of samples is 2 mm

Calculated bending force (N) 1033 1280 1217 1167
Measured bending force (N) 986 1206 1167 1142
Difference (%) 4.54 5.78 411 2.14

5. Conclusions

The results of experiments and computer simulations of
elastoplastic deformation established that local laser pro-
cessing with melting of surface can be used for strengthening
of structural elements made from thin sheet steel C22E by up
to 8.4% and for decreasing its deflection under similar
workloads by up to 17%, as an alternative to the application
of complex geometric shapes, additional strengthening el-
ements, or heat treatment. In this case, the strength of metal
sheet parts was improved due to local changes in the mi-
crostructure and properties of the material. The hardness of
the steel in the processed areas increased by up to 50%
compared to untreated areas, which led to an increase of
strength in the laser-processed metal sheet and the maxi-
mum level of bending load, which could be endured without
plastic deformation.

This study establishes that the mechanical strength of
thin sheet steel depends on and can be altered by the
parameters of laser processing, the area, and the number of
laser tracks. The difference in spacing between laser tracks
affects the degree of increase of mechanical strength of thin
sheet steel. Thus, the FEA method and the proposed model
can be used for the calculation of preliminary information
and prediction of the required laser treatment area (ge-
ometry and localization of processed area, depth of laser
penetration, orientation, and quantity of laser tracks) on
the particular material, using a numerical simulation in-
stead of a complex and lengthy experimental selection of
treated layer depth and treatment area for strengthening of
thin sheet steel. The modeling and bending test results
correlate with each other. The maximum difference be-
tween the experimental and computational modeling re-
sults is less than 6%.
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