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Microstructure, Considering possible plastic deformations for metals such as steel during design calculations
Mechanical properties of laser, reduces metal consumption in practice. In general, structural elements with heavy loads,
welding, such as shells of building structures, rockets, chemical reactors, thin-walled pipes and other
steel sheet st37, structures, are designed using computational methods, in order to properly and
nd:yag laser. scientifically design, plastic deformations should be considered in them. In the present

study, the effects of laser processing on the mechanical strength of steel sheets and their
resistance to bending loads caused by laser radiation have been investigated. The results of
bending tests and computer simulation of elastoplastic deformation show that st37 carbon
steel sheet subjected to local laser processing with surface melting due to increased
mechanical strength can be used as a suitable replacement for more resistant and expensive
alloys in advanced industrial and military applications.

Extended Abstract
1. Introduction

ne of the most important methods of connecting parts is welding, which is widely used in the

manufacture or repair of metal materials, and due to the economic and cost-effectiveness of this method,

its use is increasing. Things like physical properties and mechanical properties, the availability of
materials and required costs, and whether the raw material is suitable for welding, make welding some materials
easy and others hard or sometimes impossible. This method is usually distinguished from other methods of melting
metals, such as brazing, which usually do not melt the base metal. Laser welding is considered as a unique source
of energy that can be controlled in terms of the intensity and position of the radiation. For welding, the beam
emitted by the laser is focused to the scale of a small point to create a high energy density. This causes the metal
to melt and, in the case of high penetration welds, causes a part of it to evaporate. At the initiation of solidification,
a weld pool or joint is formed. Laser light consists of photons and can be amplified by lenses and mirrors. One of
the characteristics of laser light is to pass through air without energy loss. There are different types of lasers that
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can be used for welding, and among them, we can mention fiber lasers, NDIG pulse lasers, and continuous wave
lasers. In addition to being modern, laser welding creates the opportunity to produce parts that cannot be produced
by other methods or are difficult to produce. In this method, which uses a high energy density, a small HAZ (Heat
Affected Zone) zone is created that is quickly cooled and causes distortion in the resulting connection. Also, the
welding area has a large depth to width ratio.

2. Experimental Method

2.1 Materials and experimental procedures

The diameter of the beam was 200 microns, in continuous mode, focused on the surface of the plate, under
argon shielding gas with a flow rate of 25 inches liters per minute upwards, 15 inches liters per minute in reverse.
The welded plate had dimensions of 3 x 14 cm2 for copper and 5 x 9.5 cm2 for stainless steel with a thickness of
2 mm. The lines were scratched on the copper surface at a distance of 2 mm from the interface line. High-power
dissimilar laser welding was performed, which varies the laser power, speed, and beam shift relative to the joint
line. The welding table also included a high-speed Phantom V.9 camera. The camera was placed laterally and at
an angle of 33 degrees to the surface. The high-power laser welding system is shown in Figure 1(a). The image of
the supervised welding process is video-recorded and the images are extracted as in Figure 1(b). The laser power
is 2 kW, the welding speed is 1 m/min, and the laser change is 0 micrometers. The surface image shows the molten
pool that appears dark around the keyhole, which emits light due to its high temperature. Illumination due to the
hump of the surface of the molten pool has caused significant reflections and the molten particles splashed in the
media are clearly visible, which are shown on the picture frame. The empirical analysis was carried out in several
stages. The cross-sectional surfaces of the welds were polished and etched with Beche-Bojard solution.
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Figure 1. (a) Schematic of laser welding. (b) The image of the boiling pool

2.2 Simulation of elastoplastic bending of metal sheet

Thin-walled metal parts made of steel, which are often subjected to bending loads, are modeled using Finite
Element Analysis (FEA). The simulation of elastoplastic deformation of plates under bending load was carried out
using a device model, similar to the sample used in metal bending tests according to ISO 7438:2016. The 3D model
was created and subsequently converted to STEP format using Autodesk Inventor software package. In the second
step, an Ansys Workbench software package was used for the computer simulation of deformations in a laser-
processed thin plate that is affected by a bending load. The size of the 3D model, the shape and the depth of the
processed layer were similar to the real samples. The boundary conditions, the maximum applied load of 1280 and
the maximum deflection (2 mm) in the bending simulation were the same as the conditions used during the
experimental bending tests. Structural supports were modeled as movable roller supports. The rounding radius of
the punch, the width (10 mm) and the distance between the supports (40 mm) were the same as in the actual
bending test.

2.3 Testing the properties of the surface layer processed by laser and microstructure analysis

In order to create input data for FEA simulation, the structure, chemical composition and mechanical properties
of steel were determined. The chemical composition of steel was determined by spectral analysis using an optical
emission spectrometer. Standard tensile and hardness tests, according to 1SO 6892-1:2016, were used to determine
the mechanical properties of steel. For tensile testing, a German universal tensile testing machine with Katman-
Express software was used. The accuracy of the test equipment, load and deformation measurement sensors was
+0.03. The hardness of steel was determined using a universal hardness tester and using the Vickers method with
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a square tetrahedral pyramid. The hardness of the steel was determined on the surface with a load of 10 inches.
The hardness of the laser-processed surfaces was determined using a hardness tester with a quadrilateral pyramid
tip on a diamond square base with a load of 2.942 inches N. The hardness on the surface of the processed layers
and its cross section was measured according to the EN ISO 4516 standard. Macroscopic and microscopic
examination of lasered samples was performed according to ISO 17639:2003. Metallographic analysis of steel and
laser processed areas was performed using a light microscope (Nikon Eclipse MA200) with a Lumenera Infinity
2-2 video camera and a JEOL JSM-7600 scanning microscope equipped with an optical microscope. Dispersive
spectrometer for chemical microanalysis in different magnifications (up to 1500 x) of the etchants were selected
for macroscopic and microscopic examination based on ISO/TR 16060:2003. Nital solution (3% by weight of
concentrated nitric acid in ethyl alcohol) was used for etching steel samples.

3. Results
3.1 Laser Welding

The samples were cut in dimensions of 100 x 100 mm square by a guillotine machine. In order to ensure the
absence of contamination and fat in the samples, they were cleaned with acetone before welding. The samples
were kept in place by magnetic clamps and bead-on-plate welding was performed on them.

3.2 Laser welding machine

Connections were made using an IQL-10 Nd:YAG laser with an average power of 400 watts. The laser beam
is sent from the laser source using an optical fiber and the energy is transferred in the optical fiber along its
diameter. The beam is focused on the work piece using a focusing device. Argon shielding gas with a purity of
99.9% and a flow rate of linch liter per minute was used perpendicular to the work piece and coaxially with the
laser beam during welding. In Figure 1a, the schematic of the laser welding machine and in Table 1, the working
characteristics of the used laser machine can be seen.

3.3 Macrography

Based on the investigations carried out on the prepared macro samples, according to the reference standard
(2019) ASME SEC IX, the results are as follows:

* The weld has an acceptable profile and convexity.

* Melting of the root of the weld is sufficient (penetration rate of 0.75 mm).

» Welding penetration is suitable in the base metal and in different welding layers.

* The root of the weld is free of cracks in X 25 magnification.

* Weld metal and HAZ areas are free of cracks.

* The weld is free of gas hole, slag inclusion, shrinkage hole and other welding defects.

* There is no undercut on the edges of the weld.

Figure 2. Macro image of the prepared cross-section of Figure 3. The image of the sample sent for the test
the developer solution
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3.4 Variance Analysis

The purpose of performing analysis of variance (ANOVA) is to investigate which parameter affects the
qualitative characteristic in question more. For this purpose, the overall variability of S/N ratios should be
separated into the contribution of each process parameter, which is obtained by subtracting the total S/N variability
from the sum of the squared deviations from the overall average, S/N ratios [80]. The test to check the accuracy
of the model and the test to check the accuracy of each individual coefficient in the model were performed by
MINITAB 15 software. Irrelevant sentences were removed from the model so that only important sentences were
present in the model. The reduced models in relations 1 to 3 and the ANOVA table for the models can be seen in
tables 2 to 4. Also, in these tables, the values of R - Sq and (R - Sq (adj) can be seen. These values are close to one
hundred, which indicates that the model can predict the response with good accuracy [81, 82]. For example,
regarding the weld width W1, according to the value (R - Sq (adj), the model can predict the response with 91.39%
accuracy. The value of F is the range of predicted values in the design points. compares with the average prediction
error. In this study, the F values for all the sentences related to the W2 and W1 models are greater than 4, which
shows that the model predicts the answers well. Regarding the model related to the depth of penetration (P), only
the sentence related to the location of the radiation concentration (F) has a significant effect on the prediction of
the model, and the sentences related to the welding speed (S) and laser power (P) can be omitted. The obtained
models are presented in relations 1 to 3.

W1 = 0.47363 + 0.055875P — 0.072275S + 0.058675F (2)

Tablel. W1 response

source DF Seq SS Adj SS Adj MS F P
P(KW) 1 0.062 0.062 0.062 413.54 40.004
S( mm/s) 1 0.104 40.104 40.104 26.40 10.001
F( mm) 1 0.104 50.068 50.068 515.65 30.003
Error 12 0.017 50.068 40.001
Total 15 0.253

R—Sq=93.11% R-Sq(adj) = 91.39% S = 0.038

4. Conclusion

Laser welding is becoming an important technique for joining stainless steel to carbon steel and is widely used
in various sectors, including aerospace, transportation, power plants, electronics and other industries. However,
stainless steel to high carbon steel welding is still in its infancy, mainly due to the formation of hard brittle phases,
which weaken the mechanical strength of the joint. This study is a scientific research on the control of brittle phase
formation during dissimilar laser welding of high carbon steel to stainless steel. Attempts have been made to adjust
the microstructure and phase composition of the fusion zone by influencing the alloy composition and cooling
rate. The results show that the hardness of the heat-affected zone in high-carbon steel is significantly higher than
the weld zone, which greatly weakens the quality of the weld. To reduce HAZ hardness, a new heat treatment
strategy was proposed and evaluated using a numerical simulation model based on finite element analysis. A series
of experiments have been carried out to verify the metallurgical thermal finite element analysis model and the
qualitative agreement of the predicted martensitic phase distribution has been shown. The results of experiments
and computer simulations of elastoplastic deformation showed that local laser processing with surface melting can
be used to strengthen structural elements made of C22E thin steel sheet up to 8.4% and to reduce its deflection
under similar working loads up to 17%. As an alternative to the use of complex geometric shapes, additional
reinforcing elements or heat treatment should be placed. In this case, the strength of metal sheet parts improved
due to local changes in microstructure and material properties. The hardness of the steel in the treated areas
increased by 50% compared to the untreated areas. This led to an increase in the strength of the laser-processed
metal sheet and the maximum level of bending load that could be tolerated without plastic deformation. This study
shows that the mechanical strength of thin steel sheet depends on laser processing parameters, area and number of
laser tracks and can be changed. The difference in the distance between the laser paths affects the increase in the
mechanical resistance of the thin steel sheet. Therefore, the FEA method and the proposed model can be used to
calculate the basic information and predict the required laser treatment area (geometry and location of the
processed area, laser penetration depth, orientation and quantity of laser traces) in a specific case. The materials
were tested using a numerical simulation instead of a complicated and lengthy experimental selection of the depth
of the treated layer and the treatment area for strengthening thin steel sheet. The results of modeling and bending
test are related to each other. The maximum difference between experimental and computational modeling results
is less than 6%. In general, this research shows the potential of this technology for industrial applications. Complex
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and thin materials, from 0.1 to 5 mm, in similar or dissimilar configurations, showed the capacity of laser welding
to produce joints with a reduced area under the influence of heat input. As it turned out, most of the results were
positive and they showed high quality connections. In future researches, it is suggested to conduct studies on the
effect of laser voltage, speed and frequency parameters. It is also suggested that in the future, the effect of
adjustable parameters such as pulse length, focal location, laser incident angle, etc., should be investigated. Also,
examining mechanical and surface properties and surface preparation before laser welding can also become a new
area for future studies. Based on the fact that the amount of laser absorption as an input heat source strongly
depends on the properties of the sheet, then it is possible to increase the amount of laser absorption and input heat
by making changes to the surface of the sheet.
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