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Abstract: The objective of this study is to investigate the formation of the structure and stress—strain
state in the joints of AISI 304 stainless steel with a thickness of 2 mm and produced by welding with
laser and plasma energy sources. It is established that the microhardness and parameters of the
grain and subgrain structures of the welded joint material differ with respect to the dimensions of
crystallites, grains, and subgrains according to the welding process. It is shown that, in terms of
structure formation, including substructural features, the most favorable structures of 2 mm AISI
304 welded joints are formed by laser—plasma welding. It is predicted that the residual stressed state is
less localized with the application of laser—plasma welding than laser welding, and it is characterized
by a lower level of residual stresses compared to plasma welding. In all the cases, the maximal stress
values are concentrated in the HAZ, and the value obtained using laser—plasma welding is in an
intermediate position (431.7 MPa) between those of the laser (443 MPa) and plasma (413.7 MPa)
processes. With laser—plasma and laser welding, displacements (deformations) are minimal and close
to 0.2 mm. The method of electron speckle interferometry was used, and the results reveal that the
error between the calculated and experimental values of equivalent stresses is no more than 6%,
which is acceptable. The results of mechanical testing show that, under uniaxial tension, the strength
of the welded joints made of AISI 304 steel using laser—plasma and laser welding is the highest and
equal to 97% of that of the base metal.

Keywords: stainless steel; laser—plasma welding; structure formation; grain substructures; residual
stresses; deformations; joint strength

1. Introduction

The British scientist W. M. Steen is believed to be the founder of the simultaneous
use of a laser beam and electric arc for welding. He proposed making an impact using
both energy sources on a product within one heating zone. The synergic effects of a laser
beam and electric arc in the same weld pool result in an increase in welding speed and
penetration depth, along with an enhancement of the gap bridging capability and process
stability [1]. These advantages have contributed to the fact that, in the last two decades, the
industrial use of hybrid laser-arc welding processes has become increasingly popular [2].
Laser-plasma processes, particularly those of stainless steels, occupy a special place among
them [3]. The authors of [4] concluded that no direct interaction between two heat sources
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enhance the energy transfer into a workpiece. Instead, the improved process performance
is a result of a more efficient energy usage inside the molten pool [5].

It is known that laser welding with deep penetration is based on the formation and
containment of the vapor—gas channel (keyhole) [6,7]. The keyhole also forms in the case of
laser-plasma welding [8]. However, according to the data of [9], when there is simultaneous
action of the laser and plasma sources in one zone of the product being welded, the
plasma arc pressure facilitates keyhole formation by means of laser radiation, creating the
conditions for lowering its power. Previous experiments on laser—-plasma welding of 6 mm
steel plates at a laser power of up to 5 kW and an arc current of up to 150 A achieved an
increase in the speed of full penetration welding by 100% or an increase in penetration
depth by 25-100% compared to the use of laser only [10]. Moreover, experiments showed
that laser and laser—plasma processes promoted an increase in corrosion resistance of the
welded joints [11,12].

Laser-plasma welding of stainless steels can be applied in carriage building, for
welding tanks (railways, trucks, and stationary equipment), in the chemical industry, for
manufacturing of cars and small-sized vessels, and in instrument making [13,14]. The
prevailing expediency of such a method is butt welding of blanks with edges of 1-10 mm
in thickness [15]. It is exactly with such thicknesses that the following characteristic
advantages of the laser-plasma welding process can be ensured: considerable process
speeds, reduced residual strains and stresses, mechanical properties of the produced joints
becoming close to those of the base metal, and lowered equipment cost due to the partial
replacement of the laser power by plasma power [16].

However, the realization of the above-mentioned industrial applications of laser—
plasma welding of stainless steels requires the availability of certain procedures to predict
the residual stress—strain state and assess the formation of specific structures of the welded
joint metal, as well as its respective mechanical properties [17,18]. An assessment of these
factors will facilitate the optimized selection of mode parameters based on the criteria of
minimizing the residual equivalent stresses and improving the mechanical properties.

The objective of this work was to study the impact of laser and plasma heat sources
on the processes of laser, plasma, and laser—plasma welding of stainless steel, including the
formation of the characteristic structures, the residual stress—strain state, and the mechanical
properties of the joints.

To achieve this goal, the following tasks were performed: studying the features of the
formation of the structure of stainless steel welds during laser, plasma, and laser—plasma
welding; modeling the influence of the welding process on the stress—strain state of welded
joints; experimental assessment of the residual stresses in the welded joints and verification
of the results of theoretical studies; and studying the influence of the welding process on
the physical and mechanical properties of the welded joints.

The welding modes (laser, plasma, and laser—plasma) were selected according to the
criterion of achieving the formation of high-quality welds. Welds were obtained without
undercuts and pores, and they showed a lack of penetration and other characteristic defects.
Afterwards, the heat input, residual deformations, and stresses of these welded joints were
studied. This allowed the prediction of which of the considered welding methods is more
promising for industrial use.

2. Materials and Methods

Samples of stainless steel AISI 304 sheets were used in this work to conduct the
experiments (Table 1). The sample dimensions were selected in the range of (100-200) x
(100-200) x 2 mm. The structure of the base metal made of 2 mm thick AISI 304 steel was
austenitic with a grain size of Dg = 5-20 um and a microhardness of HV 0.1 of 202-253
(Figure 1).
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Table 1. Chemical element content (wt. %) of AISI 304 stainless steel and filler wire used for welding.

Material Fe C Si Mn Ni Cr Cu P S
AISI 304 steel Base 0.08 0.8 - 8-10 1820 0.5-1.0 0.045 0.03

Figure 1. Microstructure of the 2 mm thick AISI 304 base metal.

The experiments were conducted according to a coaxial scheme (with the focused laser
beam in the central position and the tungsten electrode in an inclined position), using the
equipment shown in Figure 2a. The samples were butt-fixed in the clamp for welding. The
welding thermal cycles were recorded using MAX6675 thermocouples (TENSTAR ROBOT,
Shenzhen, China), which allow measurements of up to 1000 °C in temperature within an
accuracy of 2.5 °C. The thermocouples (in the quantity of 3 pcs. per sample) were located
in the base metal of the samples along the weld in the start, middle, and end zones at a
distance of 5-20 mm from the weld axis (Figure 2b).

“id ‘

Welding torch |
LEL Movement
{ >\ mechanism

Figure 2. Equipment (a) for conducting the experiments with a coaxial head for laser—plasma welding,
and a clamp (b) with the sample prepared for welding with caulked-in thermocouples.

The structures of the metal of the welds and heat-affected zone (HAZ) were studied
using the methods of light microscopy (Neophot-32 microscope, Carl Zeiss, Jena, Germany).
Metal microhardness was measured according to the Vickers test with 100 gf load using
a hardness meter M400 (LECO, St. Joseph, MI, USA) in triplicate, and the mean value
was taken as the sample’s hardness value. Microstructural studies were conducted us-
ing scanning electron microscopy with a Mira 3 LMU microscope (Tescan VEGA, Brno,
Czech Republic) at an accelerating voltage of 30 kV, according to the method described



Metals 2024, 14, 706

40f23

in [19]. Mechanical testing was performed using a versatile servo-hydraulic complex MTS
318.25 testing machine (MTS Systems Corporation, Eden-Prairie, MN, USA) with a maximal
force of 250 kN.

The mechanical test data of the welded samples were compared with the mechanical
characteristics of the base metal; the latter were derived from the results of mechanical
testing for static tension, which was performed using the MTS 318.25 testing machine
(Table 2).

Table 2. Mechanical properties of AISI 304 steel.

Young’s Modulus, . . Ultimate Strength, Relative Elongation,
GPa Yield Limit oy, MPa ¢, MPa o
193 300 654.4 44.45

The stressed state of the welded joint samples was measured using the method of
electron speckle interferometry. This method is based on the measurement of displace-
ments during elastic unloading of a metal volume in the studied points on the sample
surface, caused by drilling blind holes of about 1 mm diameter using a specialized drilling
device [20].

Joints of the 2 mm thick AISI 304 steel were produced via laser, plasma, and laser—
plasma welding. The parameters of these welding modes were selected based on the
criterion of satisfactory weld formation (Table 3) [21].

Table 3. Parameters of AISI 304 steel welding modes (parameters that provided the best results are
highlighted in bold).

Process P, kW LA UV V, m/min AF, * mm q, J/mm
0.6 0.8 0.4 45
Laser 0.8 - - 1 0.7 48
1.0 1.2 1.0 50
70 19.8 0.2 416
Plasma - 80 20.8 0.3 - 333
90 21.2 04 286
0.6 70 25.4 1.1 0.4 130
Hybrid 0.8 80 27.2 1.5 0.7 119
1.0 90 28.5 1.7 1.0 126

* AF—depth of focus, in mm; g—energy input, in J/mm.

Finite element modeling of the stress—strain state of the AISI 304 steel welded joints
was performed using a model consisting of 60,960 prismatic elements and 73,382 nodes [22].
To determine the stress—strain state, modeling of the heating of the parts being welded
according to the welding thermal cycles was first performed. This was followed by estab-
lishing the residual stresses and strains. The temperature distribution in the parts being
welded was determined using a model of heating of plates with thickness H during time ¢
by a heat source with specific energy g [23]:
C(T)p(T)%f _ ;Z(A(T)i), 0<z<Ht>0 1)
where C(T), o(T) and A(T) are the effective heat capacity of metal (allowing for latent heat
of melting), density, and thermal conductivity coefficient, respectively. The boundary
conditions for Equation (1) were determined according to the following equation:

oT

2 =0, —AMT) ?TZ a0 d—4r —Yfev 2)

z=H
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where q,(T;) = e - 0(T — T) denotes the heat losses through radiation from the surface
into the environment; ¢ is the degree of blackness of the metal surface, represented by
the Stefan—Boltzmann constant; T is the ambient temperature; geo(Ts) = & - gm(Ts) is
the specific heat loss due to vapor formation; « is the specific heat of vapor formation,
qm(Ts) = pii is the specific mass flow of vapor; and p and # denote the metal vapor density
and speed of its expansion near the evaporating surface, respectively. The initial condition
for Equation (1) was determined according to the following equation:

T(z,0) =Ty, 0<z< H 3)

Each joint consisted of two plates of the following dimensions: Plate 1 with dimensions
of 200 X100 x 2 mm and Plate 2 with dimensions of 200 x 100 x 2 mm. These plates were
assembled end-to-end with zero gap for further longitudinal welding (Figure 3a).

Plate2
Plate1

(a) (b)

Figure 3. Three-dimensional finite element models of (a) a butt joint and (b) a butt joint in a fixture.

In the zone of intensive heating of a welded joint, the finite element grid was irregular.
The dimensions of the 3D elements were selected as follows to allow for the desired values
of temperature gradients and stress—strain components: 0.3 x 0.3 x 0.25,0.6 x 0.6 x 0.5
and 1.25 x 1.25 x 1.0 mm. Beyond the limits of the area heated up to high temperatures,
the finite element dimensions were increased to 2.5 x 2.5 x 1.0 and 5.0 x 5.0 x 1.0 mm
to shorten the calculation time. The transition between the zones modeled by elements
with different dimensions of grid cells was ensured by employing finite elements with
rectangular/trapezoidal cells of appropriate dimensions.

Welding was performed on a 40 mm thick “Back-Plate” backing with milled-out slots
of the keyhole type. The plates to be welded were fastened along the direction of welding
by Clamps 1 and 2 (clamping pressure of 400-500 MPa), the distance between which was
60 mm (Figure 3b).

The thermal Equations (1)—(3) were solved for three welding processes, laser, laser—
plasma, and plasma. In keeping with the recommendations of [24], modeling of the heat
source for plasma welding was approximated by employing a double-ellipsoid model with
independent normal (Gaussian) distribution of the source power density (Figure 4), as
proposed by J. Goldak [25].

Figure 4. Model of bulk welding heat source, adapted from J. Goldak [25].
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A model of bulk conical heat source was used for laser welding, with transformation
of the conical shape into a cylindrical shape and normal (Gaussian) distribution of the
power density based on the known beam parameters (Figure 5). This model envisages
that the laser beam moves along the y-coordinate at a constant speed that is equal to the
welding speed, and it is directed along a normal to the product surface.

z QO

Figure 5. Model of a conical heat source for laser welding: r. is the beam radius on the product surface;
r; is the beam radius on the product back surface; z, is the distance along the z-coordinate from the
origin of the system of coordinates to the product surface; z; is the distance along the z-coordinate
from the origin of the system of coordinates to the product back surface; y is the coordinate in the
longitudinal direction of the welded joint; x is the coordinate in the transverse direction of the welded
joint; and Q is the specific amount of energy within the bulk conical heat source, J/mm3.

3. Results
3.1. Investigation of Weld Structure Produced by Laser, Plasma, and Laser—Plasma Welding

In the welded joint produced by laser-plasma welding, the size of the weld metal
crystallites is equal to h x 1= (10-15) x (40-170) pm at a microhardness of HV 0.1 of 232
(Table 4, Figure 6a); a schematic image is presented in Figure 6d. In transition to the fusion
line, the crystallite length increases from the weld side (h x 1= (8-15) x (80-150) um) with
an increase in grain shape factor from ae = 7 (weld) to @ = 11 (fusion line) on average
(Figure 6b). Here, the microhardness is slightly increased (HV 0.1 of 238). Along the fusion
line, the formation of grains of an equiaxed shape is observed, both from the side of the
weld (Dg = 8-17 um) and in the HAZ (Dg = 5-15 pm). In the HAZ, the metal grain size is
Dg = 5-15 um, with a decrease in microhardness by 9% compared to the weld metal, by 11%
compared to the fusion line, and by 9% compared to the base metal (Table 4, Figure 6¢,d).
The welded joint is characterized by a relatively uniform level of microhardness with the
formation of a homogeneous dendritic structure in the weld metal and a fine-grained
structure in the HAZ metal (Table 4, Figure 6).

100 pm Dg (hxl)

(a) (b) (c) (d)

Figure 6. Microstructure of welded joint (2 mm) produced by laser-plasma welding: (a) weld metal;
(b) fusion line; (c) HAZ; (d) schematic image of crystallites.
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Table 4. Structure parameters of AISI 304 welded joints produced by laser, plasma, and laser—plasma

welding.
Zone
Process Parameters
Weld Fusion Line HAZ BM
h! %12 um (10-15) x (40-150) (8-15) x (80-170) - -
) ) x3 (1/h) 4-10 10-11 - -
Hybrid welding
Dg 4, um - 817 Weld 5_15 (20) HAZ6 5-15 5-18
HV>0.1 232 238 212 220
h x 1, um (8-15) x (30-80) (5-10) x (50-100) - -
e (1/h) 3.8-5.3 10 - -
Laser welding
Dg, um - 816 Weld 4 17 HAZ 5-15 5-18
HV 0.1 190 253 237 241
g g (10-20) x (60-200) Weld i i
h x 1, pm (10-50) x (100-300) (5.90) x (30-100) HAZ
Plasma welding @ (1/h) 6-10 6-10 Weld, 56 HAZ - -
Dg, um - 1020 Weld 10-15 HAZ 10-30 5-20
HV 0.1 248 220 208 231

! h—grain height (on the microsection); 2 l—grain length (on the microsection), in um; ® &e—grain shape factor
(e =1/h);* Dg—grain size, in um; 5 HV—microhardness, in MPa; ¢ weld and HAZ—corresponding values for
the weld and HAZ.

In the laser-welded joint, the size of the weld metal crystallites is equal to h x 1 =
(8-15) x (30-80) um at a microhardness of HV 0.1 of 190 (Table 4, Figure 7a); a schematic
image is shown in Figure 7d. In transition to the fusion line, the crystallite length increases
only slightly (h x 1= (5-10) x (50-100) um) from the weld side, with an increase in the
shape factor from e = 4.6 (weld) to e = 10 (fusion line) on average (Figure 7b). Here, the mi-
crohardness (HV 0.1 of 253) grows noticeably (by 33%). Along the fusion line, the formation
of equiaxed grains is also observed, both from the weld side (Dg = 8-16 um) and from the
HAZ side (Dg = 4-12 pm). In the HAZ metal, the grain size is Dg = 5-15 um, with a slight
increase in microhardness (by 6%) compared to the fusion line and BM (Figures 1 and 7b).
The welded joint is characterized by a nonuniform level of microhardness. In the weld
metal, the microhardness decreases 1.3 times relative to the fusion line, HAZ, and base
metal (Figure 7c). However, no significant gradients in crystallite size are observed in the
weld metal (Figure 7a). A fine-grained structure forms in the HAZ (Figure 7c).

Dg (hxl)

Figure 7. Microstructure of laser-welded joint (2 mm): (a) weld metal; (b) fusion line; (¢) HAZ:
(d) schematic representation of crystallites.

In the 2 mm thick plasma-welded joint, the size of the weld metal crystallites is equal
toh x 1=(10-50) x (100-300) pm at a microhardness of HV 0.1 of 248 (Table 4, Figure 8a);
a schematic representation is shown in Figure 8d. In transition to the fusion line, the
crystallite length decreases (h x 1= (10-30) x (60-200) um) from the weld side, with the
formation of a grain structure with Dg = 10-20 um (Figure 8b). The grain shape factor does
not change (e = 6-10). From the HAZ side, the microhardness (HV 0.1 of 220) decreases only
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slightly by 11% (Table 4). In the HAZ metal, both crystallites (h x 1= (5-20) x (30-100) um,
@ = 5-6) and fine grains (Dg = 10-15 um) are present along the fusion line (Figure 8c). In the
HAZ, the grain size is Dg = 10-30 um, with a decrease in microhardness by 6% compared
to the weld metal, by 5% compared to the fusion line, and by 12% compared to the base
metal (Figure 8d). The welded joint is characterized by the formation of a coarse-grained
dendritic structure in the welded metal (Figure 8a) with a slight decrease in microhardness
in the HAZ metal (Table 4).

Dg (hx1)
100 pm

b) © )

Figure 8. Microstructure of plasma-welded joint (2 mm): (a) weld metal; (b) fusion line; (c) HAZ;

(d) schematic image of crystallites.

In the case of laser welding of the 2 mm AISI 304 steel at a speed of 1 m/min, the size of
the crystallites in the weld metal is the smallest (h x 1 = (8-15) x (30-80) pm) with a mini-
mal grain shape factor (ee = 3.8-4.5) (Table 4, Figure 7). In the case of laser-plasma welding at
a speed of 1.5 m/min and the same laser radiation power (P = 800 W), the crystallite width is
approximately the same, but the length increases by 1.7 times (h x 1= (8-15) x (60-200) um)
on average and e increases up to 4-10 times (Table 4, Figure 6). A similar tendency is ob-
served near the fusion line (Figure 6b). Here, a structure with the same grain dimensions
(Dg = 5-15 um) forms in the HAZ with laser and laser—plasma welding (Figures 6 and 7).
In the case of plasma welding at a speed of 0.3 mm /min, the structure becomes 2-3 times
coarser, both in the metal of the weld (h x 1= (10-50) x (100-300) um) and in the HAZ
(Dg = 10-30 um) (Table 4, Figure 8). The obtained results regarding the change in grain
structure parameters with laser and laser—plasma welding can be linked to the high process
speeds, namely the welding speeds and cooling rates, which greatly accelerate the crystal-
lization processes. The level of heat input (energy input q) in the case of laser welding is
equal to q = 48 kJ/m, and in the case of laser—plasma welding, q = 119 k] /m (Table 3). With
plasma welding, the low welding speed of 0.3 mm/min leads to an increase in heat input
(q = 332.8 kJ/m), which promotes the formation of a coarse-crystalline grain structure.

Thus, in terms of structure formation, the most favorable structures of AISI 304 welded
joints with the considered thicknesses are developed using laser-plasma welding.

Investigations of the grain substructure parameters were conducted using scanning
electron microscopy (SEM). The results are presented in Table 5.

In the case of laser—plasma and laser welding of the AISI 304 steel, the size of the
subgrains in the weld metal is the smallest (ds = 2-10 um), as shown in Figure 9a. With
laser welding, a substructure of an elongated (“block”) shape with the dimensions of
ds =2-4 x 8-12 um and clear-cut subgrains also forms in the weld metal (Figure 9b). In
the case of plasma welding, the substructure becomes two times coarser (ds = 5-20 pm)
(Figure 9c), and subgrains of an elongated shape are also observed (dg = 3-6 x 10-20 pm).
With laser and plasma welding, the subgrain shape is elongated near the fusion line, with
dg=3—4 x 5-20 um and dg = 5-7 x 2040 um, respectively. Such structural features may
lead to a nonuniform level of mechanical properties in the welded joint zones due to a de-
crease or an increase in substructural strengthening in line with Hall-Petch dependence [26].
In the case of laser-plasma welding, the formation of gradient-free cellular structures of a
predominantly equilibrium shape is observed in all the zones of the welded joint, which
will ensure the isotropy of the strength and crack resistance properties of the welded joint.
Thus, in terms of substructure parameters of welds, the most favorable structure forms in
the metal of welded joints produced by laser—plasma welding.
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Table 5. Substructure parameters of AISI 304 welded joints produced by laser-plasma, laser, and
plasma welding.

Zone
Process Parameters
Weld Fusion Line HAZ BM
Laser—plasma dg !, um 2-10 2-10 5-15 3-5
welding hrw 2, um 0.1-0.2 0.1-0.2 - 0.1-0.5
dg, um 6-10 2-6 2-4 x 5-20 3-5
Laser welding s K 2-4 x 8-12
hw, um 0.1-0.3 0.1-0.3 - 0.1-0.8
ds, um 5-20 5-10 5-7 x 20-40 3-8
Plasma welding s K 3-6 x 10-20
hw, um 0.1-0.5 0.1-0.5 - 0.1-0.8

1 ds—subgrain size, in pm; 2 hrw—twin width, in um.

Figure 9. Microstructure of cast metal sections of AISI 304 welded joints obtained via laser—plasma
(a), laser (b) and plasma (c) welding.

3.2. Modeling the Stress—Strain State of Welded Joints Produced by Laser, Plasma and Hybrid
Laser—Plasma Processes

For laser—plasma welding, the modeling of thermal processes was performed with
simultaneous use of the two above-mentioned sources. The parameters of the modes of
butt joint welding via the considered processes are presented in Table 3.

The geometrical parameters of the heat source were assigned in the program based
on an analysis of the results regarding the macrostructure of the welded joints produced
by the studied welding processes, in keeping with the selected model of a mobile heat
source (Table 6). The penetration shapes obtained during modeling, and their geometrical
parameters satisfactorily correlate with the values obtained from the macrosection analysis.

A comparative analysis of the temperature distribution according to the performed
calculations (Figure 10) showed that for different welding processes, the maximal tem-
peratures in the model problem are different and equal to 1805 °C for laser welding,
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3402 °C for laser—plasma welding, and 2268 °C for plasma welding. Based on the results
of thermal problem modeling, the obtained welding thermal cycles were compared with
the experimental data derived from the measurements performed during welding using
thermocouples (Figure 2b). Calculation of the welding thermal cycles was performed for
those HAZ points on the experimental samples where the thermocouples were located
(Figure 11). When experimentally recording the thermal cycles, the thermocouples were
installed at a certain distance from the weld axis (usually 5-10 mm). Therefore, data were
recorded in the range of up to 500 °C. Calculations using the FE model were carried out
for the corresponding temperature intervals (Figure 11). The accuracy of the simulation
was judged based on the magnitude of the discrepancy between the experimental and
calculated curves.

Table 6. Actual and modeled shapes of AISI 304 steel penetration and comparison of their geometrical

parameters.
Process Weld Width, mm Pool Section in the Pool Section in the Calculation
Face Side/Back Macrosection Model
Actual 1.6/0.5 \\
Laser !ilI
Modeled 1.6/0.5 ]
|
Actual 42/15
Plasma
Modeled 4/1.7
Actual 2.4/0.7
Hybrid
Modeled 2.5/0.5
4000
3402 —e—Plasma
3500
—e— Laser-plasma
© 3000
° 2283 —eo— Laser
@ 2500
—
35
© 2000
—
S
1500
5
F 1000
500
0
-20 -10 0 10 20

Coordinate X, mm

Figure 10. Temperature distribution in the middle cross-section at the moment of the source impact
for the considered welding processes.
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Figure 11. Calculated and experimental thermal cycles when welding the AISI 304 steel: (a) laser;
(b) plasma; and (c) laser—plasma.

The modeled thermal cycles satisfactorily correspond to the shape of the experimental
ones recorded by the thermocouples. The peak values of the actual and modeled temper-
atures are in agreement with up to 15% error, which is acceptable for further modeling
of the stressed state components. Using the finite element method to further solve the
thermo-mechanical problem allowed the determination of the distribution of residual
stresses, displacements and plastic deformations (Figures 12-18).
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Figure 12. Distribution of equivalent plastic deformations in the weld cross-section: (a) laser welding,
(b) plasma welding, (c) hybrid welding, and (d) combined graph of plastic deformation distribution.
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Figure 13. Distribution of longitudinal residual welding stresses in the cross-section of the weld:

(a) laser welding, (b) plasma welding, (c) hybrid welding, and (d) combined graph of stress distribu-
tion.



Metals 2024, 14, 706

13 of 23

X normal stress [MPa] X normal stress [MPa]

288
213
139
64
-10
-85
-159
-234
-309
-383
-458

max: 315 max: 288
min: -448 min: -458

(a) (b)

X normal stress [MPa]

315
238
162
86
10
-67
-143
-219
-295
-372
-448

Transverse stresses on the outer surface of the plate

291

Stress, MPa

-100 -50 0 50 100
Plate length, mm

(0) (d)

Figure 14. Distribution of transverse residual welding stresses: (a) laser welding, (b) plasma welding,
(c) hybrid welding, and (d) combined distribution graph.
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Figure 15. Distribution of equivalent residual welding stresses: (a) laser welding, (b) plasma welding,
(c) hybrid welding, and (d) combined graph of stress distribution.
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Figure 16. Distribution of transverse displacements: (a) laser welding, (b) plasma welding, (c) hybrid
welding, and (d) combined graph of movement distribution.
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Figure 17. Distribution of longitudinal displacements: (a) laser welding, (b) plasma welding, (c) hy-
brid welding, and (d) combined graph of displacement distribution.
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Figure 18. Distribution of out-of-plane displacements of the plate: (a) laser welding, (b) plasma
welding, (c) hybrid welding, (d) combined graph of movement distribution in the cross-section, and
(e) combined graph of distribution of displacements in the longitudinal section along the weld axis.

The equivalent plastic deformations (Figure 12), derived from the calculation of the
laser, plasma, and laser—plasma welding processes, have the same distribution pattern and
are concentrated in a rather narrow range of 20-30 mm for the laser and hybrid processes
and in the range of 50-55 mm for plasma welding, which is attributable to the higher heat
input of the latter.

In a detailed analysis of the fields of longitudinal stresses developed with the use of
laser welding, considerable tensile stresses reaching approximately 450 MPa were found to
form on the weld axis (see Figure 13a).

These stresses decrease and gradually change to compressive stresses reaching ap-
proximately —45 MPa at the plastic zone boundary, and when moving further away from
the weld axis, they drop to approximately —5 MPa at the joint ends. In the case of plasma
welding, in the residual state, the tensile stresses on the weld axis reach approximately
450 MPa; within the plastic zone, they drop to approximately —200 MPa, and at the joint
ends, they drop to approximately —24 MPa (see Figure 13b).

In regard to the hybrid welding process, the nature of the distribution of longitudinal
stresses is similar to that of previously considered methods. In the weld zone, the stresses
reach about 450 MPa; at the boundaries of the zone of residual plastic deformations
(Figure 12d), they decrease to approximately —100 MPa; and at the joint edges, they drop
to approximately —5 MPa (see Figure 13c). Stress values, which are minimal at the plate
edges, are indicative of an absence of an out-of-plane bending component, which is typical
for welding methods using high energy density sources, such as laser and plasma.

As shown in Figure 14a,b, with laser and hybrid welding, the transverse stress fields
in the near-end regions have tensile stresses that reach 25 MPa outside the plastic zone;
transverse tensile stresses of up to 0-15 MPa act on the weld axis in the central part, while
at the weld start and end, these stresses change their sign abruptly and compressive stresses
of a magnitude of —380 MPa are formed. In the plasma welding process, tensile stresses of
100 MPa act on the weld axis, while in the near-end regions of the weld, they decrease to
0 MPa, and compressive stresses of up to —300 MPa act at the weld start and end (Figure 14c).
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A certain asymmetry in the distribution of transverse stress fields relative to the weld
axis forms due to the peculiarities of the change in contact interaction between the plates
and the backing, allowing for their sagging during modeling and rotation relative to the
current coordinate system.

In the context of assessment of the risk of hazards arising from materials during load-
ing, it is important to understand that such a risk is not due to the dimensions of individual
components of the stress tensor. Instead, the interaction between these components is a key
factor. As different combinations of stresses may lead to critical states, it is important to use
the concepts of equivalent stresses according to von Mises for an adequate assessment of
the materials’ ultimate strength [27].

This method is based on an analysis of the scope of potential energy of shape change,
which has accumulated in an object during its deformation. When modeling laser welding,
maximal equivalent stresses of about 465 MPa arise in the weld, while in the near-weld
zone, their magnitude decreases to 350 MPa (Figure 15a). In a 5-7 mm wide zone at a
10 mm distance from the weld, the residual stresses are close to 40-45 MPa.

In the case of modeling the plasma welding process, the maximal stresses are concen-
trated in the HAZ due to the greater volumetric shrinkage of the weld metal compared to
laser welding (Figure 15b). This zone is 4 mm wide, and the maximal equivalent stresses in
it reach up to 460 MPa.

When modeling the laser—plasma welding process, maximal equivalent stresses close
to 450 MPa develop in the weld. Their magnitude in the near-weld zone reaches 325 MPa
(Figure 15c). Residual equivalent stresses of approximately 40 MPa form in a 5-7 mm wide
zone at a 15-20 mm distance from the weld, and with a greater distance from the weld axis,
the stresses decrease to 5-10 MPa.

A characteristic shortening of the plates and the welded joint in the transverse direction
takes place during welding, which is a generally known phenomenon for the studied
welding processes. By analyzing the calculation results presented in Figure 16, one can
trace the dependence of the transverse displacements on the thermal impact intensity. This
correlation is shown in a complex graph that records the transverse displacements, which
are equal to 0.03 mm with the application of laser welding, 0.14 mm in the case of hybrid
welding, and 0.23 mm in the case of plasma welding. It was found that for all the welding
processes, the maximal transverse displacements are concentrated in the sample’s central
part on both sides of the weld.

An analysis of the fields of longitudinal shortening (Figure 17) of the welded joints
revealed that they are similar for the applied welding processes. In particular, for the
plasma welding process, the greatest shortening (0.45 mm) is concentrated on the weld axis
in the near-end area of the welded joint (weld end).

The general nature of the distribution of longitudinal shortening is not uniform, both
along the joint width and length, and it is indicative of the distortion of the joint shape.
In the case of laser and hybrid welding, the highest values (0.18 mm) of longitudinal
shortening also form at the weld end as a result of its shrinkage. In the weld central part,
the longitudinal displacements are smaller (up to 0.1 mm), which are attributable to the
presence of restraining connections from the near-end regions. The slight asymmetry of
the distribution of longitudinal shortening relative to the weld axis is due to the contact
interaction of the plates with the backing, which is caused by plate rotation (a feature of
process modeling); however, this fact does not have a critical importance.

An analysis of the distribution of the fields of residual out-of-plane displacements, as
shown in (Figure 18), revealed that after plasma and hybrid welding, relatively small out-
of-plane displacements are formed, which are approximately up to 0.52 mm and 0.21 mm,
respectively. These displacements are observed at the weld start and end, particularly in the
central zone, which is not restrained. In the context of laser welding, where the heat input
is much smaller, the distribution of displacements is less intense, but the aforementioned
tendency is preserved. An analysis of the data presented in Figure 18d shows that, in the
case of laser welding, the displacements reach a maximum of 0.02 mm at the plate edges.
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Table 7 presents the model-derived predicted values of stresses and displacements.
The maximal values of equivalent stresses for the three considered processes are close and
equal to 460465 MPa. The maximal displacements (approximately 0.5 mm) are expected
in the case of plasma welding. The displacements in the cases of laser-plasma and plasma
welding are minimal (0.2 mm). The characteristic zones with smaller equivalent stresses (at
150 MPa) in the sample cross-section arise due to the conditions of plate assembly in the
assembly—-welding fixture with rigid restraints.

Table 7. Magnitudes of equivalent residual welding stresses and displacements (strains) derived
from modeling.

Equivalent Stresses, MPa Displacements, mm
Process
Maximum Minimum Maximum Minimum
Laser 464.56 0.09 0.17 0
Plasma 461.18 1.29 0.52 —0.29
Hybrid 464 0.14 0.2 0.1

3.3. Experimental Evaluation of Residual Stresses in Welded Joints and Verification of
Modeling Results

To experimentally verify the calculated predicted values of the residual stressed state,
an empirical study was performed on a butt-welded joint made of AISI 304 steel with the
size of 200 x 200 mm (5 = 2 mm) that was produced by laser-plasma welding (Figure 19).
These investigations were performed using the method of speckle interferometry [28]. The
parameters of the welding modes of the studied sample are presented in Table 3.

Figure 19. Performance of stressed state measurements (a) and sample appearance after taking the
measurements (b).

An electron speckle interferometer (described in [29,30]) was used, and the values
of stresses on the sample face side were determined. This method in combination with
the hole drilling method has become widely used to determine residual stresses. The
applied method consists of recording the displacements arising in the elastic unloading
field during hole drilling, and further calculation of the residual stresses using dependencies
is derived through finite element modeling of the stressed state [29,31]. The points of stress
determination were located on the fusion line (0 mm) and at distances of 2, 4, 6, 10, 15, 25,
35, 45, 60 and 80 mm from the fusion line (0 mm point).

The complexity of residual stress determination using the method of speckle interfer-
ometry consists of a need to ensure the diffusion-reflective characteristics of the surface of
the AISI 304 steel samples, which will promote the formation of speckle structures during
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their exposure to laser radiation. For this purpose, the sample surface was etched in a
mixture of nitric and hydrochloric acid in the proportion of 1:3. Machining of the studied
sample was additionally performed to experimentally determine the residual stresses.

A comparison of the curves of the calculated and experimental values of equivalent
stresses showed that, on average, the error between them does not exceed 6% (Figure 20).
This is close to the value of the admissible error in stress determination using the speckle
interferometry method reported by its developers [32]. Based on the results obtained from
the comparison of the curves (Figure 20), we can conclude that the developed calculation
procedure for determination of residual welding stresses using the finite element method
is suitable for the prediction of equivalent stresses in welded joints, particularly those
produced by laser-plasma welding.
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Figure 20. Curves of the calculated and experimental values of equivalent stresses in the AISI
304 welded joint produced by laser-plasma welding.

3.4. Influence of the Conditions of the Technology and Process of Welding on the
Physical-Mechanical Properties of the Produced Joints

Ensuring the required level of mechanical properties is one of the most important
components of welded structure reliability, so it is important to understand the influence
of hybrid laser—plasma welding on the strength and ductility characteristics of welded
joints produced with its application [33]. For this purpose, tensile mechanical testing was
performed on a series of samples of AISI 304 steel welded joints fabricated via laser, plasma,
and laser—plasma welding without filler wire application.

Testing was conducted using an all-purpose servo-hydraulic MTS 318.25 testing
system with a maximal force of 250 kN. During testing, the parameters were monitored
using the standard software TestWorks 4 of the MTS 318.25 system.

During static tensile testing of the welded joints, the strength of the weaker region
of the welded joints was determined [34]. Ultimate strength was calculated based on a
deformation diagram of the procedure envisaged in the ISO 6892-1:2016 standard [35].
During testing, the sample fracture site was determined (weld, HAZ, and base metal) [36].
The test results are shown in Table 8. The tensile strength values were averaged over the
data obtained from the three series of testing, each with three samples.
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Table 8. Results of static tensile testing of welded joint samples.
Welding Process Fracture Site Ultimate Strength o, MPa Relative Elongation, d %

Hybrid Initiation and fractl.lre 1r~1 the HAZ near the 645.6 51.55
fusion line

Laser Initiation and fractgre 1r.1 the HAZ near the 6471 505
fusion line

Plasma Initiation in the zone of fusion of the weld root 638.8 459

with the base metal; fracture in the weld metal

4. Discussion

In order to study the impact of the laser and plasma heat sources on the processes
of laser, plasma, and laser—plasma welding of the AISI 304 stainless steel, these welding
modes were selected according to the criterion of the best weld formation (Table 3). In
this study, the laser—plasma welding mode was additionally selected according to the
criterion of minimizing the energy input. A comparison of the energy inputs (q, measured
as J/mm) of the studied processes is shown in Figure 21. A comparison of the impact of the
laser and plasma heat sources on welded joint formation was conducted by studying the
characteristic metal structures, residual stress—strain states and mechanical properties of
the joints (Tables 4 and 5).

350

q, J/mm
300
250
200
150

100

50

0 .

1 2 3

Figure 21. Energy inputs of hybrid (1), laser (2), and plasma (3) welding of AISI 304 steel.

The decrease in HV 0.1 microhardness in the weld with the application of laser
welding (up to 190 MPa) is attributable to the partial loss of carbon under the impact
of laser radiation (Table 4). At the same time, carbon diffusion into the fusion line and
HAZ takes place with laser welding, increasing their hardness to 253 MPa and 237 MPa,
respectively. With plasma welding, owing to the long period of time of the weld pool
existence, carbon diffuses from the fusion line and HAZ into the weld pool, but it does not
burn in these areas because of the low intensity of the heat source (Table 4). Softening of
the fusion line and HAZ occurs with a simultaneous increase in weld hardness of up to
248 MPa. In the case of laser—plasma welding, in all probability, the processes of carbon
diffusion (from the HAZ) and carbon loss compensate each other, leading to the close values
of hardness in the weld metal and along the fusion line (232 and 238 MPa, respectively).
This makes the laser—plasma welding process preferable. According to [37], the structures
produced in the metal of the weld, fusion line, and HAZ should most likely be austenitic.

Investigations of structure formation using laser, plasma, and laser—plasma welding
of AISI 304 steel showed that the most favorable structures of the welded joints (with grain
shape factor of 4-10) form with laser-plasma welding. More detailed studies revealed that
laser—plasma welding allows for the formation of the most favorable grain substructures
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in the welds. In this case, the subgrain size is 2-10 microns, which is almost half that of
plasma welding and close to that of laser welding.

The stress—strain state of the welded samples was studied using a procedure based on
calculations of the welding thermal cycles using the finite element method. The developed
finite element model was experimentally verified using data recorded by the thermocouples
and its acceptable accuracy was determined (up to 15% error) (Figure 11). This model was
further used to calculate the equivalent stresses remaining in the AISI 304 steel samples
after welding by the studied processes (Figures 12-18).

Among the studied welding processes on the whole, the stress—strain state after
the hybrid laser-plasma process is less localized than after the laser process, and it is
characterized by a lower level of residual stresses and displacements compared to the
plasma welding process. Based on these results, hybrid laser—plasma welding is a more
favorable process for producing welded joints in terms of the stressed state compared to
laser and plasma welding (Table 7, Figure 20).

Based on a comparison of the curves of residual equivalent stresses derived from the
experimental and calculation methods (Figure 18), we can conclude that the developed
calculation procedure for the determination of residual welding stresses using the finite
element method is suitable for predicting stresses and displacements (deformations) in
welded joints, including those produced by laser—plasma welding. The experimental
verification of this procedure confirmed the calculated pattern of distribution of residual
equivalent stresses using laser—plasma welding (Figure 20).

An analysis of the mechanical testing results showed that the strength values of the
welded joints produced by hybrid laser—plasma welding are close to the strength of the
laser-welded joints and correspond to 97% of the base metal’s strength; these values also
exceed the respective values obtained using plasma welding by 10-20 MPa (Tables 2 and 8).
No reduction in the ductility of the welded joint metal relative to the base metal was
observed. Here, the relative elongation of the samples produced by hybrid welding is
higher than the respective value of the plasma-welded joints by 5-9% (Table 8).

The nature of destruction of a series of samples produced by laser—plasma and laser
welding are similar. Initiation of destruction occurs in the HAZ, which is related to metal
grain growth due to local overheating, under the impact of the welding thermal cycle with
a highly concentrated heat source and as a result of HAZ softening.

Initiation of destruction in the samples welded using the plasma process without filler
wire application occurs in the zone of fusion of the weld root with the base metal, and
destruction takes place in the weld metal, which is associated with intensive crystal growth,
the formation of a coarse-crystalline grain structure and a decrease in microhardness in the
weld metal and HAZ (Tables 4 and 5).

The laser-welded AISI 304 samples also failed along the welds due to internal poros-
ity. This defect is characteristic of high-speed laser welding because of the short time of
weld pool existence, which is insufficient for complete degassing of the weld pool from
vapors that are formed during the burning-out of nonmetallic inclusions and alloying
elements [38,39]. Studies of laser—plasma-welded samples showed an absence of such
a defect.

The results of the static tensile tests show that the best values of welded joint me-
chanical characteristics are ensured using laser and laser—plasma welding (Table 8). The
somewhat lower value in ultimate strength obtained with laser—plasma welding than with
laser welding (up to 5 MPa) is due to experimental error.

Thus, based on the totality of the studied factors, laser-plasma welding is the most
relevant for industrial application. However, the rather high cost of equipment required
for such welding limits the possibilities of its application. Laser-plasma welding is best
used in large-scale industrial production, which is carried out in closed premises (shops).
This can be the manufacturing of round or profiled stainless pipes, structures for the food
or chemical industry, instrument making, etc. Owing to an improvement in mechanical
properties, a reduction in the number of defects of the internal-pore type, and a decrease
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in the residual strains and stresses, laser-plasma welding provides good-quality welded
joints. Due to its high speed, such welding increases productivity when making extended
welds, and the conditions of large-scale production enable a rather quick payback on the
cost of equipment.

5. Conclusions

As a result of studying the structure of welds produced by stainless steel welding
using laser and plasma energy sources, it was found that the microhardness and grain
and the subgrain structure parameters of the welded joint material differ with respect to
the dimensions of crystallites, grains, and subgrains. This is associated with the different
temperature conditions of weld formation. In the case of laser-plasma welding, a structure
with close dimensions of crystallites forms in the weld metal (ee = 4-10). With laser welding,
a structure with approximately the same crystallite width forms in the weld metal with a
grain shape factor e = 3.8-5.3, which is associated with the low heat input. With plasma
welding, a uniform equiaxed dendritic structure with s = 6-10 forms in the weld metal.
A predominantly coarse-grained structure forms in the HAZ at a relatively uniform level
of microhardness in the welded joint zones, and the grains become three times coarser.
With laser—plasma and laser welding, the formation of gradient-free cellular structures of a
predominantly equiaxed shape was observed in all the welded joint zones, which facilitates
and ensures the isotropy of the properties of the strength and crack resistance of the welded
joint. With plasma welding, the formation of a substructure with a larger subgrain size in
the weld metal results in a decrease in microhardness (compared to laser-plasma and laser
welding), which may lead to anisotropy of the mechanical properties in the welded joint zones.

The predicted stress—strain state with the application of laser—plasma welding is less
localized than with laser welding, and it is characterized by a lower residual stress level
relative to plasma welding. In all samples, the maximal stress values are concentrated in
the HAZ. The highest stress (464.6 MPa) forms in the laser-welded sample, and the lowest
in the plasma-welded one (461 MPa); however, the highest stress of laser—plasma welding
is close to that of the laser process (464 MPa). Maximal displacements (deformations) in the
order of 0.5 mm are anticipated with plasma welding. The displacements (deformations)
with the application of laser—plasma and laser welding are minimal and close to 0.2 mm.

The method of electron speckle interferometry was used to verify the calculation
procedure for predicting the residual stressed state of welded joints produced by laser—
plasma welding. The error between the calculated and experimental values is not greater
than 6%, which is indicative of the possibility of a wide variety of applications of the
developed procedure.

The results of mechanical testing show that under uniaxial tension, the destruction
of welded joints made of AISI 304 steel using laser—plasma and laser welding occurs
in the zone of transition from the fusion line to the HAZ, and with plasma welding, it
runs through the weld metal. With laser—plasma and laser welding, the destruction is
attributable to the greater crystallite length, an increase in grain shape factor, and a change
in microhardness in the zone of transition from the fusion line to the HAZ. In the case
of plasma welding, the destruction in the weld is attributable to the presence of coarse
crystallites in it. The strength of the welded joints produced by laser—plasma and laser
welding is the highest and equal to 97% of the base metal’s strength.
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