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ABSTRACT

Purpose: The present work aims to investigate the influence of CO, laser spot welding
(LSW) parameters on welding profile and mechanical properties of lap joint of AISI 321 thin
sheet metals, and analyze the welding profile numerically by finite element (FE) method.

Design/methodology/approach: The weld carried out using 150 W CO, continues
wave laser system. The impact of exposure time and laser power on the welding profile
was investigated using an optical microscope. Microhardness and tensile strength tests
were used to evaluate the mechanical properties of the joint. Ansys software was utilized to
simulate the welding profile numerically.

Findings: The results revealed that 2 s exposure time and 50 W power have led to uniform
welding profile and highest shear force (340 N), lower hardness gradient across the heat
affected zone (HAZ) and fusion zone (FZ). Finite element (FE) analysis of the welding profile
showed good agreement with experimental analysis.

Research limitations/implications: The selection of laser spot welding parameters for
thin sheet metal was critical due to the probability of metal vaporisation with extra heat input
during welding.

Practical implications: Laser welding of AISI 321 steel is used in multiple industrial
sectors such as power plants, petroleum refinement stations, pharmaceutical industry, and
households. Thus, selecting the best welding parameters ensures high-quality joint.

Originality/value: The use of CO, laser in continuous wave (CW) mode instead of pulse
mode for spot welding of thin sheet metal of AISI 321 austenitic stainless steel consider a
real challenge because of the difficulty of control the heat input via proper selection of the
welding parameters in order to not burn the processed target. Besides, the maintenance is
easier and operation cost is lower in continuous CO, than pulse mode.

Keywords: Thin sheet metal, Austenitic stainless steel, CO, CW LSW, Mechanical
properties, Welding profile, FE analysis
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1. Introduction

In various industries, products such as heat exchangers,
membranes, fastening elements contain parts made with
thin-walled designs of thicknesses usually from 0.2 to 0.6
mm. These parts are usually manufactured by welding sheets
of stainless steels [1].

Austenitic stainless steels are a good candidate for many
applications [2-4] due to its high corrosion resistance.
Intergranular corrosion of welded joints in austenitic steels
is one of these problems and can be prevented by reduction
of carbon content in steels and consumables below 0.03%
[1]. The low thermal conductivity (15.5 W/m'K) and high
thermal expansion (18x107 1/K) of austenitic stainless steels
have a significant drawback in welding especially in the case
of welding thin sheets by raising the probability of thermal
distortions [5-7].

Welding of thin sheet metals requires a good control to
the heat input during welding process [8,9]. They have been
indicated in literatures that the essential condition for
ensuring integrity welding in austenitic stainless steel is
reducing the heat input of welding, which can be guaranteed
by high power density welding process such laser beam
welding and electron beam welding [5,6] Thus, there is a
great challenge in choosing of best welding processing
parameters such as exposure time, power, beam diameter,
lens focal length, focus arrangement concerning the
machinable surface.

Among austenitic stainless steels series, AISI 321
welding by laser beam welding process has received
important concern in industry due to its significant usage in
high pressure tanks for transportation of liquids and
compressed gases, in power plants and petroleum refinement
stations. Existing of Ti in the chemical composition of AISI
321 is useful in enhancing the resistance to surface
oxidation. Besides, preventing the inter-granular corrosion
and chromium carbide precipitation at the grain boundary
during welding [10].

Many studies were carried out to investigate the welding
of AISI 321stainless steel with small thickness. A. Klimpel
and A. Lisiecki [11] have computed the welding parameters
that ensures joint strength to be higher than the strength of
the base material (BM) and high quality joint, without any
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defects, during diode laser welding of AISI 321 sheets of 0.5
and 1.0 mm thick.

Elena Manuela et al. [12] have studied the hardness
profile and tensile strength of laser dissimilar welding
of AISI 321 sheets to AISI 1010 carbon steel using diode
laser.

The hardness is calculated by the amount of iron
diffused from carbon steel, which, with the alloying
elements, could form intermetallic phases such as FeNi and
CrNiFe, contributing to an overall increase in hardness. The
results also showed that the dissimilar welding joints present
strong tensile  behaviour with an ultimate tensile
strength comparable to the mechanical characteristics of
carbon steel.

A. Hussain et al. [13] have investigated the effect of CO,
laser welding on joint strength and hardness of AISI 321
sheets. It was observed that mechanical properties of laser
welded butt joints of austenitic steel sheets are almost
similar to the base metal.

The impact of Pulse fiber laser parameters on mechanical
properties of AISI 321 to AISI 405 stainless steel dissimilar
joint was studied by Wei Meng et al. [14] The results showed
that excellent joints were produced at a frequency of 400-
600 Hz where the tension samples broke near the fusion
boundary at AIST 405 HAZ. The microhardness of the weld
zone was substantially higher than that of other heat affected
zone and the substrates.

Laser spot welding (LSW) is getting increasing
observation as a high speed technique to substitute the
resistance spot welding process for welding thin sheet metal
in many industries [15-17]. Up to date, CO, LSW for
austenitic stainless steel thin sheets has not been sufficiently
investigated in the literature due to high quantity of heat
concentration in the weld zone, which can lead to welding
distortion [1, 18]. Therefore, the use of continuous wave
(CW) laser needs careful selection of welding parameters.
The present study investigated the effect of 150 W CO, CW
laser exposure time and laser power on the welding profile
and mechanical properties (shear strength and micro-
hardness) during spot welding of 0.2 mm thickness AISI
32laustenitic stainless steel sheets. Welding profile was
analyzed numerically by finite element FE method using

Ansys 15 software.
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2. Materials and methods

The welding was performed on 10x100%0.2 mm sheets
of AISI 321 austenitic stainless steel. The chemical compo-
sition (shown in Tab. 1) was analyzed using spectromax
device (manufactured by Ametek company, Germany).
Mechanical properties and thermophysical properties for the
selected materials are presented in Tables 2 and 3
respectively.

The welding experiments were carried using 150 W CO,
CW laser system university made. The selection of welding
parameters (listed in Tab. 4) was based on literature [18]
beside several preliminary experimental tests. The input

variables of the welding experiments included laser
exposure time and laser power. Gradual increase of the
exposure time while keeping power constant and vice versa,
was utilized to investigate the impact of the parameters on
the joint mechanical properties. The focusing lens has
63 mm focal length that produced ~600 um spots size. Laser
spot size at the surface of the target was about 800 pum.

Prior welding, the surfaces of the sheets were ground
with 400 grits SiC papers to reduce the reflectivity of the
surface of the sheet and degreased by acetone to ensure clean
surface that is free of dirt. The sheets were positioned and
fastened using a specially designed clamping device. The
laser system, experimental setup and joint assembly of this
study are presented in Figure 1.

Table 1.
Chemical composition of AISI 321 stainless steel
Element, wt.% C Mn Si P S Cr Ni Ti
AISI 321 0.10 2 0.75 0.04 0.03 17 9.00 0.15
Table 2.

Mechanical properties of AISI 321 stainless steel [10]

Tensile strength, MPa

0.2%Yield strength, MPa

Elongation, % Hardness, HV

515 205 40 175

Table 3.
Thermophysical properties of AISI 321 grade stainless steel [10]

Thermal Specific Densi Thermal Melting Evaporating R%, R%,

conductivity, k, heat, c, K /tn};;p > diffusivity, f, temperature, T, temperature, Ty, reflectivity reflectivity
W/m.K J/kg.K & mm?/s °C °C at 27°C at T
20.50 500 7900 5.19 1430 3027 90.30 86

Table 4.

The operating welding parameters for the present work with breaking shear force

Sample No. Laser power, W Laser exposure time, s Breaking shear force, N
1 50 1.4 50
2 50 1.6 243
3 50 1.8 300
4 50 2 340
5 40 2 290
6 60 2 260
7 70 2 200
8 80 2 80
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Laser head |Welded sheets
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Fig. 1. (a) Laser system and experimental set up of this study
(b) A schematic representation of lap joint assembly

Mechanical properties were evaluated using a universal
testing machine type SANTAM model STM-20. The welded
samples were cut and prepared for microstructural
observation using a standard grinding and polishing method.
To reveal the details of the joint microstructure, etching was
conducted for 30 s with fresh reagent that consists a mixture
of equal amount of three acids (HCL, HNOj and acetic acid).
Optical microscope V83MC50 (China) inspected the
geometry and microstructure of the joints. Digital Micro-
Vickers Hardness Tester model no. (HVS-1000/China) was
used to determine Vickers micro-hardness. Loading force
was 4.9 N was applied for 15 s. Average of more than two
computations was documented for different positions
through the joint including BM, HAZ and FZ.

3. Finite element analysis

The problem was analyzed numerically by finite element
method using Ansys 15 software. The aim is to estimate the
temperature distribution in the welding zone at the end of the
laser shot and then comparing with the real welding profile
to validate the simulation.
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3.1. Geometrical considerations for FE modelling

The geometry of the mounting frame is shown in Figure
2. Since the diameter of the laser beam is very small
compared to the dimensions of the mounting frame, and the
time of transient heat transfer is very short, the axisymmetric
model is adopted for the analysis.

Laser beam

Mounting
frame

20 mm

Fig. 2. The mounting frame for laser welding used in this
study

The central axis of the laser beam is assumed as the axis
of symmetry. A plane slice, passing through it containing the
welded plates and the mounting frame, is modelled. The
width and height of this slice are taken far enough from the
axis of symmetry and heat source.

Element type Plane55 with square shape is used to model
the contacting plates and the mounting frame. The fine sized
mesh is used near the area of applied laser power because of
the high thermal gradient in this region. Contal72 and
Targel69 elements, are used to model the contact regions
between plates and the mounting frame. The thermal contact
conductance between contacting surfaces is taken into
account in the analysis. The value of the factor of this contact
conductance depends on several factors such as materials,
surface finish, and contact pressure between the contacting
bodies, it can’t be computed analytically, but can be
estimated experimentally. Transient heat transfer analysis is
carried out during the period of laser application. Adaptive
time-stepping is implemented in Ansys.

3.2. Theoretical formulation

According to 1% law of thermodynamics, the equation for
heat flow in 3D solid can be written as follow [19]:
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p [y c(MdT = :—x[k(T) Z—i] +:—y [k(T) Z—i] +

;_z[k(T)Z_:] =Q(x,y,21t) W

where p is material’s density, ¢ (T) and & (T) are the material
temperature-dependent  specific  heat and thermal
conductivity respectively, O(x,y,z,t) is the rate at which heat
is supplied to solid, per unit time, per unit volume,
T=T(x,y,z,t) is the resulting 3D time-dependent temperature
distribution in the material, t is the time, Ty is the initial
temperature, x, y, z are the Cartesian coordinates. For this
study, it is assumed that & (T) and ¢ (T) do not change
dramatically with T, so they are considered constant for a
particular time interval. For the current study, the transient
heat transfer analysis is considered along transverse section
as shown in Figure 3, where the yellow parts represents the
mounting frame (Fig. 2) that cut from axis of symmetry
along the laser beam inlet.

— ANSYS

R15.0

WOV 28 2018
00:24:46

TYPE NUM

Laser beam power

[Dl Welded plates

Mounting frame

Fig. 3. Geometry of the analyzed axisymmetric section

3.3. Initial and boundary conditions

At the start of analysis (time t=0), the sheets were at
room temperature. At time t>0, the following boundary
conditions were applied. Gaussian heat flux q (as input
power) is applied on the top surface [20].

2
q=2q, %1 L27) @)

where q, is heat flux at the top surface, n is material’s
absorptivity, rq is the laser beam radius at the surface of the
target and r is the radial distance from the laser beam center.
The absorptivity of steel was set to 90% at a temperature
below the boiling point [20,21]. On the other surfaces (of
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plates and mounting frame), that is in contact with air, heat
loss boundary conditions (convection and radiation) are
applied. The convection power loss on the free surfaces can
be expressed as.

Qc = As h(T — Topmp) (€))

where Q. convective heat flux, h convective heat transfer
coefficient, T temperature of the welded sheets, Tamb
ambient temperature. The radiation heat loss Qr is:

Q- = €0 (T4 - T;mb) 4

where ¢ is the emissivity of the material, and o is the Stefan-
Boltzmann constant. The total heat transfer losses
(convection + radiation) are determined by adding the
contributions of both heat transfer mechanisms (h combinea= h
conv + h rad) [22]

Qtotat = Pcombinea As (T - Tamb) (5

4. Results and discussion

4.1. Weld appearance

Figure 4 illustrates the weld nugget of the samples 1 to
6, where energy is concentrated in the center of the spot.
It was observed that the average diameter of the weld nugget
did not exceed 1 mm for all welded samples. The
symmetrical welded zone in all samples about the axis of the
laser beam, proves that welding process was accomplished
at best possible parameters where the heat input is uniformly
distributed over the welded area.

Figure 5 illustrates the cross sections of the welded
sheets: a (sample 8); b (sample 4). A big circular dip is
formed for sample 8 (Fig. 5a). This attributes to excessive
heat input, which led to vaporize a large amount of weld
metal. Achieving a perfect joint between the overlapped
welded partners requires a reasonable level of heat input and
as can be seen in Figure 5b (sample 6). Welding surface
cracks and porosities were not observed in any of the welds
and this could be related to good crack resistance of the BM
[10]. and contribution of suitable welding conditions.
Figures 4 and 5 clarify a conduction laser welding mode
where the weld width is higher than the weld depth [23].

4.2. Effect of laser processing parameters
on joint strength

Effect of laser exposure time on joint strength
Figure 6 shows the relation between laser exposure time
and tensile shear force, keeping constant power at 50 W.
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Itcan be observed that the shear force value increases with strength in lap welds is determined by the weld width at the
gradual increasing of exposure time, which led to increasing interface [24].
the weld nugget diameter at sheets interface where the joint

Volume 106

Fig. 5. Cross-sections of the weld: a (sample 8); b (sample 4)
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Fig. 6. Effect of laser exposure time on tensile shear force at 50 W laser power
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Effect of laser power on joint strength

Figure 7 shows the relation between laser power and
tensile shear force. The joint has the highest shear force at
50 (W) comparing with other laser powers. The breaking
shear force of the samples starts to increase gradually till
reached the maximum value (340 N) at 50 W then decreased
because when power raised started to evaporate the top part
of the metal surface, as shown in Figure 5a. Therefore, the
strength of the joint decreased to the minimum value (80 N)
at 80 W laser power.

4.3. Effect of laser processing parameters
on the microhardness of the joint

Figure 8 shows the microhardness profile of sample 4
and 8. The graph shows that the weld in both samples has

400

higher hardness values compared to the BM. The rising
of hardness in the weld zone can be ascribed to the
presence of carbides. In HAZ, it was found that the values
of hardness were higher than the BM. This could be
attributed to the high-power density welding process and
thin sheet thickness that provides superior cooling rate,
which eliminated the grain growth in HAZ [13,15,25]. The
refined grains increase the hardness since the smaller
grains provide more obstacles to dislocation motion
[26,27]. It was observed that the hardness gradient across
the FZ for sample 8 is higher than that of sample 4. This
gave a strong prognosis that increases the laser power
along 2 s period, probably encourages the carbon to diffuse
and migrate from BM toward the FZ and forms more
carbides.

350 A

[ b W

(=] h (=]

[=] (=} (=}
L L

Shear force (N)
2

100 ~
50 1

30 40 50

Fig.

90

Power (W)

7. Effect of laser power on tensile shear force at 2 s laser exposure time
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Fig. 8. Microhardness values across BM, HAZ and FZ of the joint for the samples 4 and 8
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NODAL SOLUTION

STEP=1
SUB =4
TIME=2
TEMP (RVG)

SMN =87.4439
SMX =2805.43

385.44
236.222

ANSYS

R15.0

NOV 27 2019
23:15:50

1280.78
1430

Fig. 9. Comparison between experimental (left part) and theoretical (right part) welding profiles of the welded plates at the
end of laser application for the sample 4. (Tr, of AISI 321 stainless steel= 1430°C)

NODAL SOLUTION

STEP=1

SUB =4

TIME=2

TEMP (AVG)
RSYS=0

SMN =132.475
SMX =4829.62

ANSYS

R15.G

NOV 27 2019
23:25:45

132 775.333
453.667

1418.67

2705.33

2062
1740.33 2383.67 3027

Fig. 10. Comparison between experimental (left part) and theoretical (right part) welding profiles of the welded plates at the
end of laser application for the sample 8. (Ty of AISI 321 stainless steel= 3027°C)

4.4. Finite element results

Comparison between experimental and theoretical
welding profiles of the welded plates at the end of laser
application is shown in Figures 9 and 10 for the samples 4 and
8 respectively. It is noticed that there is good agreement
between finite element analysis with the experimental
results. The accuracy of the finite element analysis depends
mainly on reasonable presentation of the laser power model,
and on the accurate estimation of thermal transfer resistance
between contacting surface.
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5. Conclusions

For the current work, the following points can be drawn:

e Thin sheets of AISI 321 of 200 pm thickness were
successfully welded by LSW process.

e Welding parameters of SOW power and 2 s exposer time
gave the best weld profile and highest shear breaking
force.

e Highest hardness was recorded in FZ and gradually

decreased towards the BM.
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e The adoption of finite element analysis to the simulation
of laser welding profile can provide good agreement with
experimental results.
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