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ABSTRACT. This paper presents numerical and experimental studies focused on the optimisation
of laser welding parameters for AISI 316L stainless steel. The focus of the numerical studies was to
obtain the mathematical model with the least time complexity and the highest fidelity. Based on the
comparison of different mathematical models, a combination of two models, double ellipsoidal and
conical models, was found to be optimal for the numerical simulation of the laser welding process. The
studies were also complemented by material characterization studies for validation purpose. A pulse
duration of 8 milliseconds and a current of 400 amperes with an average power of 380 W were found to
be the optimum parameters for laser welding of standard gauge 12 sheet of stainless steel AISI 316L.
In addition, the effect of duty factor of the pulsed laser beam on the weld profile was also investigated
and was found to be a major contributor to the optimisation process. The properties of the sample
welded with the optimised set of parameters were also compared with the base metal, and based on the
mechanical characterisation studies, it was found that the yield strength and hardness of the welded
sample were improved, but the overall ductility was slightly reduced as compared to the base metal.
The average weld zone size was also reduced by increasing the power density due to multiple reflections
of the beam.
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Modulation), HAZ (Hear Affected Zone).

1. INTRODUCTION

Austenitic stainless steel is widely used in various
industrial structures due to its remarkable thermo-
mechanical properties [IH5]. Welding is the most
widely used process for joining stainless steel struc-
tures. Laser beam welding is a superior welding tech-
nique as compared to conventional welding techniques
including the TIG welding process due to its smaller
fusion zone (FZ) and heat affected zone (HAZ) [3] 4 [61-
8]. Laser welding, just like electron beam welding, is
a high energy density welding process that can be
used to join metals with thick sections. Although
both of these techniques produce smaller HAZ sizes,
the requirement for vacuum in electron beam weld-
ing restricts its utilization in a number of industries.
For this reason, laser beam welding is considered as
the preferred non-conventional welding process due
to its higher quality, high speed, flexibility of input
parameters, and strength of welded structures [9]. In
addition, laser welding is considered to be a superior
metal joining process for fusion reactor operations [10].
The importance of laser welding is increasing tenfold
in industry due to the higher spectrum of energy
available in laser welding operations [LI]. Because of

the significance of this welding process, a substantial
research is being conducted to determine the most
suitable input parameters for laser welding processes.

In order to model the behaviour of the parts being
welded, there has been extensive research into the use
of finite element methods to model the shape and size
of the welds based on the thermal mapping observed
during laser welding [12] [13]. The use of laser welding
in practical applications requires the integration of the
experimental and numerical calculations to optimally
model the parameters suitable for laser welding [14].

Laser welding can be broadly classified into two ma-
jor categories based on the behaviour of the incident
laser beam, i.e. pulsed laser beam and continuous
beam [I5]. There are several parameters that influ-
ence the quality of laser welded materials. These
parameters are referred to as the input parameters,
which determine the behaviour of the laser welding
process [16]. Laser beam diameter, laser power, inter-
action time, pulse width, and frequency of the incident
radiation are the most important input parameters
for a laser welding process [I7]. Amongst all these
parameters, the influence of pulse width is substan-
tially more prominent than any other parameter for
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Sample Current Pulse Frequency Feed of

Identifi- Width Laser torch Regimes Remarks

cation [A] [ms] [Hz] [mm/min]
LzZ1 250 11 4 30 Conduction Regime  Both Side Weld
LZ 2 300 11 4 30 Conduction Regime  Both Side Weld
LZ 3 350 8.0 4 30 Conduction Regime  Both Side Weld
LZ 4 400 8.0 4 30 Keyhole Regime Both Side Weld
LZ5 450 6.0 4 30 Keyhole Regime Both Side Weld

TABLE 1. Laser welding input parameters used for this study.

pulsed laser beams [I8]. Similarly, the wavelength of
the laser light also plays a crucial role in terms of
power absorption, and it must be carefully chosen to
achieve a greater efficiency in the laser welding process.
A comparison of laser welding using different wave-
lengths has shown that the shorter wavelength laser
beams, i.e. Nd: YAG compared to CO,, are more
suitable for situations where the workpiece is a metal-
lic material with a higher surface reflectivity, such as
stainless steels [19]. Furthermore, to achieve consis-
tent results of the laser welding process, the angle
of incident laser beam also needs consideration along
with other input parameters because this can also
affect the weld profiles and the depth of the weld [20].

Given the unprecedented advantages associated
with the laser welding operation, much research is
being carried out to optimise the input parameters for
various materials including magnesium alloys [21] and
aluminium alloys [22]. In addition, laser welding of
high entropy alloys is also being considered due to the
exponential increase in the use of these materials in
industry [23]. Furthermore, extensive research is also
being carried out on the joining of dissimilar metals
by laser welding, focusing the effects of laser beam
pulse width on laser welding of dissimilar metals [24].

Along with all the input parameters of the weld-
ing process required for mathematical models [25],
changes in material properties like melting and va-
porisation temperatures also play a significant role in
the depth of the welding penetration, the width of
the bead depends on the material’s reflectivity for the
beam which should be taken into account in numer-
ical studies of laser welding operations [26]. There
can also be various configurations in which the laser
welding can be performed, such as welding of thin
sheets [27] and welding of plates attached in a butt
joint configuration [28]. Based on these studies, it
was found that increasing the power density of the
laser beam decreases the size of the heat affected zone
due to multiple reflections of the beam with the metal
inside the fusion zone.

Because of the widespread usage of gauge 12
(2.7mm thickness) stainless steel sheets of AISI 316L,
this paper provides an insight into the optimal set of
parameters that can be used to perform laser welding
of these sheets joined in a butt joint configuration
using both the experimental and numerical methods.
Using the concepts developed in this paper, the sheets
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of different materials can also be welded with their
respective parameters. This paper can be broadly
classified into two sections. In the first part, different
mathematical models were compared and numerical
calculations were performed on a stainless steel sheet
with the given configuration. The numerical studies
were used to evaluate thermal mapping along the thick-
ness of the sheet to capture the details of the thermal
gradient. Furthermore, the optimised mathematical
model was used to model the pattern observed on
the surface of the metal. The numerical calculations
were complemented with the experimental investiga-
tion for the validation of the results obtained from
the numerical studies. The experimental studies were
performed on plates joined using Nd:YAG source. Ma-
terial characterisation techniques, including mechani-
cal characterisation and fractographic investigations,
were used to determine the optimum set of parameters
for welding plates joined in a butt joint configuration.
Based on the results of the numerical investigation,
it was concluded that the double ellipsoidal model
is better suited for lower power densities, while the
conical model is optimal for operations performed at
higher power densities. Therefore, to obtain high-
fidelity models for laser welding with minimum time
complexity, it is important to have a combination of
the models based on the energy density of the incident
laser beam.

2. EXPERIMENTAL SETUP

In this study, pulsed Neodymium-Doped Yttrium Alu-
minium Garnet (Nd:YAG) laser welding system was
used for welding of stainless steel AISI 316L. Sheets
of 2.7mm thickness (gauge number 12) were joined in
a butt joint configuration. The machine used for this
operation had a peak power of 600 W and a maximum
average power of 500 W. The conical focal length of
the machine is 175 mm and the spot size diameter of
the weld is 300 pm. Because of the issues associated
with the keyhole regime’s instabilities, the welding was
done on both sides of the samples to ensure a proper
joint without facing the issues of localised vaporisation
of materials caused by a higher power of the beam.
A pulsed laser mode was used for the welding. A sum-
mary of the main welding parameters used for this
study is given in Table
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3. RESULTS AND DISCUSSION

The weld profile along the thickness is analogous to the
thermal mapping along the thickness of the weld which
can be modelled using the heat source equation. The
basic mathematical model used to capture the details
of the temperature distribution and heat diffusion is
governed by equation:

2 ()3 ()
0
0z

2 (k05 )+ @ =

where

T indicates the temperature,
K(T) is the thermal conductivity,
p(T) 1is the density,

Cp(T) is the specific heat,

Q@ is the volumetric heat flux.

The terms on the right account for the transient
response of the system. Since in the case of welding,
there are both the convection and radiation phenom-
ena, the the governing equations used for this case
are:

gec = p(T)h AT, (2)

¢ = co(T* ~ Ty), (3)
where
g is the convective heat flux,
g is the radiative heat flux in these equations.

For welding processes such as laser welding, radia-
tion becomes the main source of heat and convection
serves as heat sink. From experimental results of
welded samples and from literature, it is clear that
the weld profile changes directly as the temperature
profile changes.

The main input parameters for laser welding are
welding current, pulse width, frequency, and welding
speed, as these directly affect the energy density of
a pulsed laser beam used in the pulsed laser welding
process, and since the energy density has a direct re-
lationship to all of these parameters [29431] therefore
the power output for the case of this study would be
determined by the peak power and pulse width of the
beam.

The magnitude of the laser power density on
the workpiece determines the behaviour of the in-
cident laser beam. A power density in the range of
105 W cm ™2 causes melting, whereas a higher power
density of 107 W cm~2 causes boiling, resulting in ma-
terial loss, which is used for laser cutting [32]. For
lower power densities with the characteristic behaviour
of the conduction regime, the welding heat source can

best be fitted using the double ellipsoid model [33].
The model can be described by equation:

(x z t) — @e—%
q(z,y, z, aber/x n

3y2 3letu(r—1)]?
e e c2 s

where @ is the input power given by equation:
Q =2V, (5)

where

n is the efficiency of the heat source,
V' is the voltage,

I is the current.

In the double ellipsoid equation, v is the velocity,
7 is the lag factor, ¢ is the computational time, and
f is the fraction whose value is dependent on the quad-
rant. For the front and rear quadrants, the symbols
are indicated as fy and f,, respectively. Since the
main input parameter for this study is the welding
current, which, being a pulsed wave, is directly related
to the full width at half maximum (FWHM). By com-
bining the FWHM with the pulse width modulation
(PWM), the heat generated by the pulsed wave can
be calculated. Increasing the pulse width results in
higher values of PWM and the same trend is observed
for the magnitude of the current. For the case of this
study, the duty of the pulse can be calculated using
the formula:
ton tOl’l (6)

Duty cycle= ——— = —,
v ton+toff T

where
ton is the pulse width,

T is the time period of the wave given by the formula:

1
T=-. (7)
f
Since frequency f is 4 Hz, T is 250 ms. Therefore,
the parameters for the laser welding process are given
in Table 2
Peak power and average power are given by equa-
tions:

E
Average power = T (8)

Peak power = E (9)
tOl’l

For power densities greater than conduction regimes,
the double ellipsoidal model does not capture the de-
tails associated with the multiple reflections of the
laser beam inside the fusion zone of the weld [26]. For
welding operations performed at higher power densi-
ties, an extension of the original Goldak double ellip-
soidal model can be used, which can also incorporate
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Sample LZ-1 LZ-2 LZ-3 LZ-4 LZ-5
Duty cycle 44% 44% 32% 32% 24%
Average Power [W] 200 260 320 380 440

Peak Power [W] 4545 5909 10000 11875 18333

TABLE 2. Duty cycle of laser beam based on the pulse width of the beam.

the conical portion of the weld profile. The mathe-
matical model uses the double ellipsoid and conical
heat power density model [34]. The equation used for
this model is given by equation:

_ 6Rde\/§fQ —s(%ba‘?)—Z
q(x7yaz7t) - abcwﬁS € @ (10)

s(y—dg)®  s[zfu(r—1))2
e b2 e c2

Yy > dg,

where Ry, is the factor that can be divided into 2 parts,
depending on the quadrant. For rear and front quad-
rant, the factor is represented as Ryqe and Riqe, respec-
tively. As this is an extension of the original model,
the conical model embedded in the double ellipsoidal
model is enforced using the equation:

q(.’L’ Y,z t) _ 54Rc0nicale3Q
AR m2(e3 —1)SSy(dg — i) (11)
_s(z—b9)2 _ slztv(r—)]?
e (a7 ¢ 07 Vy>d,,

where

[a =a—((a—ai)dy —y)/(dg — yi)),

[e=c—((c—ci)(dg —y)/(dg — yi))-

Both the transitional and keyhole regimes can be
accurately described from the proposed mathematical
model. The flaw of this model is the associated time
complexity. To compensate for the time complexity of
this model, a simpler conical model designed specifi-
cally for higher power densities was adopted to capture
the details of the weld profile [35]. The conical heat

distribution model uses linear interpolation for the
temperature profile and is given by equations:

$2+ 2
q(x,y,z,w:c;exp( pal ) (12)
0
T+ Te
To=Te + (Zi_ze> (z — ze). (13)

The temperature distribution derived using the
Goldak double ellipsoidal model for conduction regime
and the conical model for keyhole regime are shown
in Figure |1} and Figure |2} respectively. It is pertinent
to mention that the conical model fails to predict the
response in the case of lower power densities [36], there-
fore, considering the wide range of power densities
available in the laser welding process, it is important
to consider the regime in which the temperature dis-
tribution falls in order to have a higher fidelity of the
proposed mathematical model.
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FIGURE 1. FEM results of the Goldak Double Ellipsoid
Model.

FIGURE 2. FEM results of Conical Model.

The microstructure of the weld-zone for welded
sheets of stainless-steel with various welding input
parameters is given in Figure 3] The laser power has
a direct influence on the size of the heat affected zone,
which can clearly be seen in the microstructure of the
welded plates. Increasing the power density changes
both the dimensions and morphology of the obtained
weld structure [37].

The microstructures of the welded sheets can be
used to estimate the size of the weld zone, which is
shown in Table [l for all the different weld conditions.

From these results, it is clear that as the power of
the laser beam increases, the width of the weld zone
decreases due to the multiple reflections of the beam
inside the fusion zone [26]. It is also important to
consider here that the influence of the duty cycle is
more prominent than peak power.

The changes in the microstructure within the heat
affected zone on the surface of the sheet is shown
in Figure[d] The dark coloured contours on the mi-
crostructures define the boundaries of heat affected
zone. It can clearly be seen that the isotherms are
periodically aligned along the width, indicating that



VOL. 64 NO. 2/2024

Parametric Optimisation of Laser Welding of Stainless Steel 316L

(D). LZA4.

FIGURE 3. Microstructure of laser welded sheet along its surface.

Sample LZ-1

LZ-2 LZ-3 LZ-4 LZ-5

Average Weld-zone Size [pm]

87110 758+£37 869+£5 730£15 667=£18

TABLE 3. Weld zone size for different powers of laser beam.

there is no pulse overlap causing constructive or de-
structive interference in the materials. In addition,
the grain size increases from the centre of the weld
zone towards the base metal. Based on the compar-
ison of the grain size of the base metal, the smaller
grain can be identified in the weld zone and coarser
grain near the base metal. Semicircular pattern can
be seen along the width of the plate in the microstruc-
ture. Another important observation is that in the
heat affected zone, the grains grow from one of these
semi-circles to the next semi-circle. This behaviour
is attributed to the cooling cycle along the width of
the plate. The semicircular patterns created along the
width of the plate are considered to be the cooling
isotherms which are responsible for the temperature
profiles observed along the weld line [38]. These circu-
lar patterns observed during the welding process are
directly influenced by power densities of incident laser
beam, which directly influence the HAZ size [39]. Fig-
ure [5] also shows the results of the numerical analysis
performed along the width of the plate as a function of
time. To ensure proper bonding of the welded plates
and to avoid any instabilities caused by the formation
of localised keyhole regimes, it is also important to se-
lect an optimum travel speed of the welding beam. At
lower speeds, the temperature gradient can be higher
than that obtained in this study. This can result in
localised vaporization on the surface. Comparing the
temperature difference between the vaporisation and

FIGURE 4. Isotherms in the microstructure observed
on the surface of the welded sheet: Hardness of the
samples observed from the centre of the weld zone to
the base metal.

melting temperatures for stainless steel and that ob-
tained from the temperature distribution along the
weld line, it can be concluded that the final travel
speed chosen in this paper is optimised.

In terms of the application of welded sheets in any
structure, it is important to quantify the response
of the sheet against external stimuli. Because of the
uncertainties associated with the heat affected zone,
the laser welding is considered a superior welding
technique due to its smaller HAZ as compared to
TIG welding [40]. The microstructural features of the
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(A). 2sec.

(B). 10sec.

(c). 19sec.

FicUrE 5. FEM analysis of the temperature profile
observed along the width of the sheet at different
times.

welded plates can also be linked with the mechanical
response of materials [41-43].

In order to have an idea of the behaviour of the ma-
terial against external loads, micro-Vickers hardness
test was carried out and the variation in the hardness
was observed along a line from the centre of the weld
zone on the surface of the of specimen towards the
base metal as shown in the Figure 4| and the results
of this test are shown in Figure[f] It can be clearly
seen that the hardness of each sample reaches a steady
value equal to the base metal hardness after the heat
affected zone.

The values of hardness were higher in the fusion
zone and decreased towards the base material. This
behaviour can be explained by the microstructural
evolution along different isotherms as shown in Fig-
ure [dl Moreover, the most important factor, which
contributes to the changes in the hardness, is the for-
mation of secondary phases, which cause the hardness
of the materials to increase.

As different cooling isotherms are observed along
the hardness measurement line, the fluctuations ob-
served along the line can be associated with the tran-
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FIGURE 6. Vickers hardness profile along the heat
affected zone on the surface from centre of the heat
affected zone to the base metal.
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FI1GURE 7. Comparison of XRD of the base metal and
heat affected zone.

sition from one cooling isotherm to the next. Since
the boundaries of the isotherms indicate the region of
a lower temperature, as confirmed by the FEM analy-
sis, and since the temperature is highest in the centre
of the isotherm and decreases towards the boundaries
of the isotherm, this is directly related to the morphol-
ogy of the grains, which in turn dictates the hardness
value. Moreover, it is evident from the hardness val-
ues that the pattern is the same for all cases. The
only difference is in the peak values and the width
of the variations of hardness, which can be directly
linked to the energy input to the material and thus
accompanying changes in the grain morphology.
XRD was also performed on the samples using
a Cu Ka wavelength of 1.5418 A to study the for-
mation of different phases before and after the weld-
ing process. Figure [7] shows a comparison of diffrac-
tion peaks for the welded and base-metal regions
of the samples. When the peaks were compared
to the JCPD card number 33-0397 for 316L [44]
[45], peaks of the austenitic phases were observed,
i.e. (111), (200), and (220). The XRD pattern re-
vealed that the base-metal component of the sheet
has a preferential grain development along the plane
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(111), which is the representative behaviour of rolled
sheets. After the welding process, there is a random
grain growth along the austenitic planes, which can
be related to the fusion welding process.

The surface of all the samples were properly cleaned
and the EDX analysis was also performed. The peak
of carbon in the results indicate the presence of car-
bide, as shown in Figure[8] The presence of carbide
can also be the reason for higher values of the hardness
observed near the centre of the fusion zone [46, 47].
The peak in the hardness values obtained due to car-
bide is considered to be secondary hardness [48]. The
concentration of carbide precipitates is higher in the
centre due to the highest affinity for diffusion at higher
temperatures in the centre of the fusion zone. The
EDX comparison of the sample carried out in the mid-
dle section showed a very low carbon concentration,
which is the nominal behaviour for steels as shown in
Figure [9

In order to check the strength of the weld, tensile
tests were carried out on the sheets welded at various
welding parameters in such a way that the tensile load
was applied perpendicular to the weld with the welded
section in the middle of the gauge length region. The
results of the tensile tests are given in Figure[10] Laser
welding is regarded as the superior welding technique
based on the results of the comparison of the perfor-
mance of TIG welded and laser welded materials [3].
For the tensile behaviour of welded sheets, it is impor-
tant to consider the degree of weld penetration. The
reason for the highest tensile strength in the case of
LZ-4 was revealed by fractography of the tensile test
samples shown in Figure [II] The SEM analysis of all
samples revealed that samples LZ-1, LZ-2 and LZ-3
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FI1GURE 9. EDX analysis of base metal.
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FIGURE 10. Tensile Tests of all samples welded with
different input parameters.

have incomplete weld penetration across the thickness
of the specimen. In the case of samples LZ-4 and
LZ-5, there was a complete weld penetration along
the thickness of the sheet. The reason for having the
lower strength in the case of LZ-5 can be attributed to
the welding instabilities associated with the keyhole
regime. These instabilities cause detrimental effects
on the strength of the welded joint [26]. Furthermore,
Figure[II] reveal the presence of localised vaporisation
on the surface of the weld zone in the form of dis-
continuous flakes on the surface, which is also one of
the primary causes for the specimen to have a lower
strength even with a complete weld penetration. The
findings of the comparison of the sample having the
highest strength and ductility with those of the un-
welded sample can be used to gauge the quality of the
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FiGURE 11. SEM analysis of LZ-1, LZ-3, LZ-4 and LZ-5.

weld obtained. The presence of porosity observed in
the fractographs could be a reason for the decreased
strength compared to the strength of the un-welded

sheets [49].

4. CONCLUSION

The extensive study has been carried out in relation to
the welding of steel plates using both material charac-
terisation and numerical calculations for the optimised
set of input parameters for laser welding of stainless
steel AISI 316L plates which can be concluded as
follows:

(1.) Optimum power should be used to achieve full

penetration along the thickness of the sheets being
welded (LZ-4). Higher power may result in localised
vaporisation (LZ-5) while lower power may result
in incomplete penetration (LZ-1, LZ-2 and LZ-3).

(2.) The higher energy laser beam carries much more

energy resulting in a greater number of laser beam
reflections. This results in a reduction in the width
of the heat affected zone at a constant pulse width
(LZ-1 and LZ-2).

(3.) Reducing the pulse width results in a reduced

duty factor, which directly affects the energy deliv-
ered to the welded metal. This results in a wider
fusion zone as the pulse width was reduced from
11 ms to 8 ms, which is a hallmark of lower-power
welding process.

(4.) The hardness profile along the heat affected zone

34

indicated a peak in the hardness value at the centre,
which is due to the grain morphology and secondary

phase precipitation.

(5.) The optimum mathematical model with the least

time complexity and the highest fidelity required
a combination of two models i.e., double ellipsoidal
and conical models. The Goldak Double Ellipsoidal
Model gave a very good approximation for patterns
observed at lower power densities while the conical
model was found to be optimal for keyhole regimes.
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