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Abstract

In these days, laser is a useful and valuable tool. Low input heat, speed, accuracy, and high controllability of laser weld-
ing have led to widespread use in various industries. Nickel-based superalloys are creep-resistant materials used in high-
temperature conditions. Also, these alloys have high strength, fatigue, and suitable corrosion resistance. Inconel 625 is a
material that is strengthened by a complex deposition mechanism. Therefore, the parameters related to laser welding affect
the microstructure and mechanical properties. Therefore, in this study, the effect of fiber laser welding parameters on tem-
perature distribution, weld bead dimensions, melt flow velocity, and microstructure was investigated by finite volume and
experimental methods. In order to detect the temperature history during continuous laser welding, two thermocouples were
considered at a distance of 2 mm from the welding line. The heat energy from the laser beam was modeled as surface and
volumetric heat flux. The results of numerical simulation showed that Marangoni stress and buoyancy force are the most
important factors in the formation of the flow of liquid metal. Enhancing the laser power to 400 W led to the expansion of
the width of the molten pool by 1.44 mm, which was in good agreement with the experimental results. Experimental results
also showed that increasing the temperature from 500 °C around the molten pond leads to the formation of a coarse-grained
austenitic structure.
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1 Introduction
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X Humans have long made various devices and equipment due
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to the desire to have a comfortable life. To build a complex
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mechanism, the need to connect different components has
always been felt. In the past, due to lack of resources and
sufficient knowledge in the use of resources, equipment, and
technology used to connect materials has been very sim-
ple. However, over time, various methods of permanent and
temporary connection emerged. One of the most essential
methods used to connect parts permanently is welding and
soldering. Various methods for welding parts have been
proposed in recent years. However, with the advancement
of technology in recent years, the use of high-power laser
beams has been considered by researchers and artisans [1].
The laser welding method is suitable for welding various
components due to the smaller heat-affected zone (HAZ),
minimal thermal-mechanical distortion, low heat input, and
good focusing characteristics. Also, reviewing the research-
ers’ results in recent years, it is clear that the quality of laser
welding depends on various process parameters such as laser
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power, pulse duration, frequency, focal length, and weld-
ing speed [2, 3]. Also, the type of parts used in the laser
welding process is very essential. One of the most widely
used materials in recent years in all automotive, aerospace,
food, oil and gas industries, and pollution control equipment
is Inconel superalloys [4]. One of the most important and
widely used Inconel superalloys is Inconel 625. This metal
has excellent resistance to corrosion at high temperatures
and acidic environments. It is also a suitable metal for weld-
ing due to its unique mechanical properties [5]. In recent
years, the study of metal bonding by numerical and experi-
mental methods in the laser welding process has always been
of interest to researchers.

Liu et al. [6] investigated the five kinds of thermal cycle,
with different peak temperatures ranges in welding of
Inconel 617 and simulated HAZs with same heating and
cooling rate. The results indicated that the micro-hardness
and average grain size of simulated HAZs have no obvi-
ous variation compared to the BM. Azari et al. [7] analyzed
the temperature distribution and fusion zone microstructure
in an Inconel 625 superalloy laser welding. The findings
indicated that the temperature distribution changes of laser
parameters such as welding speed, nozzle distance, beam
displacement, and laser power, which led to a change in
the molten pool’s depth and width. It was also found that
increasing the power of the laser has a significant effect on
increasing the temperature. Faraji et al. [8] investigated heat
and mass transfer using numerical modeling of fluid flow in
a dissimilar laser welding process of Ti6Al4V and Inconel
718. The findings proved that the proposed numerical model
has a good agreement with experiments. Madhankumar
et al. [9] analyzed the laser welding parameters’ effect on
the tensile strength of Inconel 718 and duplex 2205 stainless
steel alloys. By examining the laser parameters, the desired
ultimate tensile strength was obtained from the analysis of
variance to gain the weld connection optimization. Thejasree
et al. [10], in an experimental-numerical study, investigated
the laser welding parameters effect on the molten pool and
welding geometry of Inconel 625. With the simulation per-
formed by SYSWELD software, it was found that the experi-
mental and simulation results are very close according to the
thermal, microstructural, and mechanical analysis. The effect
of laser power and welding time was also reported as effec-
tive parameters. Ahmad et al. [11], in the fiber laser welding
process of duplex 2205 and Inconel 625 alloys, investigated
the effect of different heat inputs on the microstructure and
welding geometry of the welding area. The results showed
that by reducing the energy input, the molten pool’s width
was reduced, and the mechanical properties of the joint area
were improved. In a laser welding process, Voropaev et al.
[12] investigated the effects of heat treatment on Inconel
718 alloy. The results showed a significant effect of heat
treatment on the weld metal structure and complete phase
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transformations occurred. Srikanth and Parthiban [13], in
a laser welding process, studied the welding heat effect on
the microstructure of Inconel 625. The results of the micro-
structure study in the fusion zone showed that the grain
size was affected by the welding heat and the laser power.
Cheepu et al. [14], in a laser welding process, investigated
the effect of laser parameters on the mechanical properties
of high tensile steel and Inconel 718. The results illustrated
that laser power had a significant effect on the strength and
weld’s mechanical properties. In a laser welding process,
Sharma et al. [15] surveyed the laser parameters’ effect on
the melting zone. The results indicated that the height of the
surface reinforcement and the surface of the weld melting
zone decreased with increasing scanning speed.
Devendranath Ramkumar et al. [16] obtained the optimal
process parameters for laser welding of Inconel alloy 718
alloys and martensitic stainless steel. The outcomes showed
that by using the desired welding speed (1500 mm/min),
a fusion zone without porosity and an ideal keyhole could
be achieved. Mishra et al. [17] investigated the joint area’s
microstructure and mechanical properties of Inconel 625 and
S.S 316 in a laser welding process. The results illustrated
that the microstructure of the weld zone near Inconel 625
was columnar dendrites, while near the S.S 316, metal was
predominantly cellular. Li et al. [18] evaluated the quality
of laser welding performed by fiber laser on Inconel 718.
The results indicated that the welding quality and appear-
ance could be bright and smooth by reducing the ambient
pressure. Also, the study of plasma distribution proved that
a smaller area of plasma led to an increase in the laser energy
absorption efficiency, which ultimately led to an increase in
the depth of penetration. Hernando et al. [19] developed a
numerical model for predicting weld geometry and joint
area microstructure of Inconel 718 in the laser welding pro-
cess. The results proved that there was a good agreement
between the experimental model and the proposed numeri-
cal model, and the most important parameters affecting the
welding were the laser power and feed rate. In another study,
Hernando et al. [20] simulated and predicted the parameters
affecting the welding of Inconel 718 alloy concerning the
wobbling strategy. This strategy showed that a wide range
of welds could be covered by combining elliptical and lin-
ear motions. Jelokhani-Niaraki et al. [21] investigated the
optimal parameters of the Inconel 625 laser welding pro-
cess using the response surface method (RSM). The finding
indicated that the maximum welding strength was obtained
when the values of laser power, laser speed, and spot size
were 260 W, 1.2 mm/s, and 180 pm, respectively. Ebrahimi
et al. [22] used the Gaussian optics theory to investigate the
thermal effects of Inconel 625 and 316 stainless steel welding
in keyhole formation. The results illustrated that this volu-
metric model was suitable for simulating heat flux profiles
and could depict the actual conditions well. Janasekaran et al.
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Table 1 Chemical composition
of Inconel 625 [7]

Composition C%  Nb% Cr%

Nb% Mn% Fe% Ti% Si% Mo% V% Si% W% Ni%

Weight 0.082 3.5

2285 35 011 481

0.19 0.1 8.1 001 0.1 0.014 59.6

[23] evaluated the effect of overlap factor and laser welding
speed on the laser welding of Inconel 600 and Ti6Al4V. The
results indicated that the optimal parameters to achieve a suit-
able strength were equal to an overlap factor of 50%, speed of
welding of 40 mm/s, and laser welding power of 250 W. Ren
et al. [24] conducted a comparative study between CO, laser
welding methods and fiber laser welding of Inconel 617 alloy.
The outcomes illustrated that to achieve a complete melt-
ing penetration in the welding process, fiber laser was more
efficient, and the appearance of the weld bead geometry was
also different. Numerical simulation of the weld profile and
weld pool dynamics according to the variation of temperature
field for aluminum alloy was conducted by Duggirala et al.
[25]. Evidently, 3D modeling of the melt pool dimensions has
been accurately done and the volume of the melt pool was
predicted according to the thermal model results. Besides,
the dynamics of an unstable keyhole, Marangoni convection,
and buoyancy forces effects on the molten pool dimensions
was considered. This numerical model results were validated
with an experimental study with a maximum of 5% and 3%
error in the depth and width, orderly.

By examining the effect of continuous wave laser welding
parameters on the temperature gradient in the molten pool,
the thermal stress in the workpiece can be controlled, and
the possibility of thermal fatigue can be reduced. For this
purpose, in this study, an experimental and numerical study
of Inconel 625 sheet laser welding was conducted. The main

Fig.1 Actual view of the exper-
imental laser welding setup

aim of this study is to investigate the effect of laser heat-
ing cycle on the extension of melt pool dimensions and the
influence of cooling cycle on the microstructural changes of
the fusion zone and adjacent areas by considering the mate-
rial properties temperature dependent. Due to the significant
effect of melt flow and shear stress caused by Marangoni
flow on the temperature gradient and dimensions of the weld
bead, the finite volume method was used to discretize the
conservation equation.

2 Experimental procedure

Fiber laser at continuous mode with a maximum nominal
output power of 500 W and Raytools BW240 laser weld-
ing head with copper side delivery gas nozzle was used for
welding experiments. Argon gas at a constant pressure of
35 psi was blown to the welding area to protect the welding
region. The temperature measuring at the location of 2 mm
away from the laser beam’s center was done by K-type ther-
mocouples. The materials of welding were Inconel 625 with
1.5-mm thickness. The sample’s material chemical proper-
ties are illustrated in Table 1.

Detailed actual experimental setup including CNC, laser
welding head, workpiece fixture, thermocouples, and data
logger USB4718 and welded workpiece is observed in
Fig. 1. For thermocouple placement, the special groove was

USB 4718
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engraved using EDM. After mounting thermocouples, both
the workpiece and thermocouples simultaneously clamped
via fixture chuck. The laser beam moves through CNC trav-
erse axis and argon gas was blown through nozzle. The ther-
mocouples were attached to the DAQ card to convert the
analog signal to digital.

Figure 2 shows a schematic of the laser welding process
and the dimensions of the pieces. In order to investigate the
various laser welding parameters and validate the results,
the time history of temperature, according to Fig. 2, was
obtained around the center of the beam.

The Olympus optical microscope under the ASTM E883-
11 standard was used for microstructure images metallur-
gical analysis preparation. The samples were etched under
ASTM E3-11 standard, and the microstructure was analyzed
with TESCAN MIRA3 FESEM.

3 Numerical simulation

The temperature gradient and liquid metal’s flow in the
molten pool have a direct relation with the quality and
mechanical properties of the welded metal. Therefore,
predicting the parameters affecting the heat transfer and
fluid flow can increase the welding quality and reduce
the costs. In order to numerical simulation of continuous
laser welding, a finite volume transient numerical model

was used. A numerical code was also used to define the
thermal model and the thermophysical properties with
temperature variation. The number of grid elements after
the grid study was considered to be 421875.

3.1 Governing equations

The discretization of the equations was considered according
to these assumptions:

e The flow of fluid was considered incompressible, New-
tonian, and laminar.

e The molten pool’s surface was considered flat.
Vaporization of liquid metal was ignored.

e The initial temperature of 25 °C was considered.

Gaussian heat source and heat flux were utilized to sim-
ulate the absorbed energy. One of the main objectives of
this paper is to evaluate the accuracy of 5 different thermal
models for numerical simulation of Inconel 625 laser weld-
ing based on different shapes which are shown in Fig. 3.
The model basic equations are described in Egs. (1)—(5)
[26, 27].

24,2
q,(x,y) = 3f1’12pexp<—3w)
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Fig.2 Schematic configuration of the laser welding process
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Fig.3 Various thermal models for numerical simulation
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(¥ +%)
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q.(x,y,2) = qoeXp<—2
rU

rotary heat source

®)
In Egs. (1)-(5), 9,» q,, qr 4G, and g, are the surface heat flux,
cylindrical volumetric heat flux, ellipsoid heat source at the front
of the laser beam, ellipsoid heat source at the rear of the laser
beam, and conical heat source, respectively. p is the laser power,
f.f1./, are energy distribution coefficients, and ff, /. are heat
source distribution coefficients ellipsoid at the front and rear of
the beam, respectively. g, in Eq. (4) is laser beam energy and g,
in Eq. (5) is rotary heat source. Also, a,d,, b, c are parameters
for determining the size and shape of the ellipse to consider the
heat source distribution. d and / indicate the height of the cylin-
drical, conical, and rotary heat source and r, and r, represent the
radius of the surface heat flux and the cylindrical heat source,
respectively. r, and r,; are the radius of the conical heat source at
the surface and depth and r, the radius of the rotary heat source,
m is the coefficient of Gaussian damping, and  is the coefficient
of absorption [28, 29].
Continuity equation:

L_ S (* +%) z
q,(x,y) = ﬂrzhexp<—3r—2 (1 - 71)

d

ap

— +V.00) =0 6)

Momentum equation:

a(pﬁ)

—_—— —_— — ” —_—
+V.( UU):—V +V.( VU)+ ——(U)
= p p n g
@)
Energy equation:
d(pH _
% + V.(pUH) = V.(kVT) +¢ 8)

where p,H,t,p, ﬁ k,g,K,andu are density, total enthalpy,
time, pressure, vector of velocity, coefficient of thermal con-
ductivity, gravity acceleration, coefficient of Darcy resist-
ance, and dynamic viscosity, respectively.

3.2 Boundary conditions

The boundary condition at the surface:

k?—f:—eo(T“—T:o)—h(T—Too)+qs )
n

where ¢ is the coefficient of emission, ¢ is the coefficient of
Stefan—-Boltzmann, T is the surrounding temperatures, and
h is the coefficient of convection heat transfer.

Shear stress due to surface tension gradient:
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The boundary condition on the lower and lateral surfaces
was expressed as follow:

¢z
on

=—eo(T'-TL)-h(T-T,) (12)

3.3 Thermophysical properties

High-temperature variations during laser welding of
Inconel alloy 625 lead to significant changes in thermo-
physical properties. Therefore, the correct determination
of the properties of the considered material could lead to
accurate modeling of the laser welding process. For this
purpose, some thermophysical properties as a function of
temperature are shown in Fig. 4. Also, other thermophysical
properties are listed in Table 2.

Table 2 Thermophysical properties of Inconel 625 [30-37]

Nomenclature Symbol Value Unit
Solidus temperature T, 1563 k
Liquidus temperature T, 1623 k
Ambient temperature T, 298 k
Melting latent heat L, 227 % 10° Jkg‘1
Surface tension gradient A, —-0.00011 Nm~'k™!
Stefan-Boltzmann constant ] 5.67 %1078 Wm—2k4
Dynamic viscosity u 0.0072 kgm~'s~!
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Fig.5 Phase diagram of nickel
base alloy [38]
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The phase diagram of nickel base alloys is illustrated in Fig. 5.
Various phase changing of material depended to temperature
including solidification liquid and different phase changes could
be observed according to nickel weight percentage of alloy.

4 Results and discussions

After discretizing the continuity, momentum, and energy
governing equations as a finite volume method and consider-
ing the boundary conditions, three-dimensional modeling of
the welding speed effect and laser power on the temperature
distribution, velocity, and weld bead dimension was done.
The considered parameters to investigate the temperature
history, velocity, and fusion zone during the continuous
wave laser welding process are given in Table 3. In all cases,
the focal position was considered at the surface of the pieces.

Table 4 and Fig. 6 show a clear comparison of the molten
pool dimensions in different thermal model conditions
for numerical and experimental as well (power=350 W
and welding speed =500 mm/min). As can be seen, the

Table 3 Laser welding parameters for numerical simulation

Sample Welding speed Power
(mnvmin) W)

1 300 350

2 400 350

3 500 350

4 300 300

5 300 400

20 30 40 50 60
Weight Percent Nickel

70 80 90 100
Ni

combination of surface heat flux and cylindrical heat source in
the numerical simulation had the minimum discrepancy with
the experimental result. Besides, in laser welding, the beam
absorption could be divided into reverse energy absorption
at the surface of the molten pool and the Fresnel absorption
on the wall of the keyhole [39, 40]. Therefore, considering
the surface and volumetric heat flux can provide an accurate
prediction of the temperature distribution. Figure 6b, d, and
e have had the highest discrepancy and roughly predicted the
melt pool widths. Figure 6¢, f had acceptable accuracy for
estimation depth and width. The finest estimation goes to the
model (combination of surface heat flux and cylindrical heat
source) which results presented in Fig. 6f for both of width
and depth including fusion zone and HAZ region.

According to the simulation results obtained from Fig. 6,
the most suitable heat flux (combination of surface heat flux
and cylindrical heat source) is presented in Egs. (13) and
(14) and Fig. 7.

3finp
5-¢

f (x* +5%)
xp| —3 —
nr? r2
of,np (x* +7) mz+r,
s Vs = _3
9,(%.,2) xp r‘% md + 2r, (14)

wrid
]
4.1 Temperature distribution

q,(x,y) = 13)

Predicting the temperature distribution and HAZ can help to
control the primary microstructure. Hence, the temperature
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Table 4 Comparison of molten
pool dimensions obtained from
numerical simulation with

Thermal model

Differences with
experimental results

Numerical simulation results

experimental results (width and “

depth are 0.94 and 0.62 mm, Width (mm) Depth (mm) Width Depth

respectively)
Surface heat flux 1.02 0.44 8.51 29.03
Cylindrical heat source 0.75 0.68 20.21 9.68
Double ellipsoidal heat source 0.82 0.59 12.77 4.84
Conical heat source 0.63 0.58 32.98 6.45
Rotary heat source 0.68 0.70 27.66 12.90
Surface heat flux + cylindrical heat source 0.89 0.65 5.32 4.84

history was obtained at different welding speeds and laser
powers. Figure 8 shows the time history of temperature at
different welding speeds within 2 mm of the center of the
beam. As can be seen, with increasing the speed of move-
ment of the thermal model due to the reduction of power
density absorption time, the temperature decreased signifi-
cantly. So that with increasing the speed of movement laser
head from 300 to 500 mm/min, the temperature decreased

by approximately 160 °C. Also, the results obtained from
numerical simulations were in good agreement with the
results of experiments, which indicated the correct determi-
nation of the Gaussian heat source and heat flux and ther-
mophysical properties. Figure 9 indicates the temperature
variation versus time at different laser powers. It can be con-
cluded that, with enhancing the laser power by 100 W, the
maximum temperature around the fusion zone increased by

e)

Fig.6 Different thermal model temperature distribution compared
with experimental data at laser power of 350 W and welding speed
of 500 mm/min: (a) surface heat flux, (b) cylindrical heat source, (c)
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double ellipsoidal heat source, (d) conical heat source, (e) rotary heat
source, and (f) surface heat flux + cylindrical heat source
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V4

A

Fig.7 Configuration of thermal a)
modes: (a) heat flux, (b) cylin-
drical heat source

b)

v
>

y
g,
|

about 120 °C due to the enhanced power density. It is also
concluded that by enhancing the power density, the maxi-
mum temperature was obtained at a higher time.

Considering that there is no change in the microstruc-
ture of Inconel 625 alloy up to a temperature of 700 °C and
the starting the formation of y (Ni3Nb) from 700 °C; by
determining the temperature distribution on the workpiece’s
surface, the range of the HAZ can be identified.

Figure 10 illustrates that the temperature contour at dif-
ferent welding speeds on the workpiece’s surface. As can
be seen, as the speed of movement of the thermal model
increased due to the reduction of heat energy absorption
time, the heat penetration to the around decreased. In other

350
B [ | ‘Welding Speed=300 mm/min (Exp)
B Welding Speed=300 mm/min (Num)
300 . Welding Speed=400 mm/min (Exp)
B Welding Speed=400 mm/min (Num)
L v Welding Speed=500 mm/min (Exp)
B Welding Speed=500 mm/min (Num)
250 |-
~ B
@] B
)
N’ =
@ 200}
5 B
S B
] -
s |
2. 150
=
CH)
=
100

Time (s)

Fig.8 Comparison of temperature distribution versus time in simu-
lated and experimental results for different welding speeds

v
#

words, as the welding speed increased, the isothermal line
became an ellipsoid shape which led to a reduction in the
HAZ and liquid volume of metal.

This can be explained by Fig. 11. It can be concluded that
different points along the y-axis in a certain section reach
their peak temperature at different times. Farther points have
lower peak temperature at same time. Maximum tempera-
tures are shown at different points with n—n curve. As the
laser beam travels faster, the n—n curve bends further at the
surface due to the reduced residence time of the laser beam.
The same factor leads to the constant temperature lines on
the surface of the workpiece became ellipsoid at high speed
(Fig. 11b).

400
- ] Power=400 W (Exp)
B Power=400 W (Num)
350 |- [ ] Power=350 W (Exp)
B Power=350 W (Num)
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2 250
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Fig.9 Comparison of temperature distribution versus time in simu-
lated and experimental results for different laser powers
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a) b)
Temperature Temperature
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2.500e+01 2.500e+01
[C] [C]

Figure 12 indicates the effect of laser power on the tem-
perature contour of sheet surface at a distance of 25 mm from
the beginning of the welding. Because the thermal conductiv-
ity coefficient of Inconel 625 is relatively low, this caused less
heat penetration to other parts of the workpiece. On the other

Fig. 11 Schematic temperature
distribution as a function of
welding speed variation, (a) low
speed, (b) high speed [41]
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Fig. 10 Temperature contour on the workpiece’s surface at different welding speeds, (a) 300 mm/min, (b) 400 mm/min, and (¢) 500 mm/min

Heat source
direction

—

(b)

hand, the HAZ was increased because the heat concentration
was higher in the areas close to the laser beam. As shown in
Fig. 12, increasing the continuous laser power has no effect
on the shape of the temperature field, and only the workpiece
experienced a higher constant temperature line.
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Temperature
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4.2 Velocity distribution

Due to the active elements in the metals, their surface ten-
sion may increase or decrease at the molten pool’s surface
with increasing temperature. So that if the surface tension
gradient was negative, the flow would move from the high-
temperature region to the low-temperature region, and a
Marangoni flow will be formed. Inconel alloy is one of the
metals that have a negative Marangoni coefficient. As can
be seen in Figs. 13 and 14, the flow has been created across
the cross-section of the workpiece from the laser beam’s
center to the mushy zone.

Figure 13 shows that with increasing the speed due
to decreasing temperature and Marangoni force on the
workpiece’s surface, shear stress decreased, which led to
a decrease in molten flow velocity. Figure 14 indicates
the vector of velocity in various continuous wave laser
powers. As the laser power increased, due to the enhance

b)

Temperature
2.850e+03

2.633e+03
2.415e+03
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1.764e+03
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]

|

Fig. 12 Temperature contour on the workpiece’s surface at various laser powers, (a) 400 W, (b) 350 W, and (c) 300 W

of temperature gradient and surface tension gradient,
the velocity of the molten flow increased and led to an
increase in the role of convective heat transfer in the
molten pool.

4.3 Shape and dimensions of the molten pool

Predicting the dimensions of the weld bead in different
laser parameters can lead to the appropriate connection
of the two sheets. Evidently, the major aim of numerical
simulation in this study was evaluation of the temperature
distribution with acceptable accuracy to reach a reason-
able simulation results close to the experimental results.
Although some simplifications considered in the thermal
model, some terms such as evaporation, cavitation, and
formation of plasma plume are neglected. In laser welding
process, the amount of absorbed laser beam to the material
would be highly dependent on material phase such as solid,

@ Springer



776 The International Journal of Advanced Manufacturing Technology (2022) 121:765-784

a) b)
Velocity Velocity
F 1.848e-01 H 1.779e-01
1.386e-01 1.334e-01
9.238e-02 8.896e-02
| 4.619e-02 4.448e-02

0.0006+00 ® | 0.000e+00
[m s*-1] [m sA-1]

©)

Velocity

. 1.558e-01

1.168e-01

7.790e-02

3.895e-02

o s(])\e|l])0a+00 ° |
Fig. 13 Vector of velocity at the cross-section of the workpiece at various welding speeds, (a) 300 mm/min, (b) 400 mm/min, and (¢) 500 mm/min
liquid, or gas. Among different parameters of laser welding, = power level significantly effects on the creation of melt

the laser beam energy density plays a crucial role on the  pool and thereby extension of depth, width, and surface of
created temperature and melt pool dimensions. The laser  the melt pool. The temperature-dependent material density
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Fig. 14 Vector of velocity at the workpiece’s cross-section at various laser powers, (a) 400 W, (b) 350 W, and (c) 300 W
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and thermal conductivity influentially affect the thermal
model predicted temperature and flow of the melted mate-
rial. In this case, the high temperature alloys such as nickel
base superalloys could have the closest results to the real
experiments because of having higher melting point and
lower thermal conductivity. On the other hand, the reflec-
tive metals such as aluminum, magnesium, and brass

a

Mass Fraction
1.000e+00
! 9.231e-01
8.462e-01
7.692e-01
6.923e-01
6.154e-01
5.385e-01
4.615e-01
3.846e-01
3.077e-01
2.308e-01
1.538e-01
7.692e-02
0.000e+00

|

0.500

1.000 2,000 (mm)

) b)

i

1.000 2.000 (mm)

b)

-]

Fig. 15 The molten pool’s shape at various welding speeds, (a) 300 mm/min, (b) 400 mm/min, and (¢) 500 mm/min

1.500

generally create a higher difference with experiment due
to high reflection rate related to the laser beam and low
melting point that lead to the evaporation of molten metal
and cavitation as well. Figures 15 and 16 show the mass
fraction of the melt at different welding speeds and laser
powers, respectively. As seen in these figures, the amount
of created melt was significantly reduced by increasing the

.

.

1.500

Fig. 16 The molten pool’s shape at various laser powers, (a) 400 W, (b) 350 W, and (c) 300 W
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Fig. 17 Comparison of simulation results at welding speeds of (a) 300 mm/min and (c¢) 500 mm/min and experimental results of (b) 300 mm/

min and (d) 500 mm/min for melt pool dimensions

speed and decreasing the laser power. In such a way that by
enhancing the speed up to 500 mm/min, the melt has not
penetrated to the depth of the workpiece.

A comparison of the simulation and experimental
results can be seen in Fig. 17. At a speed of 300 mm/
min, the penetration depth of the molten pool was cre-
ated completely (Fig. 17a, b), and as the welding speed
enhanced, the molten pool’s depth and width decreased
simultaneously (Fig. 17c, d). As it is observed in Fig. 17,
the melt pool dimensions (width and depth) in numerical
simulation are in good agreement with the experimental
results.

Figure 18 indicates the changes in the width of the molten
pool concerning the different welding speeds and laser pow-
ers. It can be seen that the laser power variations had a more
significant effect on the width of the weld bead.

4.4 Microstructural changes of the molten pool

Figure 19 shows the variation of microstructure from the
base metal to the fusion zone due to changes in a tempera-
ture gradient. As can be seen in this figure, with increas-
ing the temperature from 700 °C to the range of 1200 and
1800 °C, microstructural changes are observed from the
base metal to the HAZ region. With further increase in
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temperature in the molten pool to 3200 °C, the shape, size,
and direction of the grains in this area have changed com-
pletely. The shape and size of the grains and the micro-
structure change in the molten pool area consisted of a y
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Fig. 18 The molten pool’s width versus welding speed and laser power
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Fig. 19 Microstructural changes with temperature gradients in the molten pool area, (a) temperature distribution (simulation), (b) melting flow
(simulation), (¢) molten pool microstructure (experiment), (d) HAZ microstructure (experiment), and (e) base metal microstructure (experiment)

solid solution which increased in hardness in this area due
to the intense thermal gradient. Thus, the melting of the
material has led to forming a new microstructure in the
fusion zone.

The temperature gradient variation in the melt pool
extracted via the simulation results from 5 to 5.4S is
observed in Fig. 20. This figure clearly illustrates the
variation of temperature distribution at the fusion zone
and adjacent areas (HAZ and base metal) at different time
steps from the numerical simulation results. Figure 20a
demonstrates the temperature distribution at the time of
beam incident (25-mm distance from the beginning the
welding or time of 5S) instantly. Afterwards, the tempera-
ture distribution at the times from 5.05S to 5.4S shown in
Fig. 20b—f clearly reflects the heat dissipation through the
fusion zone and base metal of the workpiece. Interestingly,
the percent of peak temperature reduction rate from 58S to
5.2S was about 55% while this value was about 18% for
times between 5.2S and 5.4S. It shows that the cooling
rate at the center of the fusion zone has been undertake a
severe reduction trend just after laser beam incident and

got smoothly after 0.2S passed from the beam incident
time. Hence, the microstructure change took place at this
high cooling rate from the melting point to the solid-state
temperature of the material. It can be concluded that the
variation of intense heating from the simulation results can
accurately predict the melt pool dimensions [25] and the
variation of cooling cycle can predict the microstructure
changes of the laser beam welding process for different
metals.

Figure 21 depicts the temperature history just before
and after laser irradiation point during laser welding at
time period from 4 to 7 s. The temperature surged from
4S and reached to the peak value about 1 s and then
sharply diminished at 0.5 s. After 5.5S, the temperature
reduced gradually and reached below the 1000 °C. The
heating and cooling cycle at different points imply that
the center of the fusion zone to the point of 0.25 mm
has had remarkable microstructural changes. The points
from 0.5 to 0.75 mm have been located in the fusion line
region and HAZ according to the melting point of nickel
alloy (1362 °C) [38]. Moreover, the points from 0.75 to
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Fig.20 Temperature distribution at welding speed of 300 mm/min and power of 400 W at 25-mm distance from the workpiece edge for different
times after laser beam incident point for (a) 5S, (b) 5.05S, (¢) 5.1S, (d) 5.2S, (e) 5.3S, and (f) 5.4S
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Fig.21 Temperature history from the center of fusion zone to the
base metal at different distances

1 mm experienced the peak temperature below 1362 °C
which demonstrated no melting and minor microstructural
changes occurred at HAZ.

As it is observed in Fig. 22a, the elemental analysis
at 25 points based on the line scan energy dispersive
spectroscopy (EDS) was performed. The minor changes
of elements weight percentage from base metal to the

HT =15 kV _Mag = 700 X

Fig. 22

HAZ and thereby fusion zone is observed in Fig. 22b.
According to the phase diagram illustrated in Fig. 5, the
Ni percentage for Inconel 625 was about 75 in average
with small variation in different regions. Other elements
such as Cr and Fe did not have evident changes while the
Cr content has had slight variation in HAZ and fusion
line due to experiencing higher thermal cycles. The weld
metal composition was spatially homogeneous, but the
concentration of Cr varied slightly. The change in the
weld metal composition was much more sensitive to laser
power than other parameters because of evaporation of
the melted material and higher beam absorption at the
fusion zone [42].

The clear microstructure change is observed in HAZ
fusion line and the fusion zone as shown in Fig. 23. The
fusion zone microstructure consists of columnar dendrites
as a result of severe cooling effect. This structure seems to
be coarser than base metal.

As it is observed in Fig. 23a, the solidification mode
is changed in the fusion zone from the fusion line toward
the center of the melt pool [43, 44]. The weld metal
microstructure near the heat-affected zones at fusion
line has a columnar dendritic structure. The solidifica-
tion rate (cooling rate) in the center of fusion zone has
the maximum rate whereas this value is minimum in
fusion; therefor, the resultant microstructure is changed
from columnar dendritic to equiaxed structure (see
Fig. 23b) [45].
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Line scan energy dispersive spectroscopy (EDS) from the base metal to the fusion zone, (a) microstructure, (b) element percentage
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Fig. 23 Microstructural changes from the base metal to the fusion zone, (a) at different regions, (b) fusion zone

5 Conclusions

In this study, the welding speed and laser power effects dur-
ing the continuous wave laser welding process of the Inconel
625 sheet were investigated by finite volume and experi-
mental methods. In order to model the energy absorbed in
the workpiece, surface and volumetric heat flux were used.
Also, due to the high-temperature gradient during the weld-
ing process, the thermal conductivity, density, and specific
heat capacity were defined as a function of temperature. The
results are as follows:

e By enhancing the laser power from 300 to 400 W, the
peak temperature in the laser beam’s center at 25 mm
from the beginning of the workpiece increased to 697 °C.
The simulation results also showed that reducing the
laser power to 300 W led to no penetration of the melt
into the depth of the workpiece.

e As the welding speed increased, the constant tempera-
ture lines on the surface of the part became ellipsoid
which led to a decrease in the HAZ and the melting
ratio.

e Marangoni flow played a key role in determining the
shape and dimensions of the molten pool so that by
reducing the welding speed to 200 mm /min, the melt
flow rate increased by 29 mm /5.

@ Springer

e By increasing the temperature from 700 °C to the range
of 1200 and 1800 °C, microstructural changes have
occurred from the base metal to the HAZ region, result-
ing in the formation of the austenitic coarse-grained
structure relative to the base metal austenitic structure.
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