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Keyhole mode wobble laser welding is gaining increasing acceptance due to its ability to bridge gaps, refine
microstructure, and enhance the mechanical properties of welds. However, the impact of amplitude, frequency,
welding speed, laser beam power, and beam radius on the heat flux distribution, melting pattern, and three-
dimensional temperature field is not well understood. To address this need, here we report a combined exper-
imental and computational study to investigate the effects of the key wobble welding parameters on the energy
distribution impinging on the welding track, keyhole formation, three-dimensional fluid flow and heat transfer
during wobble laser welding of Inconel 740H. The modeling results were rigorously tested using experiments in
which the welding speed, laser power, and wobble amplitude and frequency were varied. A bimodal power
density distribution with higher power density near the edge than in the middle of the track occurred when the
wobble amplitude significantly exceeded the laser beam diameter. A high wobble amplitude resulted in a wide
and shallow pool while the wobble frequency used in this work did not significantly impact the fusion zone
geometry. A set of process maps were constructed to understand the role of wobble laser parameters in achieving
a desirable fusion zone geometry during keyhole mode wobble laser welding. Finally, wobble laser welding with
a high amplitude was found to favor rapid solidification and the formation of finer solidification microstructure.

1. Introduction

Keyhole-mode wobble laser welding engages the oscillation of a laser
beam often rapidly traversing along circular paths with a high frequency
while moving along a linear welding track (Fig. 1). The circular move-
ment of the beam distributes the laser energy over a large area and af-
fects the fusion zone geometry. This technique can improve gap
bridgability [1] and weldability [2], refine microstructures [3], achieve
superior mechanical properties [4,5], promote the formation of equi-
axed grains [5,6], minimize porosity [7,8] and cracking [9] and facili-
tate dissimilar alloy welding [10]. Because of these advantages, the
technique is gaining increasing acceptability in the manufacturing in-
dustry. However, many welding parameters such as wobble amplitude,
frequency, laser power, scanning speed, laser beam radius, and the
thermophysical properties of the alloy affect the power distribution
patterns, fusion zone geometry, and the temperature field. The oscilla-
tion of the laser beam can alter the energy distribution, leading to sig-
nificant variations in the temperature fields and fusion zone shape and
size. Currently, there is no framework other than trial-and-error testing
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to select the wobble welding variables to control fusion zone geometry,
the temperature field, cooling rates, and microstructure. Thus, there is a
need to develop a better understanding of the effects of wobble welding
parameters during keyhole mode wobble laser welding of important
alloys.

Nickel-based superalloys are commonly used in high-temperature
applications such as gas turbines, jet engines, and nuclear reactors due
to their excellent mechanical properties and corrosion resistance. An
important alloy in this class is Inconel 740H which is a precipitation
hardenable alloy containing significant amounts of chromium, cobalt,
and smaller concentrations of other alloying elements in nickel.
Modeling the effects of key wobble welding parameters on laser energy
distribution, fusion zone geometry, fluid flow, and three-dimensional
heat transfer during keyhole mode wobble laser welding of Inconel
740H can provide insight into the welding process. Because of the
complexity of the physical processes, some simplifications have been
made to understand the process and the weld. For example, statistical
regression has been used to correlate fusion zone geometry with pro-
cessing variables [11]. The approach is valid only for the range of
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Fig. 1. A schematic diagram of wobble laser welding process. The circular
wobble path is shown in blue. The width of the circular wobble path is called
the amplitude. The width of the weld track is roughly equal to the summation of
the amplitude and twice the laser beam radius. The number of rotations of the
laser beam along the circular path per unit time is called the frequency. (For
interpretation of the references to color in this figure, the reader is referred to
the web version of this article.)

process variables investigated and the alloy and does not uncover any
scientific insight that often results from research. Heat conduction
models have been proposed to understand the fusion zone attributes
[12]. However, these investigations do not consider the convective heat
transfer which is often the primary mechanism for heat transfer in the
fusion zone. Finally, the numerical modeling of the heat and fluid flow of
the wobble laser welding is just beginning [13]. The initial work
involved the application of a commercial software to understand heat
transfer and fluid flow. Apart from the high cost of licensing such soft-
ware, the customization of all general-purpose packages to adequately
represent the complex physics of wobble welding remains a major
challenge. In addition, the computational overhead built into flexible
commercial software applicable to diverse manufacturing often make
these impractical for the keyhole-mode wobble laser welding. We
developed a three-dimensional model of heat and fluid flow during
keyhole mode wobble laser welding by extending keyhole welding
models developed and rigorously tested at Penn State over an extended
time [14-17]. The model was tested by conducting experiments for
different values of welding speed, laser power, and wobble amplitude
and frequency.

Here we investigate the effects of wobble welding parameters on the
fusion zone geometry, temperature fields, cooling rates, and the scale of
solidification structure during the keyhole-mode wobble laser welding
of Inconel 740H. A three-dimensional heat transfer and fluid flow model
was used to compute the temperature field and fusion zone shape and
size and the simulated results were validated using experiments. Spe-
cifically, we examined the effects of the wobble amplitude, frequency,
laser power, and welding speed during welding. The effects of wobble
parameters on cooling rates during solidification and solidification
microstructure of Inconel 740H are also investigated. The results of this
study provide insights into the selection of variables during the keyhole-
mode wobble laser welding of Inconel 740H. A set of easy-to-use process
maps are presented for understanding the role of wobble welding pa-
rameters on the fusion zone geometry.
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2. Methodology

2.1. Heat transfer and fluid flow model of keyhole mode wobble laser
welding

A three-dimensional heat and fluid flow model for the keyhole-mode
wobble laser welding was developed, validated with experiments, and
used in this research. The model worked in three steps. First, it calcu-
lated the spatial distribution of the laser energy density resulting from
the wobble movement of the laser beam. Second, a time average of the
energy density was estimated and used to predict the keyhole geometry
in 3D by performing a heat and pressure balance on the walls of the
keyhole. Finally, it computed the 3D temperature and velocity fields
considering the main physical process such as 3D heat transfer in the
workpiece, melting, flow of molten metal primarily driven by the spatial
surface tension gradient, formation of the two-phase solid-liquid mushy
zone, and solidification. These three steps are discussed below:

2.1.1. Assumptions
Below are several simplified assumptions made to make heat transfer
and fluid flow calculations tractable:

e A quasi-steady state was assumed where the temporal variations in
the temperature and velocity fields and molten pool geometry were
not explicitly captured [18]. The effects of welding speed were
considered by introducing a source term in the energy conservation
equation.

e A time-averaged value of the laser power density was taken to

calculate the keyhole geometry. The computational approach as-

sumes that the wobble amplitude is not significantly larger than the
spot diameter.

The recoil pressure on the top surface of the molten pool due to the

evaporation from the keyhole can create a curved molten pool sur-

face. Here we assumed a flat top surface of the molten pool to

simplify the calculations [14].

Molten metals were assumed to be Newtonian and incompressible.

e Turbulence in the convective flow of molten metal was considered by

enhancing the thermal conductivity and viscosity of the liquid

[19,20].

Thermophysical properties of the alloy used were taken as temper-

ature independent for simplicity.

e The temperature inside the keyhole was kept constant at the boiling

point of the alloy used. The temperature at which the summation of

the equilibrium vapor pressures of all the constituting elements add

up to 1 atm was considered as the boiling point of the alloy [21].

The absorptivity was assumed to be constant ignoring the effects of

plasma attenuation and scattering of the laser beam. [14]

2.1.2. Calculation of power density distribution

We calculated the spatial distribution of the laser energy density on
the top surface of the workpiece resulting from the wobble movement of
the laser beam. The circular wobble movement of the beam distributes
the laser energy over a larger area compared with linear movement and
thus controls the fusion zone geometry. For a circular wobble path with
an amplitude A, frequency f, and welding speed V, the location (x, y) of
the laser beam axis at time t is given by:

A
x = Scos 2r ft + Vi (€]

A
y= ESin 27 ft 2
Here, x and y represent the direction along the length and width,
respectively. The welding direction is considered the length direction. At
a given location of the laser beam axis (x, y), the laser power density (P4)
on the top surface of the workpiece is represented as:
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Fig. 2. (a—c) Spatiotemporal variation of laser power density at three different positions of the laser beam axis (shown by black dots on wobble path). (d) Power
density at point ‘B’ shown in figure (a). (e) Time-integrated power density along the path ABC. The results are for 5 kW laser power, welding speed of 12.7 mm/s, 1.6
mm wobble amplitude, and 300 Hz frequency. Other welding parameters are provided in Table 1.

467



T. Mukherjee et al.

Table 1
Keyhole mode wobble laser welding process variables used in this
research.
Process parameters Values
Laser power (kW) 5,7.5,10
Welding speed (mm/s) 12.7, 25.4
Laser beam radius (mm) 0.5
Wobble amplitude (mm) 0.4,1.6
Wobble frequency (Hz) 150, 300, 411
Workpiece thickness (mm) 12.7

Fig. 3. 3D temperature and velocity distributions during keyhole-mode wobble
laser welding of Inconel 740H. Two different 3D isometric views are shown in
(a) and (b). The results are for 5 kW laser power, the welding speed of 12.7
mm/s, 0.4 mm wobble amplitude, and 300 Hz frequency. Other welding pa-
rameters are provided in Table 1.

7dePe { 3
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7T}
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b

7
where P is the laser power, r, is the beam radius, ¢ is the absorptivity,
and d is the distribution factor whose value [14-17] is between 1 and 3.
The values of the power density are cumulatively added as the laser
beam travels along the circular wobble path. Fig. 2 (a—c) show the power
density distribution on the top surface of the workpiece at different lo-
cations of the laser beam axis along the circular wobble path. The pro-
cess parameters are reported in Table 1. The circular movement of the
laser beam distributes the laser energy over an area that results in
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significant spatial variations in the power density. In addition, the power
density at a given location on the workpiece varies with time during
welding. For example, Fig. 2 (d) shows the variation in power density at
location ‘B’ (see Fig. 2 (a)) with time. These spatiotemporal variations
are the cause behind the evolution of a wide variety of fusion zone ge-
ometry during wobble laser welding. Fig. 2 (e) shows the variation in the
power density along the width direction (Along path ABC in Fig. 2 (a)) at
the mid-length of the weld. This variation of the power density is a
strong function of wobble welding parameters. This power density dis-
tribution is taken as an input to predict the keyhole geometry as dis-
cussed below.

2.1.3. Prediction of keyhole geometry

In this numerical model, the geometry of keyhole was computed by
performing a heat balance as well as pressure balance on a point-by-
point basis on the keyhole wall [14,15]. The calculation procedure
relied on welding variables and material properties and involved the
following steps. First, an initial geometry of keyhole was established by
conducting a point-by-point balance of energy [14,15] on the walls of
the keyhole, with further details given in the Supplementary Document.
The boiling point of the alloy was determined from the equilibrium
vapor pressures of all alloying elements versus temperature data [22]
and the activities of all alloying elements assuming Roultian behavior
near the boiling point [14]. To account for the laser beam’s multiple
inter-reflections within the keyhole, the number of inter-reflections was
calculated using the keyhole geometry [14]. The beam attenuation was
computed using a plume attenuation coefficient. The initial keyhole
geometry was then adjusted to consider the energy absorption due to
multiple reflections and the energy attenuation caused by metal vapor or
plasma. Once the initial keyhole geometry had been calculated, the
keyhole geometry data was stored in a data file for further analysis.

Next, the temperatures on the keyhole walls were adjusted based on
the pressure balance on the wall. Within a stable keyhole region, the
vapor pressure tended to sustain the cavity of the vapor, while the hy-
drostatic pressure and the surface tension worked to close the keyhole.
The force balance on the walls of the keyholes was represented as:
r(T)

P+
r(z)

P, = 4

+pgz

where P, represents the vapor pressure within the keyhole, P, represents
the surrounding pressure, y(T) refers to the surface tension at the local
temperature (T) of the keyhole wall, p is the material density, and g is the
gravitational acceleration. The function r(z) represents the average
keyhole radius at a particular depth z from the top surface, and it is
considered half of the keyhole diameter in the welding direction. Using
Eq. (4), the vapor pressure at any depth z can be computed based on the
recorded data of the keyhole geometry in the initial stage. Afterward, by
assuming an ideal solution behavior, the equilibrium temperature versus
pressure relation can be utilized to determine the temperature at any
given depth along the keyhole walls.

Finally, the modified values for the temperatures along the keyhole
wall at all keyhole depths were used to conduct a point by point balance
of energy. After that, the pressure and energy balance were performed
repeatedly to rectify the keyhole geometry and temperature of the
keyhole wall. The iterations were finished when the depth of the keyhole
reached an accuracy of 10~* mm.

2.1.4. Computations of 3D temperature and velocity fields

Following the computation of the keyhole’s geometry, the resulting
profile was transferred to a domain suitable for analyzing heat transfer
and fluid flow [14]. The conservation equations of momentum, mass,
and energy (see the Supplementary Document) were solved to calculate
the 3D temperature and velocity distributions. The conservation equa-
tions for heat transfer and fluid flow were solved in three dimensions for
the entire workpiece. The governing equations were discretized in a 3D
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Fig. 4. (a) 3D molten pool geometry showing a cut view of a longitudinal plane at the mid-width of the weld. Transverse views of the molten pool at (b) section A, (c)
section B, and (d) section C. The sections are shown in figure (a). (e) Transverse view of the fusion zone. The results are for 5 kW laser power, the welding speed of
12.7 mm/s, 0.4 mm wobble amplitude, and 300 Hz frequency. Other welding parameters are provided in Table 1.

Cartesian coordinate using the control volume method, where the
computational domain was divided into small rectangular control vol-
umes. For the area within the keyhole, the coefficients and source terms
in the conservation equations were adjusted to determine the modified
temperature of the keyhole’s walls at various depths and with no fluid
velocity. The governing equations and boundary conditions are docu-
mented in the supplementary document. The boundary conditions were
applied as follows:

e On the top surface, excluding the area around the keyhole, the
boundary condition for velocity was determined by the Marangoni
effect. Because there is little outward flow on the top surface, the
velocity component along the vertical direction was set to zero.
Convective and radiative heat losses were applied as boundary
conditions to the conservation equation of energy [14].

e The temperature of the keyhole wall was fixed by assigning an
appropriate enthalpy value at a given depth. No mass flux was pre-
sent due to convection, so the velocity component perpendicular to
the keyhole surface was set to zero for the stable keyholes formed
under the processing conditions used. Melt flow occurred along the
vertical direction as a result of the temperature gradient along the
keyhole wall.
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e For all other workpiece surfaces, there was no melt flow, so the fluid
velocities along all three directions were fixed at zero. In addition,
radiation and convective heat transfer boundary conditions were
applied [14].

The thermophysical properties of Inconel 740H required in the
simulations were calculated using a commercial package JMatPro and
are reported in the Supplementary Document. Calculations were per-
formed in the Cartesian coordinate where the welding direction was
taken along the X-axis. The numerical model was built by developing an
in-house Fortran code that was compiled in an Intel Compiler.

2.2. Experimental procedure

An IPG Photonics® YLR-12000-L ytterbium fiber laser was used to
produce multiple welds on 12.7 mm thick plates of Inconel 740H. The
laser was supplied with the help of a robotic welding system. The fiber
laser system used a focal distance of 150 mm, a fiber diameter of 200 pm,
and focusing distance of 600 mm [23]. Approximately 50 mm long
welds were fabricated. The laser power was 5 kW, 7.5 kW, and 10 kW
and the welding speed ranged from 12.7 mm/s to 25.4 mm/s. A beam
diameter of 1.04 mm in sharp focus was used. Rayleigh length and the
divergence angle were 29.4 mm and 34.2 milli radian (mrad),
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Fig. 5. Variations in power density with amplitude of (a) 0 mm, (b) 0.4 mm, and (c) 1.6 mm. Variations in molten pool geometry with amplitude of (d) 0 mm, (e) 0.4
mm, and (f) 1.6 mm. The results are for 5 kW laser power, the welding speed of 12.7 mm/s, and 150 Hz frequency. Other welding parameters are provided in Table 1.

respectively. A Primes® Focus Monitor measured the beam parameter as
8.9 mm x mrad. A circular wobble pattern [24-26] was used to make
the welds where the amplitudes were 0.4 mm and 1.6 mm. In addition,
wobble frequencies of 150 Hz, 300 Hz, and 411 Hz were used.
Transverse cross-sections of the weld samples were produced by
using the well-known techniques and the samples were polished with a
slurry of 1 pm diamond powders. An etchant called the Lucas solution
(150 mL HCI + 3 g oxalic acid + 50 mL lactic acid) was used for elec-
trolytic etching of the samples. The etching was performed at an electric
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potential of 4 V and was continued for several seconds until the
boundaries of the fusion zone were clearly visible. A Zeiss optical mi-
croscope was used to take several high-resolution images. ImageJ soft-
ware was used to analyze the images for measuring the weld dimensions.
Measurements of weld dimensions were taken at three cross-sections of
the welds to report the average and standard deviation values. A scan-
ning electron microscope (SEM) was employed to characterize the so-
lidification microstructure.
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Fig. 6. Comparison between computed and experimentally measured fusion zones for (a) linear welding and for wobble welding with amplitudes of (b) 0.4 mm and
(c) 1.6 mm. The results are for 5 kW laser power, the welding speed of 12.7 mm/s, and 150 Hz frequency. Other welding parameters are provided in Table 1.

Fig. 7. Variations in power density and molten pool geometry with frequencies. (a) Power density and (b) molten pool are shown at 150 Hz. Since the frequency does
not have a significant effect on the power density and molten pool geometry, results for 300 Hz and 411 Hz frequencies are not shown. Comparison between
computed and experimentally measured fusion zones at frequencies of (c) 150 Hz, (d) 300 Hz, and (e) 411 Hz. The results are for 7.5 kW laser power, the welding
speed of 12.7 mm/s, and 0.4 mm wobble amplitude. Other welding parameters are provided in Table 1.
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Fig. 8. Variations in power density with laser power of (a) 5 kW, (b) 7.5 kW, and (c) 10 kW. Variations in molten pool geometry with laser power of (d) 5 kW, (e) 7.5
kW, and (f) 10 kW. The results are for 12.7 mm/s welding speed, 1.6 mm wobble amplitude, and 411 Hz frequency. Other welding parameters are provided
in Table 1.

472



T. Mukherjee et al.

Journal of Manufacturing Processes 106 (2023) 465-479

Fig. 9. Comparison between computed and experimentally measured fusion zones at laser powers of (a) 5 kW, (b) 7.5 kW, and (c) 10 kW. The results are for 12.7
mm/s welding speed, 1.6 mm wobble amplitude, and 411 Hz frequency. Other welding parameters are provided in Table 1.

3. Results and discussions
3.1. 3D temperature and velocity fields and fusion zone geometry

The 3D temperature and velocity distributions when the laser beam
is positioned at the half-length of the track during the keyhole mode
laser wobble welding of Inconel 740H are shown in Fig. 3. In the figure,
the region surrounded by the solidus isotherm (1563 K) of Inconel 740H
indicates the molten pool. The region between the solidus (1563 K) and
liquidus (1623 K) isotherms represents the two-phase mushy zone. The
red region bound by the boiling point (3063 K) isotherm is the keyhole.
Isotherms are compressed near the front of the molten pool, while they
are elongated near the trailing edge due to the welding speed along the
length direction. The flow velocity of the liquid material is represented
by black vectors. The flow is mainly driven by the spatial surface tension
gradient on the molten pool top surface. To find the absolute magnitudes
of the velocities, the length of the velocity vectors needs to be compared
with the length of the reference vector provided in the figure. The liquid
metal flow occurs on the molten pool top surface from the mid-location
where surface tension is low (at a high temperature) to the boundary at
high surface tension (where the temperature is low). Two different 3D
isometric views are shown to emphasize the 3D complex geometry of the
molten pool. At the center of the molten pool where a keyhole forms
because of the accumulation of high energy, the molten pool shows a
deep finger-like penetration depth. In contrast, the molten pool is rela-
tively wider and shallower near the trailing edge. This complex shape of
the molten pool controls the fusion zone geometry as explained in Fig. 4.

Fig. 4 (a) shows a 3D isometric cut view of Fig. 3 (a) to reveal the
internal features of the molten pool on a longitudinal section along the
welding direction. A deep and narrow keyhole bound by the boiling
point (3063 K) isotherm can be seen near the front of the molten pool.
The transverse sections of the molten pool perpendicular to the welding
direction are shown at three different planes (Fig. 4 (b—d)). It can be seen
that the depth of the molten pool is the highest near the keyhole and is
largely controlled by the keyhole depth (Fig. 4 (b)). However, the pool is
the widest in section C (Fig. 4 (d)). The resulting fusion zone geometry
(Fig. 4 (e)) forms due to the combined effects of these different cross-
sections. The fusion zone depth is the same as the pool depth in sec-
tion A in Fig. 4 (b) and the width is the same as the pool width in section
C in Fig. 4 (d). This unique fusion zone geometry is strongly dependent
on the wobble welding parameters as discussed below.

3.2. Effects of wobble amplitude, frequency, laser power, and welding
speed

Since the spatiotemporal variations in laser power density and the
resulting fusion zone geometry are dependent on the variables wobble
amplitude, frequency, laser power, and welding speed, it is important to
understand their effects to effectively control the fusion zone geometry.
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3.2.1. Wobble amplitude

Fig. 5 shows the variations in the power density distribution and
resulting molten pool geometry at different wobble amplitudes for
constant laser power, welding speed, and wobble frequency. Since the
same laser energy is distributed over a larger area at a higher wobble
amplitude, the peak power density is significantly reduced. The peak
power density decreases from linear welding (Fig. 5 (a)) to wobble
welding with an amplitude of 0.4 mm (Fig. 5 (b)) and 1.6 mm (Fig. 5
(). It is interesting to note that the peak power density at 1.6 mm
amplitude is observed near the periphery of the wobble path. The
decrease in power density at high wobble amplitudes also results in
smaller pools with shallower keyholes inside. The molten pool size de-
creases from linear welding (Fig. 5 (d)) to wobble welding with an
amplitude of 0.4 mm (Fig. 5 (e)) and 1.6 mm (Fig. 5 (f)). The calculated
fusion zone transverse sections for linear welding as well as for wobble
welding at two different wobble amplitudes match well with the cor-
responding experimental results (Fig. 6) which indicates that the model
can effectively capture the effects of wobble amplitude on the variations
in laser power density and the resulting pool dimensions and fusion zone
geometry.

3.2.2. Wobble frequency

Fig. 7 shows the variations in the power density distribution and
resulting molten pool geometry at different wobble frequencies for
constant laser power, welding speed, and wobble amplitude. Since the
frequencies used in this work do not affect the area within which the
laser power is distributed per unit time, it has minimal impact on the
power density distribution. Therefore, the molten pool shape and size
remain almost unchanged at different wobble frequencies. Since the
frequency does not have a significant effect, the power density (Fig. 7
(a)) and molten pool (Fig. 7 (b)) are shown at 150 Hz. The calculated
fusion zone transverse sections at three different wobble frequencies
match well with the corresponding results from experiments (Fig. 7
(c-€)). Both the computed and experimental results indicate a minimal
effect of frequency on fusion zone geometry.

3.2.3. Laser power

Fig. 8 shows the variations in the power density distribution and
resulting molten pool geometry at different laser powers for constant
welding speed, wobble amplitude, and wobble frequency. The peak
power density is proportional to laser power (Fig. 8 (a—c)). For example,
the peak power density rises from about 4 MW,/mm> (Fig. 8 (a)) to about
8 MW,/mm? (Fig. 8 (c)) when the laser power increases from 5 kW to 10
kW. The increase in the power density at higher laser powers also
resulted in larger molten pools with deep keyholes inside (Fig. 8 (d-f)).
The calculated fusion zone transverse sections at three different laser
powers match well with the corresponding experimental results (Fig. 9).
Both the computed and experimental results indicate the formation of
deeper keyholes at higher laser powers.
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Fig. 10. Variations in power density with welding speed of (a) 12.7 mm/s and (b) 25.4 mm/s. Variations in molten pool geometry with welding speed of (c) 12.7
mm/s and (d) 25.4 mm/s. Comparison between computed and experimentally measured fusion zones at welding speeds of (e) 12.7 mm/s and (f) 25.4 mm/s. The
results are for 5 kW laser power, 1.6 mm wobble amplitude, and 300 Hz frequency. Other welding parameters are provided in Table 1.
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Fig. 11. Comparison between computed and experimentally measured pool depths at different laser powers and welding speeds for (a) linear welding, (b) wobble
amplitude of 0.4 mm, and (c) wobble amplitude of 1.6 mm. Comparison between computed and experimentally measured pool widths at different laser powers and
welding speeds for (d) linear welding, (e) wobble amplitude of 0.4 mm, and (f) wobble amplitude of 1.6 mm. The results are for 300 Hz frequency. Other welding

parameters are provided in Table 1.

3.2.4. Welding speed

Fig. 10 shows the variations in the power density distribution and
resulting molten pool geometry at different welding speeds for constant
laser power, wobble amplitude, and wobble frequency. A laser beam
travels more distance at a higher welding speed increasing the area on
which the laser power is distributed. Since the same laser energy is
distributed over a larger area at a higher welding speed, the peak power
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density is significantly reduced. For example, the peak power density
decreases from about 3 MW/mm? (Fig. 10 (a)) to about 1.5 MW,/mm?
(Fig. 10 (b)) when the welding speed increases from 12.7 mm/s to 25.4
mm/s. The reduction in the power density at higher welding speeds also
resulted in smaller molten pools with shallow keyholes inside (Fig. 10
(c—d)). The calculated fusion zone transverse sections match well with
the corresponding experimental results (Fig. 10 (e-f)) both indicating
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Fig. 12. Process maps for fusion zone width with respect to (a) laser power and welding speed, (b) laser power and wobble amplitude, and (c) welding speed and
wobble amplitude. Process maps for fusion zone depth with respect to (d) laser power and welding speed, (e) laser power and wobble amplitude, and (f) welding
speed and wobble amplitude. The contour values in the maps represent the fusion zone width and depth in millimeters. For figures (a) and (d), the amplitude is kept
constant at 1.0 mm. For figures (b) and (e), the scanning speed is kept constant at 18 mm/s. For figures (c) and (f), laser power is kept constant at 7 kW. For all
figures, frequency is kept constant at 300 Hz. Other welding parameters are provided in Table 1.

the formation of narrower and shallower fusion zone at higher welding
speeds.

Fig. 11 provides comparisons between computed and experimentally
measured pool depths and widths at different laser powers and welding
speeds for linear welding as well as for wobble welding with different
wobble amplitudes. The good agreement between the computed and
experimental results indicates that the model can accurately capture the
effects of wobble welding parameters on fusion zone geometry and
provides us the confidence to use the well-tested model for constructing
process maps as discussed below.

476

3.3. Process maps for keyhole mode wobble laser welding

Fusion zone width and depth are important in keyhole mode weld-
ing. Here we constructed several process maps (Fig. 12) to show how the
fusion zone width and depth can be controlled by modifying the wobble
welding process parameters. The contour values in the maps represent
the fusion zone width and depth in millimeters. Fig. 12 (a) and (d) show
process maps of the fusion zone width and depth, respectively for
various laser powers and welding speeds. Both width and depth of the
fusion zone increase at higher laser power and slower welding speed. For
example, an increase in laser power from 5 to 10 kW at a scanning speed
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Fig. 13. (a) Variations in cooling rates during solidification along the depth of the workpiece at different wobble amplitudes. The results are for 5 kW laser power,
the welding speed of 12.7 mm/s, and 300 Hz frequency. Other welding parameters are provided in Table 1. (b) Linear correlation between the logarithm of secondary
dendrite arm spacing (SDAS) and the logarithm of cooling rate during solidification at different wobble amplitudes. The data points are for different laser powers and
welding speeds. The frequency is kept constant at 300 Hz. Other welding parameters are provided in Table 1. (c-d) SEM images showing the dendritic solidification

microstructure for two cases indicated in figure (b).

of 18 mm/s increases the fusion width and depth by about 1 mm and 4
mm, respectively.

Fig. 12 (b) and (e) show process maps of the fusion zone width and
depth, respectively for various laser powers and wobble amplitudes.
Both width and depth of the fusion zone increase at higher laser power
because of an enhancement in heat input. However, a decrease in power
density at high wobble amplitudes results in shallower fusion zones
(Fig. 12 (e)). For a given laser spot size, the fusion zone width is almost
linearly proportional to amplitude (Fig. 1). However, a high wobble
amplitude reduces the power density and tends to decrease the fusion
zone width. Because of these two opposing effects, the change in fusion
zone width (Fig. 12 (b)) with amplitude is significantly less compared to
its effects on fusion zone depth (Fig. 12 (e)). Fig. 12 (c) and (f) show
process maps of the fusion zone width and depth, respectively for
various scanning speeds and wobble amplitudes. Both low speed and
amplitude increase the power density and result in a deeper fusion zone
(Fig. 12 (f)). Welding speed has more impact on fusion zone width
compared to wobble amplitude as evident from the low horizontal
slopes of the contour lines (Fig. 12 (c)). When similar process maps are
constructed and tested for diverse materials covering a wide range of
processing conditions, they can be useful on the shop floor for selecting
appropriate sets of process parameters without trial and error.
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3.4. Cooling rates and dendrite arm spacing

Solidification parameters, temperature gradient (G) and solidifica-
tion growth rate (R), are important because their product (GR) indicates
the cooling rate during solidification that affects the solidification mi-
crostructures. The difference of the values of the liquidus and solidus
temperatures was divided by the mushy zone length to compute the
temperature gradient (G). In addition, solidification rates (R) were
calculated by multiplying the cosine of the angle of the local solidifi-
cation direction with the welding speed. Cooling rate (GR) affects the
coarsening of the solidification structure, with lower cooling rates
leading to coarser microstructures [27]. Fig. 13 (a) showed the com-
parison of cooling rates obtained along the center longitudinal plane
between different wobble conditions under 5 kW laser power and the
welding speed of 12.7 mm/s. The temperature gradient increased with
higher amplitude due to the decrease in the weld pool length, which
shortened the distance between liquidus and solidus isotherms. The
solidification rate decreased with higher amplitude since the slope of the
solidification front becomes lower near the bottom of the weld pool.
Thus, welding with higher amplitudes resulted in faster cooling.

The calculated cooling rate was correlated with the size of the so-
lidification structure, especially the secondary dendrite arm spacing
(SDAS). SDAS was measured by locating at least eight consecutive sec-
ondary dendrite arms and a minimum of 30 intercepted secondary
dendrite arms were measured at selected locations along the build
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height. It has been reported [28-30] that there is a linear relationship
between log(GR) and log(SDAS), with a theoretical slope varying be-
tween —0.5 to —0.2. As shown in Fig. 13 (b-d), the calculated log(GR)
values and the experimentally determined log(SDAS) values roughly
displayed a linear relationship, and the fitted line has a slope of —0.22.
The results indicated that the model can readily capture process con-
ditions during the high-power laser welding process. Using this corre-
lation, the scale of the solidification structure can be estimated with the
calculated cooling rate.

4. Summary and conclusions

In this research, we uncovered the effects of wobble welding pa-
rameters, laser power, welding speed, amplitude, and frequency, on the
laser energy distribution, keyhole formation, and fusion zone geometry
during keyhole-mode wobble laser welding of Inconel 740H. We
developed, tested, and used a 3D heat transfer and fluid flow model of
keyhole mode wobble laser welding. Experiments were performed at
different processing conditions to rigorously test the model results.
Below are the specific findings:

(1) For a laser beam with a given power and welding speed, the
fusion zone geometry can be effectively controlled by adjusting
the wobble amplitude. In contrast, the wobble frequency above
150 Hz did not significantly impact the fusion zone geometry
because of its minimal effect on the power density distribution.
As expected, low power density at a high wobble amplitude
resulted in a wide and shallow pool.

When the wobble amplitude was significantly larger than the
laser beam diameter, the impinging power density distribution on
the welding track showed a bimodal distribution with peak power
densities near the edges of the track and lower power density in
the middle of the track. A high laser power and slow welding
speed resulted in a fusion zone characteristic of a keyhole mode
linear welding for the range of wobble amplitude and frequency
investigated.

Cooling rate during solidification (GR), where G is the tempera-
ture gradient and R is the solidification growth rate, increased
with amplitude. Therefore, wobble laser welding was found to
favor rapid solidification and the formation of finer solidification
microstructure.

Process maps of the fusion zone width and depth constructed in
this work proved that the fusion zone width can be increased at a
high laser power and wobble amplitude and low welding speed.
Thus, the data demonstrate that wobble laser welding at high
amplitudes can fill gaps in the mating surfaces of large work-
pieces. In contrast, a high laser power and low wobble amplitude,
and welding speed were found to increase the fusion zone depth.
Process maps resulting from this work can be useful on the shop
floor for selecting appropriate sets of process parameters without
trial and error.
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