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ABSTRACT

The lightweight titanium alloys possess good resistance to corrosion and temperature. They 
are used in turbine engines and aircraft structures. The strength of weld joint is dependent 
on thermal history in the weld zone and the weld bead geometry. The quality of weld can 
be improved by specifying the optimal welding parameters. Trial-and-error experimental 
methods are time-consuming and expensive. This paper deals with Computational Fluid 
Dynamics (CFD) models to carry out three-dimensional thermo-fluid analysis. Buoyancy 
and Marnangoni stress are incorporated. Temperature dependent properties of Ti-6Al-4V 
alloy and the process conditions are specified for generating the weld bead profile. The 
CFD model is validated initially through comparison of existing test data. Further studies 
are made by conducting tests on the pulsating laser welding of Ti-6Al-4V alloy. The 
effects of welding speed, pulse width and pulse frequency on the weld bead geometry are 
examined. This study confirms the adequacy of modeling and simulations of weld bead 
geometry with test results.

Keywords: Beam diameter, frequency, power, pulse width, weld bead

INTRODUCTION

Welding is one of the critical technologies 
in most of the relevant engineering 
applications.  Gas Tungsten Arc Welding 
(GTAW) and Electron Beam Welding 
(EBW) are widely being used in aerospace, 
automotive, chemical, food, medical and 
nuclear industries. Laser Beam Welding 
(LBW), a fusion joining technique, is 
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characterized by small Heat Affected Zone (HAZ) and Fusion Zone (FZ), and minimal 
distortion. Advanced research is directed towards development of modeling and simulation 
tools, in addition to the process control in welding metallurgy (Wu et al., 2018; Ruan et al., 
2018; Dal & Peyre, 2017; D’Ostuni et al., 2017; Popescu et al., 2017). Extensive studies are 
made on laser weld joint properties of metallic materials such as Al-based alloys (Zhang 
et al., 2017), AZ31 alloy (Lu et al., 2018), Al-steel (Cui et al., 2017; Casalino et al., 2017), 
steels (Górka & Stano, 2018; Mohammed et al., 2017; Xue et al., 2017; Evin & Tomáš, 
2017), and Ti-based alloys (Zeng et al., 2017; Sánchez-Amaya et al., 2017; Caiazzo et al., 
2017b). Mashinini & Hattingh (2018) have utilized LBW for joining 3 mm thick Ti-6Al-
4V alloy sheets. Chmelíčková et al. (2020) have characterized butt welds of Ti-6Al-4V 
alloy sheets. Welding has been performed using a pulsed Neodymium-doped Yttrium 
Aluminum Garnet (Nd:YAG) laser under argon shielding gas atmosphere. The effects of 
LBW processes for titanium alloys are examined on weld pool shape, bead width, HAZ 
and other weld bead characteristics.

Kumar et al. (2017) have performed LBW of Ti-6Al-4V alloys in butt configurations. 
Rajulu et al. (2018) have conducted experiments to examine the weld bead characteristics 
considering the process variables (such as pulse frequency, pulse width, welding speed, 
and pulse energy). Empirical relations are developed using response surface methodology 
(RSM) for the bead geometry in terms of the process variables. Caiazzo et al. (2017a) 
have conducted number of weld trials on Ti-6Al-4Vplates in corner joint followed by 
microstructure and microhardness tests. Optimal LBW process variables are identified with 
minimal undercut and porosity. Liu et al. (2014) have made the fatigue damage evolution 
on pulsating laser welding of Ti-6Al-4V alloy. Amaya et al. (2013) have observed fine 
grain microstructure by low heat input causing enhancement in the critical nominal strain 
delaying crack-initiation. Cai et al. (2017) have used pure Ti-filler with laser to improve the 
welding properties of γ-Ti-Al alloy. Boccarusso et al. (2015) have examined the influence 
of LBW parameters on defects in Ti-6Al-4V hot rolled sheets. Junaid et al. (2017) have 
performed pulsating laser welding of Ti-5Al-2.5Sn alloy to examine the effect of LBW 
parameters on weld pool shape, pulse overlap, oxide formation and microstructure (using 
Scanning Electron Microscope (SEM) and Optical Microscope (OM)). Laser peak power 
indicates significant effects on the FZ oxygen contents and grain size. Weld pool shape is 
controlled by the peak power and heat input per unit length. Kashaev et al. (2016) have 
analyzed the morphology of butt and T-joints in LBW of Ti-6Al-4V alloy and achieved 
low porosity in the desired seam geometry. Hong and Shin (2016) have adopted a multi-
physics prediction model to analyze the bead profile and properties in laser welding of 
Ti-6Al-4V alloy.

The strength of weld joint is dependent on thermal history in the weld bead geometry. To 
improve the quality of weld, there is a need for specifying the optimal welding parameters. 
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Time consuming trial-and-error approaches are expensive. Computational welding 
mechanics (CWM) has become an active field in the Welding Science and Technology. 
However, use of CWM in industries is in the initial stage. A CFD model for 3D thermo-
fluid analysis is developed incorporating the buoyancy and Marnangoni stress. Temperature 
dependent properties including the process conditions are specified for estimating the weld 
bead profile. The CFD model is validated initially through comparison of existing test data. 
Later on, tests are conducted for further validation of the developed model on the pulsating 
laser welding of Ti-6Al-4V alloy. The influence of welding speed, pulse width and pulse 
frequency on weld bead geometry are investigated. The test results are compared with 
three dimensional unsteady numerical simulations.

MATERIALS AND METHODS

Titanium alloys are light in weight and possess good resistance to corrosion and temperature. 
Welding tests are conducted with pulsed laser beam on Ti-6Al-4V alloy to study the weld 
pool geometry. A three-dimensional fluid flow and heat transfer model is developed for 
generation of weld bead geometry using a volumetric laser heat source. Details on the 
model development and welding process simulations using Ansys 16 fluent are presented 
below. This section also highlights the validity of numerical simulations with test results.

Thermo-fluid Analysis

In laser welding, thermo-fluid phenomena were examined by integrating the user defined 
functions with the code of finite volume method in ANSYS and solving the Navier–
Stokes and the k-𝜀 equations in mushy zone and regions of weld pool as in Equation 1 
(Satyanarayana et al., 2018; Satyanarayana et al., 2019a; Satyanarayana et al., 2019b). 

The continuity equation is:

( ) 0=⋅∇+
∂
∂ V

t


ρρ       [1]

Here ρ , t and V


 are the density, time and the weld pool velocity respectively.
The density ( )ρ  and the liquid mass fraction ( )Lf  are defined in Equation 2 and 3:
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The momentum Equation 4 is as below (ANSYS, 2013; ANSYS, 2016):

( ) ( ) WSgVpVV
t
V 


++∇+−∇=⋅∇+
∂

∂ ρµρρ 2   [4]

Here p, µ  and gρ  are the static pressure, viscosity, and the gravitational body force. 
Denoting mushA as the mushy zone constant and w  as the pull velocity, the source term 

(or momentum frictional dissipation) in the mushy zone is expressed as Equation 5 (Voller 
& Prakash, 1987; Brent et al., 1988)

( ) ( ) ( )wffS LLW
 2133 110 −+=

−−
mushA    [5]

The enthalpy-porosity technique of Jalali and Najafi (2010) is adopted to identify the 
interface from the phase change. 

The energy Equation 6 is: 

( ) ( ) ( ) STHV
t
H

+∇⋅∇=⋅∇+
∂

∂ κρρ 
   [6]

Here ( )HhH ∆+≡ , 




 += ∫

T

T Pref
ref

dTChh  and S  are the enthalpy, sensible heat, 

and volumetric heat source, respectively. PC , refh andκ are respectively, the specific heat, 
reference enthalpy and thermal conductivity.

The latent heat ( )H∆  for a solid is zero, whereas in case of a liquid (Equation 7),

LmH L=∆        [7]

Here L is the latent heat of the liquid metal. Top surface of the flat weld pool normal 
velocity is zero. 

The shearing stress (Equation 8),

T
T
∇

∂
∂

=
στ        [8]

The lumped convection coefficient (Akbari et al., 2014): 61.13104.2 Thc ε−×=  is used 
for imposing conditions of convection and radiation on all surfaces. Due to laser, a transient 
heat flux is considered on the top surface. 

Introducing the Stefan–Boltzmann constant ( SBσ ), emissivity (ε ), and the ambient 
temperature ( aT ), the energy balance is of the form (Equation 9) (Satyanarayana, 2020):
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[9]

For laser, the volumetric heat flux (qv) is a Gaussian distribution of the form (Equation 
10).
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Here P is the absorbed laser power. The current radius (r) is from cone axis. 0r  is the 
radius of laser beam. y is the depth and δ  is the thickness. In pulsed laser welding, the 
time-based function, ( ) 1=ti , when the pulse is active, whereas ( ) 0=ti , when the pulse is 
inactive.

Model is developed for fluid flow and heat transfer using Ansys16 Fluent as in 
(Satyanarayana et al., 2018; Satyanarayana et al., 2019a; Satyanarayana et al., 2019b). User 
defined functions (UDF) are embedded. Residual stresses can be evaluated by exporting 
the thermal history from CFD analysis to Ansys16 FEA solver. Procedure for welding 
process simulations is highlighted briefly below:

Step-1: Creation of the computational domain and component geometry.
Step-2: Creation of fine and coarse meshes near and away from heat source.
Step-3: Selection of phases and turbulence models.
Step-4: Introduction of user defined codes (UDFs).
Step-5: Specification of thermal and physical material properties.
Step-6: Application of boundary conditions.
Step-7: Specification of number of time steps and iterations (solution convergence 
including welding and cooling phase).
Step-8: Laser beam activation with starting and end positions.
Step-9: Acquiring information on temperature and fluid flows.
Step-10: Increase the time step to improve the solution. Otherwise, move to Step-12
Step-11: Change of laser beam position proceed to Step-9
Step-12: Record the weld bead profile and temperature distribution;
Step-13: Export the geometry and solution files from Fluent to Finite Element Analysis             
(FEA) solver.
Step-14: Specification of reference temperature, mechanical properties to FEA solver.
Step-15: Check the mesh configuration
Step-16: Import thermal loads from CFD to FEA
Step-17: Application of structural boundary conditions
Step-18: Solving for stress and strain in the weld coupon.
Step-19: Increase in time-step for the incompletion of job. Otherwise go to Step-21.
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Step-20: To simulate transient state, the previous time step results are applied as initial 
conditions and go to Step-18.
Step-21: Record the results. Stop numerical simulations.
The above procedure is followed to examine the impact of thermo-physical properties 

on various performance indicators. This paper presents CFD analysis results for checking 
the adequacy of the weld bead profiles.

Validity of Numerical Simulations

Numerical simulations are performed on pulsed laser welding to examine the adequacy 
of the developed 3D flow model through comparison with existing test data. Jiang et al. 
(2019) have conducted pulsated laser welding on 50 × 20 × 3 mm Ti-6Al-4V alloy plates. 
Table 1 gives specifications of machine configurations.

Table 1
Details on the pulsed laser welding of 3mm thick Ti-6Al-4V alloy (Jiang et al., 2019)

S. No. Machine Specifications
1 Laser source Nd:YAG pulsed IQL-20
2 Maximum power 750W
3 Pulse wavelength 1.06
4 Laser variable range 0.2 to 25ms
5 Pulse frequency 1-250 Hz
6 Pulse energy 0 to 40J
7 Spot diameter 0.7mm
8 Focal distance 6mm

The following temperature dependent properties as in (Rai, 2008) are considered in 
the present numerical simulations. Specific heat of solid is 670 J/kg K, whereas it is 730 J/
kg K in liquids. Viscosity of liquid is 0.005 kg/m.s. Melting heat is 370000 J/kg. Solidus 
temperature is 1878 K. Liquidus temperature is 1928 K.

The density, ρ (kg/m3) in terms of temperature, T(K)  is defined in Equation 11 and 12.

( )300154.04420 −−= Tsρ     [11]

( )192868.03920 −−= TLρ     [12]

Thermal conductivity, κ (W.m-1.K- ) in terms of temperature, T(K)  is defined as 
Equation 13.

KTforT
KTforT

270019501083.166.6
185014001046.132.0

2

2

<<×+−=

<<×+−=
−

−κ
 [13]
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Figure 1. Nomenclature of the weld bead profile

Weld pool Weld width HAZ

Weld depth
Mushy zone

Figure 2. Comparison of simulated weld bead geometry with the test result (Jiang et al., 2019)

Weld bead geometry Measured Simulations
Depth of penetration (mm) 1.38 1.31
Bead widht (mm) 2.12 1.84

Bead width Bead width

Figure 3. Experimental set-up for pulsated LBW of 
Ti-6Al-4V alloy

Following the procedure in the 
preceding section for laser welding process 
simulations on Ti-6Al-4V alloy, weld pool 
cross-section is generated at the 240W of 
average power, 25Hz frequency, 4.2 ms 
pulse width and 0.7mm beam diameter. 
Figure 1 shows the nomenclature of CFD 
simulation weld bead profile. Figure 2 
shows the comparison of the experimental 
and numerical CFD simulations of the weld 
bead profile. Numerical simulation results in 
Figure 2 indicate the validity with test data 
(Jiang et al., 2019).
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Experiments are performed to examine the adequacy of the temperature dependent 
properties, modeling, and numerical simulations of pulsated laser beam welding of Ti-
6Al-4V alloy. A 16kW Nd:YAG  pulsed mode integrated with CNC (Computer Numerical 
Control) station is used. Figure 3 shows the experimental set-up. Pulsated laser welding has 
been carried out on 50 × 20 × 2 mm Ti-6Al-4V alloy plates. Butt joint is the configuration. 
The laser heat source moves along the direction of work-piece length. The workpiece is 
supported by clamping device to minimize distortion and displacement. Ti-6Al-4V alloy 
contains highly oxidized elements.

RESULTS AND DISCUSSION

During welding, there is a possibility of oxidation under atmospheric condition. Shielding 
gas argon is used to overcome such problems. Pulse frequency (Hz), pulse width (ms), 
pulse energy (J) and beam diameter (mm) are strongly related with each other (Equation 
14 & 15). Table 2 gives the input variables for three test runs.

  [14]

   [15]

Table 2
Input variables considered in the pulsated LBW Process

Test 
Run

Frequency 
(Hz)

Pulse Width 
(ms)

Pulse Energy 
(J)

Average 
Power (W)

Peak Power 
(W) Speed (mm/s)

1 16 9 14 224 1556 2.0
2 14 8 20 280 2550 1.5
3 16 7 14 224 2000 1.0

The weld pool shape for test run-1 is shown in Figure 4. The simulated weld bead 
geometry is compared with the test run-1 in Figure 5. Temperature distribution is shown 
in Figure 6. The velocity contour plot in the weld pool is shown in Figure 7. 

Peclet number 
κ
ρ uCLP PR

e =  indicates the relative rate of heat transfer (by convection 

and conduction). Here, u is the weld pool velocity. κρ ,, PC  and RL  are respectively, the 
liquid density, specific heat, liquid metal thermal conductivity and the pool radius. In the 
present study, eP  > 5. This indicates convective heat transfer domination over conduction 
mode.The heat transfer is due to convection in weld pool. The molten weld pool moves 
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Figure 5. Comparison of simulated weld bead geometry with test run-1

Figure 6. Temperature distribution (test run-1: pulse width= 9 ms; welding speed=2 mm/s)

Figure 4. Weld pool shape for test run-1

Weld bead 
geometry

Test Run-1
1.284
1.03

Numerical Simulation
1.214
0.992

Width (mm)
Depth (mm)
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Figure7. Velocity contour plot in the weld pool (test run-1)

from inward to top (or reverse in direction), which depends on the surface tension gradient 
on pool top surface. The convective movement influences the weld geometry.

Marangoni and buoyancy are driving forces in the weld pool flow. Marangoni (Ma) 
and Grashof (Gr) numbers show the importance of these forces (Equation 16 & 17).

T
T

LMa R ∆
∂
∂

=
σ

µ
ρ

2
      [16]

2
32

µ
βρ TLgGr B

∆
=       [17]

Here g is the gravitational acceleration. T∆  is the difference in weld pool and solidus 
peak temperatures. BL  is the characteristic length for the buoyancy force in the liquid pool. 

It is approximately 
8
1

 
of the weld pool width (Debroy & David, 1995). In this present case 

study, Ma/Gr  is in the order of 105. Hence, the weld pool flow is driven by surface tension 
gradient.

Figure 8 shows simulated weld bead geometry for test run-2. The temperature 
distribution is shown in Figure 9. For test run-3, weld bead geometry and temperature 
distribution are shown in Figures 10 and 11, respectively. Numerical simulations of the 
weld bead profiles are close to the ones observed from tests. This   demonstrates the 
validity of modeling and specification of temperature dependent properties. Temperature 
distribution will be useful to estimate residual stress in weld-joints from FEA. Experiments 
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Figure 8. Weld pool shape for pulse width 8 ms and welding speed 1.5 mm/s

Figure 9. Temperature distribution for test run-2 (pulse width= 8 ms; welding speed= 1.5 mm/s)

Figure 10. Weld pool shape for pulse width 7 ms and welding speed 1.0 mm/s

Weld bead 
geometry Test run-2 Numerical 

Simulations
Depth (mm) 1.064 1.102
Bead (mm) 1.286 1.204

Weld bead 
geometry

Test 
run-3 

Numerical 
Simulations

Width (mm) 1.074 1.03
Depth (mm) 1.04 1.08
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are conducted to study the impact of frequency on weld pool dimensions at constant speed, 
pulse width and pulse energy varying frequency from 12 to 16 Hz. Both weld width and 
depth are increased (Table 3). The quality of weld depends on heat transfer process, power 
density and interaction time (Equation 18 & 19).

   [18]

        [19]

The Laser power is increased with increasing the frequency; the plate receives high 
energy for the interaction time causing increase in the absorbed energy by melting pool 
and its temperature. This results in high weld width and depth. The test results of Table 
4 confirm the effect of pulse energy. Tests are conducted by doubling the welding speed 
keeping other parameters constant. This reduces the interaction time of the laser beam 
to half. When the welding speed is increased test results in Table 5 indicate increase in 

Figure 11. Temperature distribution for test run-3 (pulse width= 7 ms; welding speed= 1.0 mm/s)

Table 3
Weld bead geometry with varying frequency 

Test 
Run

Frequency  
(Hz)

Pulse 
width 
(ms)

Pulse 
Energy(J)

Average 
Power(W)

Peak 
Power(W)

Speed 
(mm/s)

Weld 
Width 
(mm)

Weld 
Depth 
(mm)

4 12 9 14 168 1556 1 1.05 0.68
5 16 9 14 224 1556 1 1.314 0.98
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weld width and decrease in depth. The width of melting is increased due to reducing heat 
interaction time and aggregation of melted material in the upper layer. It should be noted 
that frequency, pulse energy and welding speed are the welding parameters controlling 
bead width. These three parameters are commonly known to affect the weld bead. Though 
the frequency and pulse energy are same for the bead widths of test run-1 and test run-3 
(Figures 5 and 10), the high welding speed reduces the heat input to the bead resulting 
reduction in the width and depth of penetration. But only penetration was narrow for test 
run-1 as compared to test run-3. This may be due to high welding speed and pulse width 
with low peak power in test run-1. In general, the width of melting is increased because 
less penetration laser beam to the lower layers due to reducing heat interaction time and 
aggregation of melted material in the upper layer. 

CONCLUSIONS

Welding tests are conducted with pulsed laser beam on Ti-6Al-4V alloy to study the weld 
pool geometry. A three-dimensional fluid flow and heat transfer model is developed for 
generation of the weld bead geometry, temperature and velocity contours in the weld pool 
using a volumetric laser heat source. The major findings are:

• Numerical simulations are comparable with the results of existing and conducted 
experiments.

• Convection heat transfer is the major process in weld pool shape formation.
• The temperature gradient on the weld pool top surface plays a major role.
• The weld pool size depends on the power density and interaction time. High power 

density and low interaction time result in high weld depth and low weld width.
• High frequency increases the weld pool volume.

Table 4
Weld bead geometry with varying pulse energy 

Test 
Run

Frequency  
(Hz)

Pulse 
width 
(ms)

Pulse 
Energy(J)

Average 
Power(W)

Peak 
Power(W)

Speed 
(mm/s)

Weld 
Width 
(mm)

Weld 
Depth 
(mm)

6 14 8 16 224 2000 1.5 0.916 0.476

7 14 8 20 280 2550 1.5 1.064 1.286

Table 5
Weld bead geometry with varying weld speed 

Test 
Run

Frequency  
(Hz)

Pulse 
width 
(ms)

Pulse 
Energy(J)

Average 
Power(W)

Peak 
Power(W)

Speed 
(mm/s)

Weld 
Width 
(mm)

Weld 
Depth 
(mm)

8 12 9 18 216 2000 1 1.056 1.292
9 12 9 18 216 2000 2 1.264 0.774
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Modeling and simulations will be useful in generating the weld geometry and 
temperature profiles in FZ and HAZ. It is possible to control the laser welding parameters 
for achieving optimal weld pool geometry and to minimize the developmental cost for new 
applications. It is planned to adopt the Taguchi design of experiments, which will minimize 
the number of numerical simulations and provide information for full factorial design of 
experiments. Multi-objective optimization concepts can be utilized to select the optimal 
LBW parameters for achieving narrow weld bead width with full depth of penetration. 
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