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Numerical simulation of laser beam welding of Ti6Al4V sheet
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This paper was aimed to report the 3D finite element analysis simulation of
laser welding process of Ti6AlI4V 1.7 mm sheets in butt joint in order to

predict the temperature distribution, hardness, and weld geometry. The butt-
joint welds were made using CO, laser with the maximum power of 2.2 kW
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in the continuous wave mode. A part of the experimental work was carried
out to verify the weld geometry with specific weld parameters including
power, speed, and focal position. Another part investigated the effect of focal
position on the weld bead geometry. Subsequently, the shapes of the molten

pool were predicted by the numerical analysis method and compared with the
results obtained through the experimentation, which led to finding a good

agreement.

1. Introduction

Laser welding is an important joining technique
which has been increasingly used in industrial
manufacturing. The advantages of laser welding
over convectional welding technology include
low heat input, high welding speed, small heat
affected zone (HAZ), and low distortion rate.
These advantageous are related to high power
density of laser welding. The laser welding
input parameters determine the shape of laser
weld bead. Weld quality strongly depends on
the weld bead geometry; hence, the weld bead
geometry plays an important role in
determining the mechanical properties of the
weld joints. Therefore, selecting the welding
process parameters is crucial for obtaining the
desired weld bead geometry [1].

Laser welding of Ti6Al4V is used in numerous
areas, such as aerospace industries and medical
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device industry. The most commonly used
titanium alloy is Ti6Al4V which is widely used
in aerospace industries, nuclear engineering,
civil industries, chemical industries, and
medically implanted materials due to high
stiffness strength to weigh ratio, high corrosion
resistance, and biocompatibility [2].

With the increasing use of laser welding and
development of computer calculating methods,
there will be more dependence on using
numerical simulations with finite element
method (FEM) to predict the weld bead
geometry.

P. Sathiya et al. [1] evaluated the weld bead
geometry in the laser welding of 904 L super
austenitic stainless steel using the Taguchi
approach as a statistical design of experiment
(DOE) technique to optimize the selected
welding parameters including beam power,
travel speed, and focal position.
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N. Siva Shanmugam et al. [3] applied finite
element method (FEM) using ANSYS code to
predicate the weld bead geometry of AISI 304
stainless steel in spot welding process. The
varied input parameters were beam power,
incident angle of the beam, and beam exposure
time. K.Y. Benyounis et al. [4] studied the
effect of speed, laser power, and focal position
on the heat input and the weld bead geometry of
laser butt welding of medium carbon steel using
the response surface methodology (RSM).
Ming-Huei Yu and Yi-Chun Liao's [5] research
indicated the effects of laser energy and
incident angle on the pulse laser welding of
stainless steel by comparing the cross-section of
welds. Hanbin Du et al. [6] presented a
mathematical model for flow simulation of full
penetration laser beam welding, predicting the
geometry profile of the titanium weld alloy.
Abdulkarieem S. Aloraier and Suraj Joshi [7]
simulated the flux cored arc welding (FCAW)
in single bead on plate weld of steel (AS 1548-
7-460R) using finite element code SYSWELD
and predicted the temperature distribution and
residual stress. They compared the cross-section
of the macrograph with the molten pool.

Siva Shanmugam and G. Buvanashekaran [§]
predicted the bead geometry in laser welding
with 1.6 mm thick AISI304 stainless steel
sheets. The bead shape of T-joint laser welds
was investigated by means of finite element
code SYSWELD and the effects of laser beam
power, welding speed, and beam incident angle
were studied on the weld bead geometry.

The key for the successful analysis of the FE
welding method consists of modeling several
metallurgical and mechanical phenomena
occurring simultaneously within the structure
being welded. Fig. 1 shows the coupling
mechanism among these processes. Some
authors [9, 10] have shown that several
simplifications are acceptable in welding
simulation with minimal loss in accuracy.

It has been proved that one of the most
important aspects of welding processes is the
introduction of metallurgical transformation
into the simulation [11-14] and an employment
of coupled thermo-metallurgical analysis for the
simultaneous calculation of temperature field.
Moreover, phase fraction is crucial, however,
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no research has been carried out thoroughly for
simulating the weld profile of the laser weld for
Ti6Al4V considering the coupled thermo-
metallurgical approach and materials with both
phase- and temperature-dependent properties.
The aim of this study was to predict weld
geometry and temperature distribution in the
butt join laser welding process of Ti6Al4V 1.7
mm sheets. Moreover, the effect of focal
position on the weld bead geometry was
investigated and the results were compared with
the experimental results.

2. Experimental work

A Ti6Al4V sheet with the chemical
composition presented in Table 1 was used as
the work piece material. The size of each
sample was 85 mm longx 35 mm wide with the
thickness of 1.7 mm. The laser welding process
was done using a CO, laser (Optimo; Optima
Industries, Inc.) with maximum power of 2.2
kW in the continuous wave mode and two

different speeds of 13.34 and 40%. Argon gas

with the constant pressure of 0.1 bar was used
as a shielding gas. The experimental work was
discussed in detail in [15].

At the simulation stage, ambient temperature
was assumed to be 20°C (initial temperature).
Values of thermal conductivity, specific heat
capacity, thermal expansion coefficient, and
Young's modulus with the relation of
temperature in two phases (o and o+f) were
taken into consideration. Density of 4420
kg/mm3 , Poisson's ratio of 0.33, and Steffen

Boltzmann (5.67x107*

——) coefficient were
m°K

considered independent from temperature. [16].
3. Finite element analysis

A 3D finite element model was used to simulate
the laser welding process by the FE code
SYSWELD. The developed model was used to
predict the temperature distribution and weld
geometry of 1.7 mm thick Ti6Al4V titanium
alloy sheet.
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Fig. 1. Coupling mechanism of thermo-metallo-mechanical model.[11]

3.1. Finite element model

The 3D elements were used to mesh the basic
body structure representing the parent metal and
weld bead. Moreover, quadrilateral elements
were used to mesh all the domains representing
the surfaces which were exposed to air for
considering heat losses. Since in the laser
modeling welding, mesh density is an important
aspect, especially in HAZ, a dense mesh was
used in the area close to the weld line,
increasing in size toward the edges of the parent
material to reduce the solution time, as shown
in Fig. 2, which was mainly due to the very
small size of the keyhole and HAZ in the laser
welding process.

In this model, geometries with 4 -6 and 8
elements in the thickness were conducted and it
turned out that using 4 elements would
minimize the solution time as well as achieving
the best convergence. Later, all the meshes
were stuck together to ensure avoiding any non-
positive stiffness matrix error.

Table 1. Chemical composition of Ti6AI4V.

Element Aluminum  Vanadium  Titanium
Percentage(Wt%) 6 % 3.98% 90.02%

3. 2. Heat source fitting

The most important aspect for simulating
welding process is to accurately model the
welding heat source. Using heat source fitting
(HSF) tool available within SYSWELD, users
could calibrate a more refined heat source by

adjusting the parameters to perform a steady-
state thermal analysis. The steady-state
computation option used in the heat source-
fitting tool can be efficiently used to simulate
3D temperature fields and  phase
transformations.

=

PR
Fig. 2. Finite element model.

Several standard heat sources for different types
of welding are available in HSF. The heat input
distribution would determine the size and shape
of the weld pool.

It has been found [17-19] that the best heat
source model for simulating the keyhole in laser
welding is conical Gaussian distribution; since
this analysis is concerned with laser welding,
this model was selected. The heat source start
position in the model can be seen in Fig. 3.

The Gaussian distribution of heat flux may be
written as [2]:
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0,(r,z2)=0, eXp(r—z) (1)
0

where @, is maximum heat intensity, 7y is
distribution parameter, and r is current radius.
Height of the conical Gaussian heat source is H
=Z.Z;. Z. and Z; is the upper and lower z
coordinates of the cone, as shown in Fig. 4. The

1, parameter is decreased linearly from the top

to bottom surfaces resulting in the conical shape
of the heat distribution which can be written as:

zZ,—z

2

hz)=r—-0—-r)-
zZ,—z

Andr is given as:
1
r=(x*+y7) (3)

Estimated values for 1600°C  Gaussian heat
source model in millimeter can be obtained as:

rn=03,7=0.6,z =1 and z, =1.65 .

During the laser welding, a part of the energy is
lost before being absorbed in the material of the
work piece. For the butt-joint laser welding, it is
observed that the energy loss is the 30% of the
nominal power of the heat source. Accordingly,
the absorbed energy is considered to be 70% of
the laser power [17].

It has been also observed that 70% of laser
power, 25 and 75% of heat power source are
absorbed by the surface of the work piece

(O..;) and by the keyhole wall (Q,,,,,):

respectively [20].

Assuming that laser beam maintains a constant
TEMy, mode, Gaussian heat flux distribution
can be expressed as:

3(x*+y?
%) )

where ¢, is the maximum heat flux area and R

O(x,y)=gq,, exp(-

is the radius of the heat source calculated by the
focal length of the focusing lens by the formula
written as:

_2Mf
D,

R )
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Fig. 3. Heat source starting position.

Fig. 4. 3D conical Gaussian distribution.

In this formula M, 02 is the beam quality, f'is the
focal length of the focusing length and D, is

the minimum diameter of the laser beam. ¢,
can be expressed as [11]:

3
0., ©)

- TR’
Assuming that the keyhole has a conical shape
the Gaussian distribution of heat flux is written
as [2]:

0(2)

9

r

2 =’ z

— Qb;mom e Ty (1__) (7)
wry H H

where 7, is the initial radius at top, H is the

plate thickness, and r is the current radius. The
summation of surface and volume heat source
gives the total heat input to the model as:

Q,=0(x,»)+0(2) ®)
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The source intensity (), is calculated and

applied to the FE model using HSF module
available in SYSWELD software.

3. 3. Heat conduction

The  following  three-dimensional  heat
conduction equation was considered to model
the heat transfer in laser transmission welding
process that defined the temperature
distribution within the body based on the
energy conservation law, balancing the rate of
the internally generated heat within the body's
capacity to store this heat. Rate of thermal
conduction to the boundaries can be represented
as [21]:

ar

0 oT
éy)Jrg(kz E)Jr

2 e L,
ox “ox’ oy
oT ®
where, ky,ky and k, are the thermal conductivity
in the x, y and z directions (W/m-K), C is the
specific heat capacity (J/’kg-K), p is the density
(kg/m3), t is the time (s), and Q(X,y,zt) is
internal heat generation rate per unit volume
(W/m3).
In the laser welding process, the work piece
exchanges heat with the surrounding due to
convection and radiation. The surface, exposed
to air, transfers the energy by the convective
heat transfer mode. These surfaces are
represented by domains in the model, as shown
in Fig. 5.
This convective heat loss ¢, can be
expressed as:

qconv = Ah(TS‘ _7—.;') (10)

where, h is convection heat transfer coefficient

(254), T’ is surface temperature, and 7,
m°K

is ambient temperature (25 e ).

Thermal radiation is energy emitted by matter,
as a result of electromagnetic waves and it is
considerable when the temperature difference

between the surface and medium is high. The
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radiant heat loss,q, , , from the top surface of
the work piece can be expressed as:
qrad 208(7;4_7;4) (11)

Where, o 1is Stefan Boltzmann constant

(5.67x10°®

T ), and & is the emissivity
(0.19). The emissivity of a material (usually
written € or e) is the relative ability of its
surface to emit energy by radiation.

3. 4. Finite element equations for heat
transfer

According to Fourier’s law the components of
heat flow can be expressed as following and it
can be put in the Eq. (15):

oT

q,=—k.(—) (12)
Oox
oT

q, =~k ,(—) (13)
oy
oT

q.=-k.(—) (14)
Oz

dq, 04, 0q oT
et —+—=+0(x,y,z,t) = pC— (15
S F A oW RE0 = pC T (19)

\::rsy

e

A \\\:‘\;D‘L:
[ i

Fig. 5. Surfaces which exposed to air are represented
by domains.

A domain V is divided into finite elements
connected at nodes. In this section the relations
for finite elements are expressed. Global
equations for the domain can be assembled
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from finite  element
connectivity information.
For the interpolation of temperature inside a

finite element shape, functions /N, are used:

equations  using

I'=[NKT} (16)
[N]:[NlNz o] (17)
(T} ={TT, ...} (18)

Differentiation of temperature interpolation
equations gives the following interpolation
relation for temperature gradients. In this
equation, {T} is a vector of temperature at
nodes, [N] is a matrix of shape function, and
[B] is the matrix for temperature gradient
interpolation.

Using Galerkin method, the basic heat transfer
equation can be rewritten as:

T ANy ANy
ox ox ox
or _[any am, _
or oy o,

5 0z 0z

Applying the divergence theorem to the first
three terms leads to obtaining Eq. (20).

pca—TNidV— [6M+8Ni+aNi
r ot rYoax oy oz

=J,ONav [ {g)" (mNds

ligydv

(20)
{4} =[9.9,9.] 21)
{n}" =[nnn_] (22)

where {n} is an outer normal to the surface of
the body. The FE software uses this equation by
the insertion of boundary conditions mentioned
in Section 3.3 to solve the heat transfer
problem.

4. Results and discussion
Using the geometry, heat flux distribution

model, and the mesh described above, the
keyhole size and shape of the welded area were
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modeled in the software. Figure 6 shows the
bead geometry operated with the power of
1700W, speed of 13.34mm/s, and focal position
of -0.5 mm. Low speed resulted in considerably
wider bead geometry than weld bead geometry
operated at high speed, as shown in Figs. 6 and
7. Effect of welding speed can be also
investigated from the macrographs.

With the decrease of the beam velocity, more
heat was absorbed by the work piece and the
rate of cooling was decreased. Low welding
speed caused the heat source to stay longer on
the surface and power or heat input per unit
length of weld was increased; furthermore, the
absorption of laser beam by base metal at low
welding speeds was increased. As a result, the
fusion and heat affected zone were more
subjected to heat which caused them to become
wider, as shown in Fig. 6.

4.1. Focal position

The predicted fusion zones shown in Figs. 6
and 7 were considered to be in good agreement
with the presented macrographs. As can be seen
in Fig. 7, the focal beam position varied, while
the other parameters including power and speed
were kept constant to investigate the effect of
focal position in the weld bead geometry. It is
necessary for focal position to be positioned in
such a way that the laser beam could produce
the maximum penetration.

It can be seen in Fig. 8 that the variation of
beam focal position by the amount of 0.5 mm
from the surface toward below the surface did
not develop significant changes in the bead
geometry, which was in agreement with the
experimental work. For focal position on the
surface, fusion zone was extended up to the
middle section of the work piece (circa 0.85
mm); but, for the focal position of -0.5 mm, the
fusion zone was extended slightly below

the half of the work piece height (circa 0.9
mm). When the laser focal point was located
more closely to the center of the work piece, the
penetration was slightly close to evaporate the
melt surface and create the deeper keyhole [22].
For negative focal position, energy absorption
increased in the weld pool due to multiple
reflections.
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Fig. 6. Fusion boundry zone obtained from FEA in comparison to the experimental work. Power 1700 W, speed

13.34 % , and focal position -0.5 mm.
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Fig. 7. Bead geometry from the experimental work in comparison to FEA results with two sets of welding parameters:
a) Power of 1700 W, speed of 40% , and focal position of 0 (on the surface); b) Power of 1700 W, speed of 40% and

focal position of -0.5 mm.
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Fig. 8. Variation of DOP and width of the weld with
focal position.

4.2. Hardness

Table 2 shows the average hardness of the
fusion zone, HAZ, and Dbase metal
experimentally conducted on the surface of the
work piece. Figure 9 shows hardness
distribution on the surface obtained through FE
method, which was in good agreement with the
experimentally measured data. The hardness at
the center of the weld pool was maximum due
to the rapid cooling. The hardness dropped
rapidly as getting distant from the fusion zone.
Several hardness measurements were conducted
by FE method at different speeds and the results
are shown in Fig. 10.

Table. 2. Average hardness of FZ, HAZ and base
metal.
Base Metal HAZ Center line
350 375 600

According to Fig. 10, it can be concluded that
decreased speed caused the area with maximum
hardness at the center of the weld to become
wider; on the other hand, at low power, the area
with maximum hardness was narrower. With
lower laser speed, more heat input was
transferred to the body; as a result, it took more
time for the body to cool down. With
decreasing cooling rates, maximum hardness
was decreased. More difference in hardness
between the weld pool and base metal was
obtained at lower speeds.

4. 3. Temperature distribution

The temperature distribution of three marked
areas on the surface of work piece which were
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stationed closely to the weld line can be seen in
Fig. 11. This figure shows that there was a high
temperature gradient adjacent to the centerline,
while it dropped rapidly at farther areas from
the center of the weld, due to the combination
of fast cooling rates because of the convection
and radiation losses and rapid rising of the
temperature at the surface. The degree of the
cooling rates in these areas is an important
factor in determining different phases with
various strength characteristics which occurs
during welding. In addition to the welding
parameters, maximum temperature also highly
depends on reflectivity of the material and its
capability to dissipate heat.

4. 4. Heat distribution model

To investigate the effect of heat source model
on welding fusion zone geometry, two heat
sources in welding, including conical 3D
Gaussian and double ellipsoid Goldak
distribution were applied, while other welding
parameters were kept constant. As can be seen
in Fig. 12, Gaussian model showed more
precise results for simulating laser beam
welding and  calculating  fusion  zone
dimensions.

By correctly adjusting Goldak parameters, only
width of the weld was approximately close to
the experimental results; however, Gaussian
model could precisely simulate the depth and
width of the penetration.

CONTOURS
Hardness

44034
481013
521.687
562 36
603033

Fig. 9. Hardness distribution around the centerline of
the weld.
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Fig. 11. Temperature history of different areas on
the surface of the model.

SECTIONS

Temp
Tima 1.05263
Camput.Ref Glaba

Min = 200
Max = 3699.45

-,

533333

666.667
800
92290
LOGE.67
1200
1333.99
L466.67
= 1600

1|

Fig. 12. Comparing fusion zone dimensions with the
results obtained from using a) Goldak and b)
Gaussian heat source.

5. Conclusions

A 3D finite element model was developed to
simulate the laser welding process of butt joints
to predict the temperature distribution and weld
bead geometry. The finite element code
SYSWELD was used to perform the analysis.
Unlike most of the other three-dimensional
simulations, the current study considered
metallurgical transformation using temperature
and phase-dependent properties. Several
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welding experiments were conducted to verify
the FEA model. The predicted fusion zone was
in good agreement with the provided
macrograph. The conclusions can be
summarized as follows:

. Variation of the focal position did not
significantly alter penetration depth and weld
bead geometry for the investigated material.

. The high velocity of the laser beam
caused the weld bead to become smaller.
° The hardness at the center of the weld

pool was maximum and higher laser speeds
caused more difference in hardness between the
weld pool and base metal.

. 3D conical Gaussian heat distribution
can obtain better results than Goldak in laser
beam welding with high depth to width ratio.
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