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Abstract: A 3D thermal elastic-plastic finite element model to predict welding residual stresses induced by full-penetration laser

welding of Ti6Al4V alloy was described in detail. The welding experiments and residual stresses measurements by

through-thickness hole-drilling method were also performed to validate the simulated results. A uniform conical heat source model

with parameters taken from the actual weld seam dimensions was developed to simulate the welding temperature fields with

different welding heat inputs. The thermal elastic-plastic finite element simulation was employed to calculate the welding residual

stresses. The boundary conditions and the size of finite element mesh were also discussed. The results show that the cross section

profiles of the weld seam simulated with the conical heat source based on the configuration of weld seam agree well with the

experimental results; the zone of residual stresses distribution in laser full-penetration welding of Ti6AI4V alloy is very narrow and

the gradient of longitudinal residual stress is very steep; the residual stresses distribution on the surfaces are different from those in

the interior of the welding seam; the measured residual stresses by through-thickness hole-drilling method are similar to the

simulated ones in the interior of the welding seam.
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Owing to higher processing speed, greater penetration,
lower distortion and satisfied part accuracy that results from
the concentrated heat source of the laser beam operating at
relatively high velocity, the use of high power lasers for deep
penetration welding has exhibited tremendous growth over the
last decade for improving efficiency and reducing costs in a
broad range of industries, such as shipbuilding, automobile
and aerospace industries.

With modern computing facilities, the finite element
technique has become an effective method for prediction and
assessment of welding residual stresses. However, the
accurate prediction of residual stresses and distortions induced
by laser beam welding is extremely difficult. This is because
not only the complicated phenomena involved in laser
welding such as materials melting and evaporation, keyhole
and plasma forming, laser absorption and reflection in plasma,
but also the narrow weld seam needs more refined meshes to
catch the greater temperature gradient and stress gradient,
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which will be spent much time to compute. Nevertheless,
despite these complications, the simulation of laser welding
has received a lot of attention in recent years and a significant
progress has been made in this field, such as the residual
stresses prediction in thick plate laser welding!!, welding
deformation prediction of different welding parameters®”,
investigation of cracks during welding'!, optimization of

welding  parameters”,

distortion prediction for laser
micro-joining' and deformation prediction of an automotive
gear-case assembly'”. All these references mentioned above
have proved that the simulated results can be reliable for
practical welding procedure considering the

complicated phenomena inside the keyhole formed.

without

Different welding parameters result in different configura-
tion of weld seam. In this paper, a three-dimensional finite
element model is presented to simulate the temperature fields
and residual stresses of full-penetration laser welding of
Ti6Al4V alloy with different welding heat inputs. A Gaussian
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distribution of heat flux is considered using a moving heat
source in a conical shape modeled with the dimensions of
obtained by
thermo-mechanical analysis is performed using temperature-
dependent material properties to calculate the residual stresses.
Full-penetration welding experiments were carried out to get

weld seam experiments. A nonlinear

the weld seam configurations and residual stresses were
measured by through-thickness hole-drilling method to
validate the simulation model.

1 Experiment Procedures

The full-penetration laser welding experiments of Ti6Al4V
alloy were performed with a CO, laser at a maximum power
of 3 kW. The welding plate size was 200 mm x 100 mm x 4
mm. During the laser welding, the back of the plate and the
melting pool were shielded by inert gas.

The through-thickness hole drilling method was used to
measure the residual stresses'®
for the welding with heat input of 115.7 J/mm were designed,
shown in Fig.1.

| The positions of strain gauges

2 Finite Element Model

The full-penetration laser welding was simulated as a two
thermal and mechanic steps. Firstly the non-linear heat
transfer that produces the dynamic temperature distribution
through the weld seam and plate was calculated. In the second
step, the results of thermal analysis were applied as thermal
body load on the welding plate, and the mechanical analysis
was performed to calculate the stresses.

2.1 Heat source model

A cone-shaped volumetric heat source with Gaussian
dstri buted thermal energy density'*’
in Fig.2. Because the geometry of the fusion zone can be

! was used here as shown

easily measured by experiments, thedimensions of fusion
zone profile are taken as the mathematic parameters of the
heat source model.

The heat flux of a point inside the cone can be computed
according to equation (1):

O(x, y,Z)— HCXP(O—)
r?=x* +y @))]
I,O:H(re—ri)z
H

Where, 7 is thermal efficiency, 7. is the half width of welding
line at the top surface, and P, is the laser power. r; is the half
width of the welding line on the bottom surface. H is the
welding penetration, for full penetration laser welding, which
can be considered as the thickness of the plate.
2.2 Geometry and mesh

Because the welded plates are symmetrical about the weld
center-line, only half of the plate is modeled. The dimensions
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Fig.1 Schematic representation of strain gauge positions

Fig.2 Power density distribution of the conical heat source

of the model were 100 mm % 100 mm x 4 mm, and the model
was meshed with eight-node brick elements for both thermal
and mechanical analysis.

The welding line of laser welding is so narrow that suffi-
ciently fine mesh is required in the weld line to capture the
steep mechanical and thermal gradients. This often leads to an
excessive discretization and consequently a huge computation
time. Researchers had carefully investigated the mesh sensiti-
vity to the simulated results. Tsirkas et al™”
along the thickness for 4 mm thick plate laser welding; the

used four elements

edge of the smallest element was 0.3125 mm for 50 mm x 30
mm x 5 mm model in reference [4]; the dimensions of the
smallest element were 0.33 mm x 0.5 mm x 1 mm for 100 mm
x 40 mm x 7 mm model in reference [10]; the element dimen-
sions of 0.1 mm %X 0.1 mm X 0.1 mm for 11 mm x 0.9 mm x 5
mm model was taken by Frewin and Scott!''. In terms of
accuracy and computing time, the smallest element with size
of 0.2 mm x 0.5 mm x 1 mm was selected in our investigation.
Fine meshes were generated in the critical fusion region near
the weld area; the meshes were rather coarse in the regions
remote from the joint. The final symmetrical plate model had
total 24000 elements and 31155 nodes.
2.3 Boundary conditions and material properties

During the thermal analysis, boundary conditions including
both convection and radiation were applied to all free surfaces
of the model except for the symmetrical plane. Two kinds of
convective heat transfer coefficients were presented in laser
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welding. The first one was the convection due to airflow and the
second one was the convection due to the shielding inert gas.
Combined boundary conditions were used here for heating and
cooling stages, which accounted for the convection due to inert
gas and radiation during heating stage and the convection due to
airflow and radiation during cooling stage. Adiabatic boundary
condition was imposed on the symmetrical plane.

During mechanical analysis, symmetrical boundary condi-
tions were employed on the symmetrical plane. To prevent
rigid body motion of the plate, the displacements of some
nodes were constrained.

Temperature-dependent materials properties were assumed
to be the same for both parent and fusion zone materials. The
material was assumed to be thermo-elastic-plastic with rate
independent plasticity. The von Mises yield criterion and the
associated flow rule were used. Isotropic hardening was
assumed. The material properties required for the present
simulation were taken from references [12] and reference [13].

3 Results and Discussions

3.1 Results of thermal simulations

The full-penetration fusion zone profiles in the transverse
direction obtained from experiments and the 1600 °C
isothermal contour from the simulations for different welding
heat inputs are shown in Fig.3.

As seen from Fig.3, different fused zone profiles were got
with different welding heat inputs. The “nail” shape of the
fusion zone was obtained with welding heat input of 115.7
J/mm, and “cup” shape with heat input of 162.0 J/mm. Fig.3
also shows that the computed fusion shapes agree fairly well
with the experiments in the transverse direction with different
welding heat inputs.

3.2 Results of residual stresses simulations

The residual stresses from measurements and simulation in

the middle cross-section of the plates with welding heat inputs

1600 °C

1600°C

Fig.3 Comparison of fused zones between experiments and
simulations: (a) heat input of 115.7 J/mm and (b) heat
input of 162 J/mm

of 115.7 J/mm and 162 J/mm are presented in Fig.4. The
residual stresses of finite element simulation are presented at
df ferent depths through the thickness.

From Fig.4, the longitudinal stress is tensile stress and is very
large in the fusion zone with the small transverse residual stress
in the same area; the longitudinal stress decreases rapidly with
increasing of distance from the weld centerline, passing through
zero at a small distance from the weld centerline and leading to
balancing compressive stress of approximately 100-200 MPa
in the far field. The width of the tensile longitudinal residual
stress zone within the half plate is 5 mm with the heat input
of 115.7 J/mm, and 8 mm with the heat input of 162.0 J/mm,
respectively, which means that the stress gradient within
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Fig.4 Comparison of simulation and experimental residual stresses:
(a) transverse residual stress with heat input of 115.7 J/mm,
(b) longitudinal residual stress with heat input of 115.7
J/mm, (c) transverse residual stress with heat input of 162.0
J/mm, and (d) longitudinal residual stress with heat input of
162.0 J/mm
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the fusion zone of laser full penetration welding is very steep.

It can be seen from Fig.4 that the measured residual stresses
are smaller than simulated ones around the weld zone, while
close to each other far from the weld zone. The reason of the
discrepancy between the measured and simulated stresses
around the weld zone would be the discrepancy of material
properties between the weld seam and the base metal. The
materials properties of the weld seam have been changed with
the large heating and cooling rates during laser welding.

Fig.4 also shows that the simulated distributions of
transverse and longitudinal stresses on the top and bottom
surfaces are similar, but different from those on the plane at
the depth of 2 mm. This discrepancy of the transverse residual
stresses between locations near weld surfaces and at the center
of the weld were also reported by Cho et al''¥
3.2 mm thick Ti6Al4V plate.

By carefully comparing the measured results with simulated
ones in Fig.4, it can be concluded that the distributions of
measured residual stresses are similar to the stresses on the

in laser welding

plane at the depth of 2 mm except that the peak values of the
simulated residual stresses are larger than those of measured
residual stresses. The reason of the similar distributions
between measured and simulated stresses at depth of 2 mm
lies in the fact that the residual stresses measured by through-
thickness hole-drilling method are the mean values of stresses
through the thickness at the measuring position.

4 Conclusions

1) The uniform conical heat source accounting for the
configuration of the fusion zone can be used to simulate the
temperature field for full-penetration laser welding with
df ferent heat inputs. The simulated cross section profiles
agree well with the experimental ones.

2) The longitudinal residual stress gradient is very steep for
laser full-penetration welding. The peak value of the
longitudinal residual stress is very large with a small peak
value of the transverse residual stress correspondingly.

3) The residual stresses distribution on top surface are
similar to those on bottom surface, while different from those
in the interior of the welding seam. The residual stresses
measured by through-thickness hole-drilling method are
similar to those in the interior welding seam in which the mea-
sured residual stresses by through-thickness hole-drilling
method are the mean values of stresses in the measuring
position through thickness.
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