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INTRODUCTION

The aim of this work was to study the influence of the welding path on the residual stresses of a welded
component. It relies on welding simulations of two chamfered plates in butt configuration, considering two
welding trajectories: one-way and back-and-forth. The modelling is based on an experimental mock-up of
two 500 mm long AISI 316L(N) plates, welded in 29 passes. However, the simulation was limited to
7 passes of 100 mm length. The model was validated by comparisons to temperature and chamfer closure
measurements. The main result is that the welding trajectory has a low influence on the residual stresses
and cumulated plastic strain for the two welding paths investigated.

PRESENTATION OF THE WELDING MOCK-UP

The welding mock-up modelled in this works was carried out in the frame of the SiMeW (Simulation and
Measurement of Welds) project, started in 2023 (Gongalves (2023)). The welded specimens were two
316L(N) stainless steel plates of 24 mm thick, 500 mm length and 150 mm width, with an open chamfer
with an internal angle of 25° (Figure 1). The chemical composition of the base (316L(N) stainless steel)
and the filler (BOHLER THERMANIT19-15) materials are detailed in Table 1.
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Figure 1. 316L(N) stainless steel sheets geometry (in mm), with 25° chamfer.
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Table 1. Chemical composition of base (316L(N) stainless steel) and filler (19-15 stainless steel) metals.

Elements C N Cr Ni Mo Mn Si S P Co Cu B
316L(N) 0.026 | 0.069 | 17.27 | 12.13| 254 | 1.74 | 0.31 | 0.001 | 0.025| 0.09 | 0.29 | 0.001
base metal

19-15 <0.01| 0.17 | 20.3 | 155 | 2.9 7.0 0.5 |<0.01| 0.01 <0.1

filler metal

The Gas Tungsten Arc Welding (GTAW) process was applied to weld the mock-up. In order to
limit distortion resulting from the welding process, the steel plates were clamped using a bridge system, as
shown in Figure 2. A back shielding gas is also implemented. A butt weld configuration in a flat welding
position was chosen and no root gap was applied. Before welding assembly, all parts were degreased.

Figure 2. Steel plates clamped using a bridge system in butt weld configuration prior to welding.

Welding was achieved using a non-consumable tungsten electrode fixed above the steel plates, on
an automated system enabling the welding sequence to be controlled. The 19-15 steel wire, with a diameter
¢, of 1. mm, arrived from the opposite direction of the welding direction, according to an angle of 65° with
the electrode.

The chamfer was filled with 29 welding passes distributed over 13 layers. A diagram showing the
welding sequence is presented in Figure 3. This sequence involves four types of welding pass: root (L1),
support (L2), filling (L3 to L22) and finishing (L23 to L29). The welding parameters applied to each type
of pass are shown in Table 2. They are the electric tension U and intensity I, the wire feed rate wy and the

welding speed s,,. The linear energy E, is defined as Ul /s,,.

Table 2. Welding parameters for the four types of welding passes.

Type U (V) I (A) wr (mm/s) Sy (Mm/s) Ei (kJ/mm)
Root 115.0 10.0 12.5 1.0 1.15
Support 145.0 12.0 18.0 1.67 1.04
Filling 218.5 12.0 28.0 1.83 1.43
Finishing 138.5 12.0 11.25 1.67 1.0
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Figure 3. Diagram of the 29 welding passes distributed in 13 layers.

FINITE ELEMENT MODELLING

Finite element modelling and simulations were performed with CEA’s finite element code Cast3M (2024).
Welded plate mesh

Figure 4 shows the meshes of plates (left) and weld beads (right). In the weld bead mesh, each pass is
distinguished by a different color. Element size is 0.5 mm in the weld beads, as well as in the refined parts

of the chamfer. For 29 welding passes, the overall mesh contains about 230,000 nodes and
232,000 elements.

Figure 4. Meshes of plates (left) and weld beads (right), in which each welding pass has a different color.

Chamfer (in brown) and weld beads are conforming meshes. Pink, turquoise-blue and brown parts
of the plate mesh have hanging nodes at their interfaces. To ensure the continuity of the solution,
temperature and kinematic relations are added to the boundary conditions.

Weld beads and plates were first meshed in two dimensions, then extruded in the third dimension.
The extrusion distance defines the “mesh length”. The chamfer is meshed in one part, so the plates are
supposed to be perfectly bound together, and no gaps can open up between them. Observations on the
bottom side of the welded plates validated this assumption.
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Filler material is deposited molten, so that its volume is expanded by the temperature. The cross-

section S}, of each weld bead is consequently defined according to the welding parameters of each pass, but
considering the thermal expansion:

_mhw wr

S
b 4 sy,

(1 + 2aAT) 1)

In equation (1), ¢,,, wy, s,, are welding parameters defined previously (see Table 2), a the thermal
expansion coefficient of the filler material, and AT the difference in temperature between ambient air and
the deposited material. This assumption is validated by the fact that, if thermal expansion is not taken into
account, the surface area of deposited material is not large enough to fill the cross-section of the chamfer.
This means that, as each pass cools, the chamfer closes slightly, pulled in both sides by the shrinkage of the
filler material.

Material deposition modelling

Material deposition is modelled by adding blocks of finite element during the simulation. The added blocks
are obtained by regularly cutting the mesh of each weld bead. The blocks are about 3 mm in length. For a
100 mm long mesh, this means 33 material deposition steps per welding pass. The addition of finite element
blocks is illustrated in Figure 5 with the 5" welding pass.

Figure 5. Illustration of material deposition with the addition of the first three finite element blocks in the
5% welding pass. Finite element blocks are about 3 mm long. In this picture, only one plate is shown to
better see the weld beads.

Thermal Analysis

Nonlinear transient thermal analysis is conducted step-by-step, using an implicit first-order Euler method.
During welding periods, time step is calculated to have an average of 3 time steps per finite element block
addition. The added finite element blocks being about 3 mm in length for each pass, so the time step length
depends on the welding speed of each pass. For the first pass, this leads to a time step of approximately
0.32 s. During cooling periods between two welding passes, time step is increased according to a geometric
sequence of common ratio 2. For a simulation with a 100 mm long mesh, the simulation of 7 welding passes
leads to the calculation of 2364 time steps.

AISI 316L material properties are taken from Depradeux (2004). Thermal conductivity and specific

heat capacity are temperature dependent. The value of density is taken at room temperature since the
analysis is conducted in the frame of small displacements. Thermal boundary conditions are convective and
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radiative heat exchanges with environment. Surface of heat exchange is updated at each material deposition
step to take into account the evolution of the geometry (added blocks).

Table 3 gives the values of the convective heat transfer coefficient (H.) and material emissivity (¢),
as well as the ambient air (T,,) and the initial temperatures of plates (7,,) and weld beads (T, ). When adding

a finite element block, the temperature at the interface between the initial mesh and the added block is
computed to satisfy energy conservation.

Table 3. Values of convective and radiative heat exchange coefficients and initial temperatures of plates
and weld beads.

Parameter H. (W /m/K) £ T, (°C) T,(°C) T, (°0)
Value 20 0.5 20 20 1800

Energy supplied by the GTAW process is modelled with a Gaussian heat source distribution q(x):

(x - xs)z + (y - YS)Z (Z - Zs)z
R} 7 )]

q(X) = qoexp [ —2 < 2

In equation (2), (xs, ys, zs) are the coordinates of the heat source location, R, Z; the radial and
axial parameters of the Gaussian distribution, respectively, and q, a normative parameter defined by:

257 Qo
7 R2Z,

el f @y ()

Q:ot 1S the power supplied by the GTAW process, which is equal to nUI, U and I being the electric
tension and intensity used in the process (see Table 2) and n its efficiency, arbitrary set to 0.9. R; and Z;;
parameters also depend on the welding pass: Z; is equal to the pass height and R to half the pass width.

qo (3)

Such that:

Mechanical Analysis

Static nonlinear analysis is performed separately, applying the temperature calculated in the thermal
analysis according to the same time discretization. AISI 316L mechanical behavior is supposed to be
elastoplastic, with linear kinematic hardening following the Prager’s rule. Material properties are also taken
from Depradeux (2004). Young’s modulus, yield stress, kinematic hardening modulus and thermal
expansion coefficient are temperature dependent. Poisson’s ratio is taken equal to 0.3.

At high temperature, plastic hardening is annealed. Plastic annealing must be taken into account to
correctly estimate the residual stresses after welding. To achieve this, the hardening variable of the
elastoplastic behavior law is reset to zero when temperature exceeds a given temperature threshold Ty,
In the present work, T,,,,, is taken equal to 1000°C.

Furthermore, boundary conditions need a coarse modelling of the clamping system. On the left
picture in Figure 6, the grey mesh represents the bridges of the clamping system, while only the edges of
the plates are shown. The nodes at the base of the bridges are embedded (red circled crosses in the picture),
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while those of the clamps in contact with the top of the plates are constrained to stay perfectly bonded to
these ones by applying kinematic relationships (blue circled crosses in the picture).

On the right picture in Figure 6, the green mesh strips represent the surfaces of the plates in contact
with the lower support. Here again, only the edges of the plates are shown. A contact condition is prescribed
to the mesh of the green surfaces (U, > 0), while their nodes are perfectly bonded to the plate meshes by
applying kinematic relationships. Finally, a condition of symmetry (U,, = 0) is applied to the nodes at the

back of the plates in the (0, y) direction (not presented in Figure 6).

AL lé%\ ® Urlmnp = Up[nte

Figure 6. Boundary conditions applied to the plates and the clamping system. On the left, the grey mesh
represents the bridges of the clamping system. On the right, the green mesh strips represent the surfaces of
the plates in contact with the lower supports.

MODEL VALIDATION
Temperature Measurements

Temperature measurements were achieved during welding at different locations in the plates via machined
holes for thermocouples. Figure 7 presents the location of the thermocouple measurements: pink and brown
lines represent the edges of the central part of the plate mesh, black crosses the location of the
measurements, and green dotted lines the holes drilled for the thermocouples. Note that thermocouples TC3
to TC5 and TC9 to TC11 are located at the same point on both sides of the chamfer. Note also that during
the first welding passes, TC5 and TC11 are the thermocouples closest to the heat source and therefore
record the highest values.
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Figure 7. Locations of thermocouple measurements: top view (left) and cross section view (right) of the
plate mesh.
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Figure 8 presents the temperature measured by thermocouples TC1 to TC5 during the
first (a) and fourth (b) welding passes, as well as the temperature calculated with the model at the
same points. As can be seen, the simulation is in fairly good agreement with the measurements,
although the model somewhat underestimates the temperature far from the heat source, i.e. for
measurements at TC1 to TC3.
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Figure 8. Temperature measured by thermocouples TC1 to TC5 during the 1% (a) and 4" (b) welding passes,
compared with the temperature calculated with the model at the same points.

These results were obtained after two runs of the entire thermal simulation, adjusting the heat source
efficiency n from 0.8 for the first run to 0.9 for the last one. These values are consistent with the literature,
see for example Collings et al. (1979). This result shows that heat source losses are lower at the bottom of
a quite narrow chamfer than in a more open configuration, such as those encountered in the modelling of
wire-arc additive manufacturing by Pascal (2022), for which the heat source efficiency was set at 0.8.
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Figure 9. Temperature measured by thermocouples TC1 to TC5 (left) and TC6 to TC11 (right) during the
7" welding pass, compared with the temperature calculated with the model at the same points.
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Figure 9 presents the temperature measured by thermocouples TC1 to TC5 (left picture) and TC6
to TC11 (right picture) during the 7" welding pass, compared with the temperature calculated with the
model at the same points. For the 6™ and 7" welding passes, the temperature field is no more symmetric
between the two sides of the chamfer (see Figure 3). The 7" pass being located at the right-hand side of the
chamfer, the temperature at TC11 is higher than at TC5, as well as at TC10 compare to TC4, and TC9
compare to TC3. Considering the simulation results, the temperature calculated on left-hand side of the
chamfer (TC1 to TC5) is underestimated by the model, whereas temperature calculated on right-hand side
is overestimated (TC9 to TC11). These results highlight that the radius of the Gaussian distribution should
be increased in order to balance the maximum of temperature between the two sides of the chamfer.

Chamfer Closure

The evolution of the chamfer width was experimentally measured. Figure 10 compares the change in
chamfer width for each welding pass for the one-way path (left) and the back-and-forth path (right) with
these experimental measurements. As can be seen, the simulation (red solid lines) does not match the
experimental measurements (green and blue dotted lines). This difference can be explained by the sliding
of the plates under the clamping bridges, which is not modelled in the current simulation, which assumes a
perfect bond between the two parts.

Opening (mm) Opening (mm)

L L L L L L L L L L L 1 L L L
Q 1 2 3 4 5 6 7 8 £l 1 2 3 4 5 6 7 8

Figure 10. Change in chamfer width for each welding pass for the two welding paths: one-way (left) and
the back-and-forth (right). Dotted lines represent experimental measurements, whereas red solid lines
represent simulation results.

EFFECT OF THE WELDING PATH ON MECHANICS
During Welding

Figure 11 compares the contour plot of the von Mises stress field in one plate and the beads during the 5"
pass when welding along a one-way path (left) or a back-and-forth path (right). As can be seen, there is a
small difference between these two pictures. Contour plots of the stress components at different moments
of the welding show the same trend, as similarly does the accumulated plastic strain. Finally, the welding
trajectories have a low influence on the mechanical state of the plates during welding, at least for the two
paths investigated here.
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Figure 11. Contour plot of the von Mises stress field in one plate and the beads during the 5" pass when
welding according to a one-way path (left) or a back-and-forth path (right).

After Welding and Cooling

Figure 12 presents the contour plot of the o,,, component of the stress field in one plate and the beads after
cooling for the two welding paths. Here again, there is a small difference on the residual stress field
generated by the welding for the 2 paths investigated. Unclamping has not been simulated but the
conclusion would be the same since it only involves a spring-back in the component. The comparison of
the cumulated plastic strain obtained for the 2 welding paths leads to the same conclusion (Figure 13).

2, D0E+0

Figure 12. Contour plot of the a,,, component of the stress field in one plate and the beads after cooling for
the two welding paths: one-way (left) and back-and-forth (right).
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Figure 13. Contour plot of the cumulated plastic strain in one plate and the beads after cooling for the two
welding paths: one-way (left) and back-and-forth (right).
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CONCLUSIONS

The aim of this work was to study the influence of the welding path on the residual stresses of a welded
assembly. It is based on welding simulations of two chamfered plates in butt configuration, considering two
welding trajectories: one-way and back-and-forth. The modelling is based on an experimental mock-up of
two 500 mm long AISI 316L plates, welded in 29 passes. However, the simulation was limited to 7 passes
of 100 mm length.

The model was validated by experimental comparisons to temperature and chamfer closure
measurements. Thus, model calibration had only two runs of simulation. On one-hand, temperature
comparisons showed a good agreement of the simulation to experimental data, even though heat source
radial distribution should be somewhat increased to better balance the maximum of temperature between
the two sides of the chamfer. On the other hand, comparisons on the chamfer closure showed that the model
did not match the measurements. The difference can be explained by the plates sliding under the clamping
bridges, whereas the model assumes a perfect bonding between the two parts. Frictional contact should be
introduced into the modelling to better represent the boundary conditions of the clamping system.

Comparisons carried out on results obtained using two welding paths showed a small difference in
stress fields and accumulated plastic strain. In conclusion, the welding trajectory does not appear to have a
significant effect on the residual stresses of the welded component for the two welding paths investigated.
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