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Abstract: Welding is a thermal process which results in high strain and stress values in the
material and leads to its change of phase. This might cause significant distortions in the welded
structure, which often becomes a relevant design and manufacturing issue. This study deals with
a line-heating-based forming process that is applied at the moment of the welding operation,
with the final objective of minimizing distortion. A FEM (finite element method) based on
a thermo-elastoplastic approach is used here. The computational method is first calibrated in three
stages: heatline forming calibration, flame heat source calibration, and the weld process. The final
model presented in this work simulates a hybrid process called htTTT (high-temperature thermal
transient tensioning) which was optimized over large T welds to minimize the final distortion of
the components.

Keywords: welding distortion; FEM; LSND (low stress no distortion); htTTT; model validation

1. Introduction

Welding is a joining process which generates changes in the material state at high temperatures.
Welding technology is widely used in many different industries, such as shipbuilding or the nuclear or
automotive industries. Welding has interesting properties with respect to other joining technologies:
its continuity in the final assembly, speed and versatility in the design and fabrication stages, etc.
However, this technology in its traditional form has disadvantages because the high temperature
involved generates thermal expansion, shrinkage, and microstructural transformations. For that reason,
the welded joints in structures need constant supervision by highly qualified workers.

The prediction and control of distortion is particularly important for the design and manufacturing
of stiffened welded structures [1]. The extensive use of fusion-welding processes in the manufacturing
of this kind of structures generates high temperature in the parts, resulting in high distortion in the
final assemblies. This undesirable effect leads to direct costs due to the reworking that is needed to
assure the compliance of the final product. Thus, numerical simulation becomes an essential tool for the
forecasting and control of distortion in order to avoid high reprocessing costs in the fabrication stage.

The distortion phenomenon has been studied to develop new ways of minimizing its effects.
A reduction of the distortion can be achieved through different strategies based on treatments applied
either previous to, throughout, or after the weld process. These techniques can be mechanical [2],
thermal [3], electromagnetic [4] or use other welding processes [5,6], and can be based on minimizing net
stress in the assembly or inducing additional stresses after the welding process, such as in straightening.

Avoiding the distortion phenomenon by using predictive methods is an actual challenge that
is addressed in this work. The thermal transient tensioning (TTT) process was studied for the case
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of a typical shipbuilding stiffener. Parametric analysis for different torch positions and heat power
densities was performed. The result will point to a new constructive technique which aims to reduce
cost and construction time.

The transient thermal tensioning process was patented by Dull, R.M. [7] (Edison Welding Institute,
Columbus, OH, USA). This process is one of the more promising techniques used to mitigate the
distortion produced by welding processes. In this method, different heat sources are located in different
areas over the plates. These sources are transient, thus implying the presence of moving and localized
heat sources, which produce both temperature gradients and thermal stresses. The substantial idea
of TTT is to control the stresses in the assembly during the welding by combining the auxiliary heat
sources with the welding process heat sources.

2. Method Details

In this work, a modified TTT procedure was developed and applied to a large T-joint.
High-temperature TTT (htTTT) was applied over a typical stiffener used in the shipbuilding industry,
but the conclusions are relevant to other industries where these kinds of assemblies are used.

The T-joint (P1) and the asymmetrical T-joint (P2) are assemblies of two plates, each 3 m long
(Figure 1). The difference between both assemblies lies in the position of the web over the flange.
Long T-joint stiffeners are sometimes welded in several bead depositions using specific sequences [8].
Those sequences can minimize the total distortion, but the process is slower and complex, and therefore
other strategies to avoid the distortions were studied.
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to the TTT process. The technique implemented in this case involved using two symmetrical propane 
torches over the FCAW torches aimed towards the web of the structure, as shown in Figure 1. Two 
torches were used to avoid asymmetrical thermal loads, so that, at the end of the process, no 
transversal deflection was observed. 

The TTT developed for this case was a stressing method; it operates as with heatline forming, 
using a high thermal power to introduce strains/stresses into the plates. This operation is different 
from the low stress no distortion method [9], where the minimization of the final residual stresses 
implies lower distortions. 

Figure 1. Schematic of the manufacturing process with the size of the T-joint. (dimensions in mm). (a)
Distance between process torches; (b) P1 geometry; (c) P2 geometry.

The reference assemblies (P1 and P2) are welded by using double-sided symmetric flux cored arc
welding (FCAW) welding. The weld was performed in a single pass from start to end, and therefore
the total time for the weld process was short. The TTT process was applied to P1 and P2 (Figure 1);
the use of the transient heat-forming torches together with the welding process is specific to the TTT
process. The technique implemented in this case involved using two symmetrical propane torches over
the FCAW torches aimed towards the web of the structure, as shown in Figure 1. Two torches were
used to avoid asymmetrical thermal loads, so that, at the end of the process, no transversal deflection
was observed.

The TTT developed for this case was a stressing method; it operates as with heatline forming,
using a high thermal power to introduce strains/stresses into the plates. This operation is different
from the low stress no distortion method [9], where the minimization of the final residual stresses
implies lower distortions.

The case described here shows a high-temperature TTT process, where the residual compressive
stresses work against the weld distortion. The reduction of distortion was controlled by acting on the
flame intensity and the position of the flame torches. The distortion produced by both the weld and
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the flame heating will depend on the geometry and the thermal power of the heat sources; therefore,
to obtain the optimal final non-distortion configuration, it will be necessary to calibrate the position
and the power of both sources.

The clamping strategy for the TTT process studied in this research involves minimum clamping,
implying that the assembly rests on a surface without any geometrical restriction. The flange and
the web of the T assembly must be correctly positioned and joined by short welds; this will prevent
separation or misalignment of the plates.

The distance of the torches to the plates and the power of each single torch should be carefully
controlled to ensure that the power acting on the plates is symmetrical; also, the heat power applied
on the plates must be controlled because a low power of the flame torches will produce low distortion
correction, while a high power could yield higher final distortions. This effect is investigated in detail
in the following sections.

The advantage of TTT comes from being an in-process method; therefore, from the viewpoint of
manufacturing efficiency and cost, this process is more desirable than other alternative processes such
as straightening. The process studied in this research was applied together with the weld at the same
time and same speed as the weld torch; therefore, the total time of manufacturing was the one-pass
welding time.

3. Methodology

The welding/heat forming simulation problem has a complex nature. The process is highly
nonlinear and it couples together thermal, mechanical and metallurgical fields: thermal loads induce
changes in the mechanical fields, while high temperatures and high cooling rates can lead to phase
change and metallurgical transformations which make the material properties dependent on the
temperature and metallurgical phase proportion. The geometry was meshed using 132.642 hexahedron
elements. No rigid clamping was used; instead, the T-joint was simply supported. The constant
convection film coefficient (5 W/m2) was defined for the exterior surfaces of the assembly. The model
was built using the ESI.Syweld software (2014, ESI Group, Paris, France).

However, it is not possible to simulate all of the physics involved in the welding process in
a realistic way, as detailed in the study by Lindgren [10]. At present, the FEM simulations for welding
often use a Lagrangian mesh [1–8,11]. In this work, the heat source was modeled with the Goldak [12]
approximation (Equation (1)) for the weld heat input, and the propane torch source was modeled by 3D
conical approximation. The thermo-metallurgical-elastoplastic model approximation (2) has showed
great accuracy for weld simulation as well as line forming [13], but in the case of big assemblies,
the computation cost increases significantly.

P =
∫

Q(x, y, z, t) = Q f · e
− [x+v(τ−t)]2

a2
f · e−

y2

b2 · e−
z2

c2 + Qr · e
− [x+v(τ−t)]2

a2
r · e−

y2

b2 · e−
z2

c2 (1)

•
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•e
ε +

•p
ε +

•tp
ε +

•th
ε (2)

In the equations above, Q is the power of the source, Q f and Qr are the energy in the front
and rear zones of the source, respectively, a, b and c are the dimensions of the elliptical shape
of the source, r is the radius of the Gaussian source over the plate, v is the speed of the source
and x, y and z are the position coordinates of the source over the plate. The weld beads were
added during the process using the rebirth elements method [14]. The present study is performed
taking the strains in Equation (2) into account: the strains due to the elastic and plastic domain

(
•e
ε ,

•p
ε ), thermal strains (

•tp
ε ) and strains produced by the phase transformations (

•th
ε ). The welding

process can be a cyclic process (multi-pass welding) and therefore the plasticity was calculated using
a linear kinematic hardening approximation for the elastic-plastic constitutive model [15]. The material
(DH-36) was characterized at the AIMEN Technology Centre facilities (Porriño-Pontevedra, Spain).
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Its properties—specific heat, thermal conductivity, young modulus, elastic limit and stress–strain
curves—were temperature-dependent (0–800 ◦C), and values higher than 800 ◦C were extrapolated
from those. These values were completed using other ones from references [16].

The htTTT methodology was simulated using a highly non-linear model with large-displacement
and large-strain behaviors. Also, the materials were modeled with non-linear properties, and therefore
the thermo-metallurgical-mechanical model used to compute the weld process was executed with the
updated Lagrangian formulation and Newton–Raphson method [13].

First, the three initial experimental procedures were carried out (Figure 2) and characterized
and validated by FEM, as described below. Small laboratory tests were used in the first and second
stage. For the final stage, some representative structures in the shipbuilding industry were welded.
Naval grade steel (DH-36) was used in every experiment. Shipbuilding process parameters (current,
voltage and torch speed) were used depending on the thickness, weld process and materials.
The experiments were performed at the AIMEN Technology Centre facilities. The results from the
experimental tests were used to validate the numerical models [17].
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(c) flux cored arc welding (FCAW) welding process.

1. The heatline forming process using a heatline laser diode was applied over small plates
(300 × 200 mm) with two thickness values (6 and 8 mm) under different power density
configurations. The assembly chosen was a cantilever-like structure. The laser scanning was
performed in the middle line of the plate;

2. The propane gas static heating process characterization was performed, using a heating propane
torch over a vertical plate. The heating of the heatprint and the cooling the plate were analyzed;

3. Weld process characterization over a large T-joint using a FCAW (flux cored arc welding) process.
The tests were performed with continuum and double-sided welds. Every sample used was three
meters long. The thickness values chosen were 8 mm for the web and 12 mm for the flange.

Every experiment was recorded with a thermal camera to analyze the evolution of the temperature
field; also, the dimensions of every sample were measured before and after the thermal process, as was
the flatness of each component. The plates were carefully positioned and measured to ensure the
correct initial state, because any misalignment or deviation would generate inconsistencies in the
distortion. In this work, the maximum vertical deflection was chosen as a reference to verify the
accuracy of the FEM model chosen. The experimental results were used to validate the FEM model
and to generate the htTTT numerical model [17].

The numerical model was based on the mathematical description from [14–21]. The model of
the htTTT process was developed incorporating the flame torches to the weld process. In this work,
the four-heat-sources approach is shown with two welding torches plus two propane torches. For the
htTTT comparison, the welding process used was the same for every case, but the heatline torches’
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powers and positions were varied in the study. Seven different positions–heights (mm) for the flame
torches over the web of the assembly (Figure 3) were studied.
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Figure 3. (a) Vertical parametrization in mm; (b) Temperature objective parametrization.

Five different power density values (Figure 3) were applied in this study, while only the net
power was changed in the definition of the source model. It is not possible to measure the net power
experimentally because the experimental propane setup is carried out by mixing the volume and the
pressure of oxygen and propane, so the torches were identified by their corresponding maximum
temperature produced on the plate (Figure 3). The maximum temperature is the resulting combined
effect of the power source and the velocity of the torch and the thickness of plate.

The power, velocity, and therefore temperature was almost constant throughout the whole process.
The trajectories of the two pairs of torches—welding and TTT—were parallel and their displacements
synchronized, and all four torches therefore advanced with the same direction and at the same speed.

4. Results

A de-coupled thermo-mechanical method was used to predict the TTT behavior and for the
calculations for the different torch positions over the web. Figure 4 shows the maximum vertical
deflection for the parametrization of the TTT torch position and heat power.
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Figure 4. Vertical deflection of P1, the reference T-joint. Scale of vertical distortion (mm).

The Figure 5 shows the numerical simulation results of the htTTT compared against the
experimental results of the welded P1. The black dashed line represents the distortion previously
calculated and validated against the experimental results (corresponding to the P1 welding process
alone). The colored squares (datapoints) show the distortion obtained by the numerical simulation
model results for each htTTT parameterization. In the graph, the y-axis indicates the representative
distortion value while the x-axis shows the position of the TTT torches over the length of the web.
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For instance, the red dots indicate that both the HL-55 and HL-100 cases show a higher final
distortion value when the TTT torch is too close to the joint. When the TTT torch is 140 mm up the weld
joint, an improvement in the final distortion is noticed. For HL-230, the distortion after the process is
almost zero, while above 230 mm over the joint base, the final distortion obtained is negative, meaning
that it is produced in the direction opposite to the natural one caused by the welding process.

Similar trends were observed for the blue, orange, red and pink curves. Higher distortion values
were obtained with the TTT torches positioned closer to the weld torches, while those values decreased
as the position of TTT torches was further away from the weld line. The behavior of the distortion
is amplified for higher temperature values, so the slopes of the curves are higher. For the lower TTT
temperature studied here—green dots—the performance is small, with the points laying very close
to the black line. Surprisingly, the optimal distortion behavior for the green points happened for the
HL-100 case due to the thermal coupling because of the reduction in the thermal gradients around the
weld zone.

It is possible to extract from the dots’ tendencies, shown in Figure 5, the behavior of the structure
for each case, and to calculate the optimal torch position to obtain null distortion: 198 mm for TTT-950
◦C, 231 mm for TTT-690 ◦C and 283 mm for TTT-500 ◦C. The cases with source power TTT-330 ◦C and
TTT-250 ◦C do not reach the zero distortion value for the P1 geometry.

It can be seen that the TTT action may reduce or increase the final distortion. Therefore, there
should be an inflexion point between both behaviors, and that point is called the ‘neutral zone’.
As shown in these figures, the position of that neutral zone depends on the heat power and the
geometry of the plates, and the dependency is strongly non-linear.

The residual stresses were extracted from the FEM postprocessing. The stresses were measured
on the surface of the plates located in the middle of the assembly (Figure 6). The black line shows
a reference solution representing the action of the welding process alone. The stresses over the bead
are similar in every case, with the major differences appearing in the place upon which the propane
torch acts. Increasing the source heat power results in higher stress values and a wider affected zone.
Moreover, it produces higher compressive stresses along the plate. This is a clear difference that can be
seen between the conventional welding and the TTT process. The welding and TTT processes together
induce high tensile stress in the position where the propane torches are working. Thus, two main
zones with peak stress values can be seen to appear for the welding-plus-TTT process.
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Figure 6. (a) Measurement points for the residual stresses; (b) Residual stresses over the measurement
line for thermal transient tensioning (TTT)-HL283.

The green line shows a small stress peak at the propane torch position due to the low-power
source applied in that case. It can be seen that, except for the torch position, the longitudinal stress
curve is parallel to the welding stress curve, the final distortion being the same in both cases.
With the high-power source, lower peak stress values are reached for the bead position, but that
difference is almost negligible, and so the distortion reduction is performed by the introduction of the
compressive stresses.

The reduction in the final distortion was caused by the compressive stresses from the auxiliary
thermal sources. Comparing the results along the weld line (Figure 7b), the longitudinal stress shows
the same values and trends. Therefore, the TTT applied does not affect directly the action of the
weld pass.
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Figure 7. (a) Stresses distribution during the high-temperature TTT (htTTT) process (MPa); (b) stress
distribution during the process.

The residual stress values for different TTT processes (Figure 8a) show the slope of the residual
stresses between the maximum peaks (a direct effect of the heat sources). The slope of these curves
defines the direction of the final distortion. That final distortion is dependent on the intensity of the
heat sources and the position of these sources with respect to the vertical center of mass. Figure 8b
shows a simplified schematic of the theoretical residual stresses for the ideal htTTT process, helping
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to understand Figure 8a. Three possible slopes in the graphs are possible, and a horizontal curve is
aimed for during the htTTT process.
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The compressive stresses produced by htTTT determine the final distortion. Therefore, when the
compressive stresses work below the center of mass, the structure becomes concave, while if the
compressive stresses work over the center of mass, the final shape of the structure will be convex
(Figure 9). The htTTT process makes it possible to find an optimal configuration of the propane
torches that allows reaching the equilibrium of the compressive stresses, finally leading to zero
out-of-plane distortion.
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Figure 9. (a) Residual stresses for several htTTT tests; (b) stress comparison along the measurement
line (Figure 3a).

The study of the residual stresses helps us to understand the evolution of the distortion caused by
the action of the htTTT. The stresses induced by the thermal loads and the edge effects contribute to
producing the distortion of the assembly.

Finally, the htTTT process was applied over non-symmetrical T-joints (P2) (Figure 10) and the
same behavior was observed. For a non-symmetrical geometry, transversal distortion appears during
a double-sided welding process. The vertical distortion of the T-joint reaches 3.52 mm while the
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transversal distortion reaches 8.74 mm (Figure 10b). Using htTTT at 690 ◦C on the web and wing,
the values of the distortion change (Figure 10b).
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When the auxiliary torches are located near the weld torches, the distortion increases as in the
P1 case, while with an adequate positioning of the auxiliary htTTT torches, it is possible to reduce
the distortion values. Therefore, the htTTT can be used to reduce the distortion during the welding
process in both cases.

5. Discussion

htTTT has proven itself to be an efficient strategy to reduce distortions from welding processes.
It causes the reduction in the distortion by adding new residual stresses, and therefore is a truly
different process from the LSND (low stress no distortion) methodology, because the LSND aims to
minimize residual stresses and the htTTT adds stresses into the assembly to minimize the distortion.
htTTT was performed over two different T-joint geometries, and the results and conclusions obtained
were similar. The temperature and position of the propane torches were studied, as both parameters
are necessary to optimize the htTTT process for a given geometry of the component.

The htTTT does not affect the residual stresses on the bead zone if the auxiliary torches are
far enough, and therefore the temperature over the bead remains almost constant, although future
studies will be focused on their thermal behavior. If the temperatures are more uniform over the
plates, the distortion at the final of the process is minimized. Moreover, other techniques such as
preheating or slow cooling generate a temperature coupling that results in a more uniform distribution
of temperature in the welded plates. The idea behind the htTTT is to minimize the weld distortion
with compensative distortion applied in a different location.
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6. Conclusions

In this work, htTTT was developed, studied and parametrized. The position and the heat power
of the torches over a big symmetric T-joint were studied. Extreme reductions of the out-of-plane
distortion in T-joints were obtained by applying htTTT. Therefore, high-temperature transient thermal
tensioning can be used to fully eliminate the vertical distortion in T-joints.

The application of high-temperature transient thermal tensioning should be done far away from
the bead and always over the neutral line. The higher power density source used for the TTT torches
produces a distortion, and this phenomenon can be used to reduce the total distortion of the assembly.
It has been found that the optimal htTTT configuration for minimizing the distortion of P1 T-joints
involves applying the auxiliary propane torches at a distance of 330 mm from the flange with a 418 ◦C
surface temperature.

It has been shown that htTTT does not have any relevant impact on the residual stresses around the
molten weld zone when the htTTT is performed far away from the focus of the weld. The improvement
of the distortion behavior in the assembly is a result of the generation of new compressive stresses
by the auxiliary torches. These new stresses produce compensation forces during the weld process,
leading to a lower distortion at the end of the cooling. The process can be used with an asymmetrical
setup of the stiffeners.

The use of higher temperatures (950 ◦C) results in higher distortion reductions, but they also
cause metallurgical transformations, and therefore are not useful in the case of the material used in
this study.

Author Contributions: Conceptualization, J.S.; Methodology, J.S. and E.A.; Validation, J.S.; Formal Analysis, J.S.,
E.A., P.A., J.C.; Investigation, J.S.; Writing-Original Draft Preparation, J.S.; Writing-Review & Editing, J.S., E.A.,
P.A. and J.C.; Supervision, J.S. and E.A.; Project Administration, J.S.

Funding: This research received no external funding.

Acknowledgments: This work had been developed by AIMEN Technology Centre in collaboration with
a significative number of companies from industries such as shipbuilding and boiler-making, in the search
for the optimal design of new structures. The study was developed within the R&D project: ‘Shipbuilding
manufacturing with zero distortion (D0)’ funded by CDTI and co-funded by FEDER.

Conflicts of Interest: The authors declare no conflicts of interest

References

1. Deng, D.; Zhou, Y.; Bi, T.; Liu, X. Experimental and numerical investigations of welding distortion induced
by CO2 gas arc welding in thin-plate bead-on joints. Mater. Des. (1980–2015) 2013, 52, 720–729. [CrossRef]

2. Cozzolino, L.D.; Coules, H.E.; Cologrove, P.A. Modelling distortion reduction on pre- and post-weld rolled
gas metal arc welded plates. In Proceedings of the International Workshop on Thermal Forming and Welding
Distortion, Bremen, Germany, 6–7 April 2011.

3. Pazooki, A.M.A.; Hermans, M.J.M.; Richardson, I.M. Reduction of welding distortion in DP600 steel by
manipulation of temperature distribution during welding. In Proceedings of the International Workshop on
Thermal Forming and Welding Distortion, Bremen, Germany, 6–7 April 2011.

4. Jahn, A.; Kratzsch, M.; Brener, B. Induction assisted laser beam welding of HSLA steel sheets. In Proceedings
of the International Scientific Colloquium Modelling for Electromagnetics Processing, Hannover, Germany,
27–29 October 2008.

5. Bakir, N.; Artinov, A.; Gumenyuk, A.; Bachmann, M.; Rethmeier, M. Numerical Simulation on the Origin of
Solidification Cracking in Laser Welded Thick-Walled Structures. Metals 2018, 8, 406. [CrossRef]

6. D’Urso, G.; Giardini, C. Thermo-Mechanical Characterization of Friction Stir Spot Welded AA7050 Sheets by
Means of Experimental and FEM Analyses. Materials 2016, 9, 689. [CrossRef] [PubMed]

7. Dull, R.M.; Dydo, J.R.; Russell, J.J.; Shaghvi, J. Method of Reducing Distortion by Transient Thermal
Tensioning. US Patent 6,861,617, 1 March 2005.

8. Souto Grela, J.; Blanco Viana, E.B.; Martinez, D.; Piñeiro, E. Numerical simulation in welding process:
Optimizing structures with sequence and inertial study. Matér. Tech. 2012, 100, 317–326. [CrossRef]

http://dx.doi.org/10.1016/j.matdes.2013.06.013
http://dx.doi.org/10.3390/met8060406
http://dx.doi.org/10.3390/ma9080689
http://www.ncbi.nlm.nih.gov/pubmed/28773810
http://dx.doi.org/10.1051/mattech/2012042


Materials 2018, 11, 1649 11 of 11

9. Chen, S. Low Stress Non-Distortion Welding. Ph.D. Thesis, University of Wollongong, Wollongong, NSW,
Australia, 2013.

10. Lindgren, L.E. Finite element modelling and simulation of welding, part 1: Increased complexity. J. Therm. Stress.
2001, 24, 141–192. [CrossRef]

11. Anca, A.; Cardona, A.; Risso, J.; Fachinotti, V. Finite element modeling of welding processes. Appl. Math. Model.
2011, 35, 688–707. [CrossRef]

12. Goldak, J.; Chakravarti, A.; Bibby, M. A new finite element model for welding heat sources. Metall. Trans. B
1984, 15, 299–305. [CrossRef]

13. Smith, M.C.; Smith, A.C. NeT bead-on-plate round robin: Comparison of residual stress predictions and
measurements. Int. J. Press. Vessels Pip. 2009, 86, 79–95. [CrossRef]

14. Hong, J.K.; Tsai, C.L.; Dong, P. Assessment of Numerical Procedures for Residual Stress Analysis of Multipass
Welds. Weld. J. 1998, 77, 372s–382s.

15. Hinton, E. NAFEMS: Introduction to Nonlinear Finite Element Analysis; NAFEMS Birniehill East Killbridge
Glasgow: Glasgow, UK, 1992.

16. Cozzolino, L.D.; Coules, H.E.; Cologrove, P.A.; Wen, S. Investigation of post-weld rolling methods to reduce
residual stresses and distortion. J. Mater. Proc. Technol. 2017, 247, 243–256. [CrossRef]

17. Souto, J.; Ares, E.; Alegre, P. Procedure in Reduction of Distortion in Welding Process by High Temperature
Thermal Transient Tensioning. Procedia Eng. 2015, 132, 732–739. [CrossRef]

18. Leblond, J.B.; Devaux, J. A new kinetic model for anisothermal metallurgical transformations in steels
including effect of austenite grain size. Acta Metall. 1984, 32, 137–146. [CrossRef]

19. Lindgren, L.E. Finite element modelling and simulation of welding. Part 2. Improved material modelling.
J. Therm. Stress. 2001, 24, 195–231. [CrossRef]

20. Lindgren, L.E. Finite element modeling and simulation of welding. Part 3. Efficiency and integration.
J. Therm. Stress. 2001, 24, 305–334. [CrossRef]

21. Ueda, Y.; Yamakawa, T. Analysis of thermal elastic-plastic stress and strain during welding by finite element
method. JWRI 1971, 2, 90–100.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/01495730150500442
http://dx.doi.org/10.1016/j.apm.2010.07.026
http://dx.doi.org/10.1007/BF02667333
http://dx.doi.org/10.1016/j.ijpvp.2008.11.017
http://dx.doi.org/10.1016/j.jmatprotec.2017.04.018
http://dx.doi.org/10.1016/j.proeng.2015.12.554
http://dx.doi.org/10.1016/0001-6160(84)90211-6
http://dx.doi.org/10.1080/014957301300006380
http://dx.doi.org/10.1080/01495730151078117
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Method Details 
	Methodology 
	Results 
	Discussion 
	Conclusions 
	References

