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In order to optimize the structure of the welding process and calculate the technological mode parameters, a
coupled thermomechanical approach with numerical simulation in the LS-DYNA software environment is
proposed. An algorithm for modeling the process of argonarc welding with a non-consumable tungsten elec-
trode in an inert gas environment and a model for calculating temperature fields, residual stresses, and defor-
mations are proposed. The mathematical model of the process can be represented as a virtual experimental
stand for studying the welding process, as well as for determining the composition of technical means for its
implementation and technological equipment for fastening the product, which ensure the manufacture of
welded constructions made of various metallic materials with the required structure and properties.

Key words: argon arc welding, numerical simulation, control, algorithms, optimization, welded
joint, microstructure, mechanical properties.

INTRODUCTION

Although welding processes have been extensively stu-
died, both theoretically and experimentally, the problem of
improving the quality of welded structures continues to at-
tract the attention of materials scientists. This problem can be
solved by implementing state-of-the-art equipment, materi-
als, and technologies, such as argon arc welding (AAW),
which requires consideration of all external factors and inner
technological parameters. To simplify the solution of such a
complex problem, the phenomena under consideration are,
as a rule, analyzed separately [1]. However, this approach re-
sults in a fragmented vision of the analyzed phenomenon,
while the existence of any system depends on the mutual in-
fluence of its components. To create a holistic vision of a
system, it is necessary to identify the main links and interde-
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pendencies that determine the specific features of its func-
tioning and formation of integral properties. In this case, the
empirical method of studying physical processes and trans-
formations occurring in materials, while remaining reliable
in the development of practical recommendations for indus-
trial applications, becomes too labor- and time-consuming.
The efficiency of research studies in the field of materials
science can be increased using thermodynamic modeling
methods. These methods reduce time and labor costs in-
volved when predicting the influence of external factors on
the structure, phase composition, and properties of materials
during operation and, accordingly, on the service life of
equipment produced on their basis.

Argon arc welding is one of the most complex physical,
chemical, and metallurgical processes. During AAW, the
weld metal and the weld zone undergo aggregate state
changes and phase transformations. These lead to the occur-
rence of residual stresses thus altering the structure of alloys.
AAW process parameters are selected using engineering
analysis tools based on numerical methods and such software
packages, as Ansys CFX, LS-DYNA, etc. Simulation of the
AAW process is a large-scale multidisciplinary challenge,
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Fig. 1. Scheme for architectural description of welding technology.

which requires the use of concepts, laws, and methods deve-
loped in different scientific fields (Fig. 1). Creation of a
methodology for simulating the AAW process for manufac-
turing welded structures of various complexity made of dif-
ferent materials with specified structures and properties re-
presents a relevant research task.

In this article, we set out to develop an algorithm for si-
mulating the process of argon arc welding with a non-con-
sumable tungsten electrode in an inert gas environment and
to create a model enabling the calculation of temperature
fields, residual stresses, and deformations.

MODELING METHODOLOGY

The analysis of states and processes in systems requires
the development of computational modeling, which repre-
sents an integrated approach to the study of physical pro-
cesses and phenomena. This requires, accordingly, mathe-
matical models reflecting the features of their functioning
[2]. The technological chain of computational modeling in-
cludes the following components: phenomenon — mathemati-
cal model — algorithm — software program — calculation —
model modification. Conventional modeling approaches,
such as those based on unstructured meshes and finite ele-
ments, may not always be effective when modeling systems
and materials with complex structures of different scales.

The study of welding processes should provide solutions
to multi-physical problems by elucidating mutual relations
between physical processes (melting, crystallization, elastic
and plastic deformation, mass and structure variation) and
physical phenomena (thermal, mechanical, chemical, elec-
tromagnetic, etc.). The complexity of the AAW process stip-
ulates the need to design a family of mathematical models
for simulating the thermomechanical weld pool and magne-
togasodynamic processes in the electric arc plasma, as well
as for predicting the structure and chemical composition of
welded joints (Fig. 2).

Modeling of the AAW process is grounded on the theo-
ries of unsteady state heat conduction, hydrodynamics, elas-
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Fig. 2. Scheme of integrated study of the welding process.
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Fig. 3. Schematic diagram of welding process modeling.

tic-plastic state, magnetic hydrodynamics, and electrical hy-
drodynamics (Fig. 3) [3].

The mathematical model of the AAW process is charac-
terized by a set of vectors of initial (Z), required (X), and
phase () parameters [4]. The initial parameters include the
following vector parameters: Z; (heat conductivity coeffi-
cients, heat capacity, elastic moduli, linear elongation, den-
sity of the product and filler wire materials); Z, (parameters
of the technological mode of welding); and Z; (characteris-
tics of equipment and fixtures).The required parameters in-
clude the elements of vectors: X; (structure and parameters
of the operation) and X, (composition of the plant, ranges of
changes in kinematic and energy parameters). For creating
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Fig. 4. Thermomechanical approach to modeling of the welding
process.

such a model, a coupled thermomechanical approach should
be used.

Coupled thermomechanical model. The coupled thermo-
mechanical approach consists in the coordination of thermal
and mechanical calculation modules, when intermediate cal-
culation results are exchanged after each computational cy-
cle (Fig. 4). Thermomechanical modeling involves the calcu-
lation of a temperature field 7'(x, y, z), along with the dis-
placement and stress fields of the welded structure. The ana-
lysis of thermal and mechanical degrees of freedom in a cou-
pled form allows calculation of complex thermal-strength in-
teractions.

Thermal analysis involves the calculation of temperature
distribution and thermal parameters. The analysis is based on
the heat balance equation obtained in accordance with the
principle of energy conservation, with the finite element
method used for its discretization. The distribution of
stresses inside the computational domain and the displace-
ment vector are established by carrying out integration of
continuum mechanics equations (Fig. 5).

The AAW process is characterized by the presence of
moving and unknown in advance phase transition boundaries
(free boundary problems). A widely used approach to deter-
mining the temperature field and the phase transition boun-
dary consists in solving the Stefan problem. This problem is
based on the assumption of the existence of a clear boundary
between two phases of the same substance, passing along the
melting isotherm. At this front of zero thickness, the condi-
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tions of temperature continuity with simultaneous equality to
its phase transition temperature, as well as the thermal ba-
lance condition (Stefan condition), are fulfilled. In a
two-phase Stefan problem, the moving boundary makes the
solution of the equations much more difficult than their solu-
tion in a region with fixed boundaries.

When modeling phase transformations in the pool-pro-
duct system, the phase transition is assumed to occur at a
given constant temperature 7% at the interface S=S(¢). This
interface divides the computational domain U into the fol-
lowing two subareas.

The subarea Q*(¢) corresponds to the area occupied by
the liquid phase whose temperature exceeds that of the phase
transition [2]:

Q)={(x,3,2)eQ, T(x,y,z)>T.}.

The subarea Q (¢) corresponds to the area occupied by
the solid phase whose temperature does not exceed that of
the phase transition:

Q)={x»z)eQ, Tx,y,z)<T.}.

The heat conduction equations take the following form:
for the solid phase, (x,y,z,¢) € O

c’p’aai= div(AgradT7)+f; (1)
t
for the liquid phase, (x, y,z,y) € O*:
+ or* : + + +
cp a——kvgradT =div(ATgradTT)+f", (2)
t

where ¢~ and ¢* are the heat capacity of the material in solid
and liquid states, respectively; A~ and A" are the heat transfer
coefficient of the material in solid and liquid states; p~ and p*
are the density values of the material in solid and liquid
states; 7~ and T are the temperature values of the material
in solid and liquid states; /~ and /™ are the density values of
heat sources in solid and liquid states.

The input data for the thermomechanical model include
the following: description of the heat source, setting of
boundary and initial conditions, setting of mechanical and
thermophysical properties of the product and filler wire ma-
terials. When solving the problem of coupled thermal analy-
sis, account should be taken of the transfer of loads between
the design modules and the set boundary conditions at the in-
terface.

SIMULATION OF ARGON ARC WELDING
PROCESS IN LS-DYNA ENVIRONMENT

Modern multidisciplinary software packages offer the
opportunity to study various technological modes of weld-

Heat
source

Fig. 5. Interaction of various physical processes during welding.

ing. An effective tool for obtaining a welded joint with a
given structure and properties is numerical simulation of the
AAW process in the LS-DYNA computing package. In this
software, discretization of differential equations is carried
out using special finite elements, which have, along with dis-
placements and rotations in nodes, degrees of freedom in
terms of temperature and stresses. The element type can be
switched, e.g., from thermal to strength.

The finite element LS-DYNA package is designed to
perform calculations in various engineering disciplines (non-
linear dynamics, thermal problems, fracture, crack develop-
ment, arbitrary Eulerian—Lagrangian behavior, multidisci-
plinary analysis, etc.).

The sequence of the main stages of numerical simulation
can be presented in the following form.

1. Development of a geometric model.

2. Setting of the thermophysical and mechanical proper-
ties of the welded product and filler wire materials.

3. Setting of boundary and initial conditions.

4. Selection of a heat source and determination of its pa-
rameters.

5. Discretization of the computational domain into finite
elements.

6. Description of connections between the boundaries of
the finite element nodes.

7. Setting of the technological mode of welding.

8. Carrying out calculations.

9. Processing and analysis of the obtained results.

Geometric representation of the model. The process of
multi-pass argon arc welding of a specific structural element
is modelled with regard to its geometric parameters and the
scheme of edge cutting for welding.
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Product material. When modeling the welding process in
the LS-DYNA environment, three material states are distin-
guished: solid, liquid, and undefined. The undefined state in-
dicates that the material has negligible thermal and mechani-
cal properties until it is activated at a user-specified tempera-
ture [5, 6]. The state of the material is determined by the acti-
vation temperature. It is assumed that a solid material has a
very low activation temperature, a liquid material has a melt-
ing temperature, and an undefined material has a very high
activation temperature. It should be noted that both thermal
and mechanical material models have an activation tempera-
ture and, therefore, can be used independently of each other.

The LS-DYNA package provides the option of simulat-
ing thermal expansion due to changes in the phase composi-
tion of a material. Material models in LS-DYNA, defined by
*MAT CWM/#270 and *MAT UHS/#244, include the co-
efficient of thermal expansion, which is tabulated as a func-
tion of temperature.

The input data for the product material model are the
chemical composition, mechanical and thermophysical prop-
erties of the alloy and filler wire. To model the welding pro-
cess, the function of an undefined material using the activa-
tion temperature is introduced [5, 6].

Boundary conditions. In order to simplify the mathemati-
cal model of AAW processes, the following assumptions are
introduced.

1. The motion of molten metal in the weld pool is ne-
glected.

2. The weld pool is in a state of static balance under the
action of gravitational forces, surface tension, and arc pres-
sure.

3. An ideal elastic-plastic model of the material is used.

4. The plastic flow hypothesis is used to calculate plastic
deformations.

5. The transition to the plastic state is determined by the
von Mises criterion.

A fixed Cartesian coordinate system (x,y,z) is used,
where the metal of the welded joint is stationary while the
electrode and arc move at welding speed v in the direction of
the x coordinate. The coordinates of the electrode axis x,and
yyare determined by the relations

X=X tvi =0, ®)

where x,, is the arc starting point; # is the time since the onset
of the welding process.

The initial conditions assume that, at the initial moment
of time, there is no molten pool, the temperature in all points
of space is the same and equal to the ambient temperature.

Setting the boundary conditions implies determining the
geometric shape of the joint and consideration of changes in
the spatial position of the weld pool. Modeling of pipe weld-
ing with edge cutting is complicated by the uncertainty of the
product shape, which is established in the course of modeling
and varies depending on the result of solving the model
equations. The initial values of enthalpy and joint tempera-
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Fig. 6. Model of a double-ellipsoidal heat source.

ture are assumed to be equal to their initial values before
welding. In the process of solving the problem of pool for-
mation, the location of the non-melting electrode, filler wire,
and arc relative to the edges is determined. According to the
obtained values of enthalpy and temperature, the boundaries
and shape of the pool surface are determined.

Heat source. As a rule, finite element modeling packages
for thermomechanical welding processes use a double ellip-
soidal source with normal (Gaussian) distribution of specific
heat power or the Goldak heat source model as a heat source
simulating the molten pool. The peculiarity of this model
consists in the independent estimation of specific heat power
distributions ¢, in the frontal (index f) and tail (index r)
parts of the ellipsoid (Fig. 6). The heat source powers are
found from the relations [7]:

&3q

q, .=f. 71 %
S afbc7t3/2
[ 2 _ 2 2]
expi -3 (x x200) +(y )2’0) +(Z 220) L@
ay b c

g —p S
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2 2 2
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where x, y, z are semi-axes of the ellipsoid in the direction of
the coordinate axes; f,and f are coefficients determining the
ratio of heat introduced into the frontal and tail parts of the
ellipsoid; a, a,, b, ¢ are the corresponding radii of normal
distribution.

The effective heat power of the heating source is deter-
mined from the relation

g =nlU, (©)
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where 1 is the efficiency of the welding arc; / is the current;
U is the arc voltage. Coordinates of the point (x,, ¥, z,)
correspond to the center of the ellipsoid. The coordinate x,
is estimated taking the welding speed into account by the
equation:

Xoo = Xo T VI, (7)

where v is welding speed; ¢ is time.
The coefficients f; and f, are related as follows:

a;, . _ 2,

Jr = ; oagta,=2. (®)
ar +a, ar +a,
According to [7], the values f;= 0.4 and f, = 1.6 are rec-

ommended for general cases of arc welding. The parameters
ar, a,, b and ¢ are independent and take different values,
which allows flexible optimization of the model for specific
welding cases, changing its shape from almost spherical to
strongly elongated along the x-axis.

Calibration of the Goldak heat source model remains the
most difficult issue of its application in the study of thermal
welding processes [8, 9]. The linear dimensions of the actual
molten pool exceed the corresponding dimensions of the
given ellipsoid. The geometric parameters of the model re-
quired for calculation are related to the dispersion of the nor-
mal distribution function, which, in turn, depends on the
welding mode parameters, which are also present in the
above equations [10].

In order to model the heat source, the LS-DYNA
package offers the function having the keyword
*BOUNDARY_THERMAL_WELD_TRAJECTORY. Swit-
ching between thermal and coupled simulations are made by
changing the SOLN parameter from 1 to 2 [5]. The nodes de-
fining the trajectory of the welding torch can be part of a de-
formable structure.

In addition to the double ellipsoidal heat source, the
LS-DYNA package enables the selection of a double ellip-
soidal heat source with constant heat flux density, a double
conical heat source with constant density, and a conical heat
source.

Graphical user interface. The LS-PREPOST Welding
graphical user interface, which can be considered as a sepa-
rate module, is used to specify the sequence of process tran-
sitions, the movement trajectory of the welding torch relative
to the workpiece (Fig. 7), the welding mode, mechanical and
thermal boundary conditions, material states (solid, liquid,
undefined). These settings are saved in a separate process file
(mesh, contacts, and materials, as well as the sets of sections,
nodes, and segments for boundary conditions, etc.).

When the graphical user interface is launched, a se-
quence folder is displayed where the sequence of passes, me-
chanical and thermal boundary conditions must be set.

When simulating the process of filling the weld with the
material, the algorithm of appearance and disappearance of
elements (structural components, mesh cells) is used, with all

Fig. 7. Trajectories of electrode motion during argon arc welding of
pipes (simulated in the LS-DYNA environment).

elements being taken into account, including those formed
during welding at later calculation stages. Stresses in struc-
tural components are equated to zero from the moment when
this element disappears. In a similar manner, when an ele-
ment appears, it is not added to the model, but simply re-
stored, with its properties (stiffness, weight, loads, etc.) re-
turning to their original values. Thermal stresses are calcu-
lated for newly activated elements according to the current
temperature.

The simulation process consists of preprocessing, prob-
lem solving, solution process control, and postprocessing.
Preprocessing includes constructing a geometric and finite
element model of the process, defining element types and
contact parameters of the process, introducing constraints
and loads acting on the model, defining the calculation time
and all other necessary parameters to perform the calcula-
tion. Postprocessing allows the results of the performed cal-
culation to be visualized through graphs and an animation
file of the welding process.

CONCLUSIONS

1. In this work, we have formulated the scientific and
technical foundations of a methodology for simulating and
optimizing the technology and modes of welding vari-
ous-purpose metal structures. The methodology defines a
group of interrelated tasks in the study of the welding pro-
cess. These include construction of a set of mathematical
models and effective computer simulation methods, as well
as carrying out numerical studies to reveal the main regulari-
ties of the process.

2. The LS-DYNA software environment is shown to be
an effective tool for simulating the welding process when
manufacturing a welded joint with the required structure and
properties. A coupled thermomechanical approach to the
modeling of argon arc welding is proposed, which can be
used to determine the temperature, displacement, and stress
fields of the welded structure. Finite element modeling of
thermal welding processes using a double ellipsoidal heating



344

source allows the kinetics of thermal effects on the welded
product to be predicted.

3. Numerical simulation of the process of argon arc
welding results in optimization of its parameters, thereby en-
suring the production of defect-free welded joints that meet
the operational requirements. The calculated parameters of
the AAW process include its structure and technological
modes (arc current and voltage, current pulse and pause time,
welding speed and filler wire feed, etc.). The mathematical
model of AAW can be presented as a virtual experimental
stand for studying the welding process and determining the
composition of equipment required for its implementation,
including the fastening equipment.

4. The proposed coupled thermomechanical approach to
modeling of technological processes is versatile and can be
used for various production applications. This approach will
be used in the next part of the article to simulate the process
of welding industrial pipes made of HP40NbTi alloy and to
evaluate the obtained results experimentally.
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