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Abstract

Manufacturing simulations is today on a level where a manufacturing
chain can be simulated including various steps such as machining, weld-
ing, metal deposition and heat treatment. This opens up for the possibil-
ity to investigate different manufacturing routes without the high costs
of experimental work. In the case of welding and metal deposition the
effect of fixtures and ordering of weld sequences can be evaluated with
respect to deformation and residual stress. If a heated tool is included in
a hot forming simulation there is a possibility to find process parameters
that produces the desired microstructure in the sheet metal component.

The work in this thesis has focused on techniques for increased effi-
ciency in the context of large and complex structures and also alleviating
the work during model definition for metal deposition and Joule heating.
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1 Introduction

As predicted by the Intel co-founder Gordon Moore, the computer chips
has become ever more powerful thus making high performance comput-
ers readily available for the design engineer. This development has in-
troduced the finite element method into the design process as a tool to
verify the structural integrity of the final component. In many cases
these analysis do not take into account the effects such as defects, de-
formations and residual stresses caused by the different manufacturing
steps. However, it may be of great importance to account for these ef-
fects when optimizing components or when safety issues are cricital. The
finite element method can also be applied to the manufacturing process,
it is possible to evaluate various design and manufacturing concepts at an
early stage without expensive prototype work. Results produced during
the manufacturing simulation can also be passed on to different kind of
structural analyses, thus making them more accurate and reducing the
needed safety margin.

1.1 Scope of work

The aim of the work is to find efficient approaches for modeling and
simulation of the manufacturing processes welding, metal deposition and
Joule heating. Special focus is on techniques that enables the processes
to be simulated within acceptable time. This is of great importance if
simulations are going to be used in product development and planning
of fabrication.

2 Coupled field problems

Modeling of manufacturing processes often poses a problem that spans
two or more fields of physics that needs to be coupled as the solution
is advanced in time. A brief introduction to common types of analysis
involving coupled field problems will be given below.

2.1 Thermomechanical coupling

Thermomechanical coupling arises during the analysis of welding, heat
treatment, hot forming, metal cutting and many others. Welding might
be a multiphysics problem i.e. spanning many fields of physics, see [1].
Replacing the physics of the fluid flow in the weld pool with a heat
input model simplifies the modeling considerably leading to the couplings
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in Fig. 1. However, then calibration of the net heat input must be made.

Figure 1: Domains in a thermomechanical welding simulation. Figure
adopted from [1].

This type of methodology have been applied since the early 1970’s
by pioneers such as Hibbit and Marcal [2] that calculated residual stress
for 2-D bead on plate and axisymmetric welding of a disc. Later work
by Ueda et al. [3] computed residual stress from multipass welding of
a laboratory setup intended to replicate welding of a pressure vessel.
Computer development has since then made it possible for more detailed
modeling of 3D multipass welds [4] and complete structures [5].

Simulation of cutting includes domains similar to what is given in Fig.
1 but the heat source is replaced by heat generated by plastic work and
friction [6].

2.2 Electromagnetic-thermal coupling

During induction heat treatment a current is induced in the workpiece
due to the alternating electromagnetic field in the induction coil. This
current is commonly known as eddy current and produces heat in the
workpiece by the Joule effect. The eddy currents are concentrated to
the surface of the workpiece, a phenomenon known as the skin effect,
which causes a nonuniform temperature profile [7]. This makes induc-
tion heating suitable for local heat treatment and surface hardening.
Local heat treatment was studied by Fisk et al. [8] using a PID regulator
to control the current in the induction heating coil. The resulting tem-
perature field from the induction heating analysis was transferred to a
thermo-mechanical model to solve for the residual stress. It was found
that there were no significant difference in the residual stress field when
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comparing local and global heat treatment. Hardening of carbon steel
cylinders were studied by Wang et al. [9] using a moving coil. The finite
element model was validated against analytical solutions for the temper-
ature field, which showed a good agreement thus proving the usefulness
of the modeling technique.

2.3 Fluid-thermomechanical coupling

Fluid-thermomechanical coupling arises where a detailed analysis of heat
treatment is required and makes it possible to accurately determine the
heat transfer coefficient on the fluid-solid boundary. Berglund et al. [10]
performed an analysis of a welded turbine exhaust case (TEC) were the
heat transfer coefficient was determined by CFD analysis and subse-
quentely used as a boundary condition for a thermomechanical simu-
lation of stress relief heat treatment. The CFD analysis made it possible
to resolve changes in the heat flux due to varying flow direction and
temperature. Quenching of a aluminium cylinder head was analysed by
Srinivasan et al. [11] using the commercial code AVL-FIRE with a code
coupling interface between the solid and fluid regions. The fluid flow was
modeled using a two phase model considering both the fluid flow and va-
por on the boundary of the hot metal. The simulations made it possible
to evaluate different immersion strategies for quenching. A good agree-
ment was found between calculated and measured temperature histories.

3 Solution of coupled problems

A coupled problem might include both the interaction over a common
interface, e.g. a fluid that flows over a solid boundary, as well as different
physical fields in the same material [1]. The solution of a coupled system
can be achieved by using a monolithic or a partitioned treatment. For
the case of monolithic treatment the whole system is advanced simulta-
neously in time. In the more common partitioned analysis the compu-
tational fields are treated as isolated entities that are stepped in time
separately. Interaction between fields are communicated using substitu-
tion and prediction techniques [12]. This technique is illustrated in Fig.
2 were the solution for the first field, in this case x, is advanced with the
time step h using a predictor, denoted P. This solution is then substituted
into the solution for the second field. The substitution is denoted S in
the figure. The graphical representation of this technique motivates the
commonly used name staggered solution procedure. This approach has
the advantage that existing solution modules for different field problems
can be re-used and only one needs to communicate the results between

3



the modules. The drawback is that this places an requirement on the
allowed time step. As an example, the calculated deformation in a time
step is not transferred to the thermal solution until the next time step,
as Fig. 2 shows. The staggered approach has been used in the papers
included in this thesis. The equations for the respective field that has
been solved in this work will be given in the following sections.

Figure 2: Sequential staggered solution of coupled problem [12].

4 Heat Analysis

The temperature distribution in a medium as a function of time and
space can be determined by the heat transfer equation

ρc
∂T

∂t
−∇ · (λ∇T ) = Q̇ (1)

where ρ is the density, c the specific heat capacity, λ is the thermal
conductivity, T is the temperature, Q̇ the internal heat generated per
unit volume and ∇ is the del operator. The material properties λ and c

are temperature dependent.
The solution of the heat conduction stipulates that initial and bound-

ary conditions are stated. The initial condition requires that the tem-
perature of the entire body is known at some instant of time. Boundary
conditions can either be known temperature on the boundary, Dirichlet
condition, and/or an imposed flux which is known as a Neumann condi-
tion [13]. A imposed flux boundary condition defined with the outward
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normal direction as positive, can be expressed by

qn = −λ
∂T

∂n
= h(Ts − Ta) + σǫ(T 4

s
− T 4

a
) (2)

where n is the outward direction normal to the surface. The first term de-
scribes the convective heat loss and h is the heat transfer coefficient. The
second term is the heat loss due to radiation were σ is Stefan-Boltzmann’s
constant and ǫ is the emissivity of the surface. The temperatures Ts and
Ta refers to the surface temperature and ambient temperature respec-
tively [1].

Applying a semi-discrete Galerkin finite element formulation to Eq.
(1) with boundary conditions according to Eq. (2) leads an expression
for the nodal energy equilibrium [13]

n+1Cn+1Ṫ =n+1 Q̇ext −
n+1 Q̇int (3)

where the left superscript n is the time increment counter, Ṫ is a vector
containing the rate of change in the nodal temperature, C is the heat
capacity matrix, Q̇int is the internal flux vector assembled from element
heat fluxes. The thermal load vector Q̇ext may include volumetric heat-
ing and nodal or surface heat flux. In a strongly coupled analysis there
can also be contributions from plastic dissipated heat and elastic strains.

For a static linear heat conduction problem the internal flux vector
can be expressed by the following relation

n+1Q̇int = Kn+1

th

n+1T (4)

where Kn+1

th
is the temperature dependent thermal conductivity matrix.

In this case Eq. (3) reduces to the following expression

Kn+1

th

n+1T =n+1 Q̇ext (5)

which can be solved directly. For the nonlinear case a iterative incremen-
tal approach is used to solve Eq. (3) for a given time step.

5 Mechanical analysis

The basic equation of motion for an infinitesimal material volume is given
by

∇σ + f = ρü (6)

where σ is the stress tensor, ü the acceleration, ρ the density, f is the
body force and ∇ is the del operator. For a nonlinear problems the strain
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increment is computed from a displacement increment. The stress is then
updated by the constitutive model.

The displacement based, finite element semi-discretisation [15] of Eq.
(6) leads to

n+1Mn+1Ü = Fn+1

ext
− Fn+1

int
(7)

where M is the mass matrix, Ü is the vector of nodal accelerations,
Fext is the external force vector. The vector Fint is the internal forces
due to stresses, assembled from integration of element stresses. The
left superscript n is the time increment counter. Inertia is ignored for
quasistatic cases like welding. Then Eq. (7) reduces to

Fn+1

ext
− Fn+1

int
= 0 (8)

For nonlinear deformations a iterative Newton-Raphson solution as out-
lined in [15] is applied to Eq. (8). For a linear case Eq. (8) can, analogous
to the previous section, be expressed by the relation

Kn+1 n+1U = Fn+1

ext
(9)

where Kn+1 is the stifness matrix and n+1U is the nodal displacement
vector. The linear equation can be solved by direct methods.

6 Electrostatic analysis

An electrostatic analysis provides information about the electrical field
in an conductor, which is necessary for computing the resistive heating
power. The governing equation for the electrostatic problem is given by

∇ · (σ∇φ) = 0 (10)

where φ is the electrical potential field and ∇ is the del operator. The
electrical conductivity, σ, is a temperature dependent material property.
This equation is equivalent to Eq. (1) for the case of steady state heat
conduction without heat generation and is thus solved in a similar man-
ner. The equation is linear but the solution is computed for each time
step due to temperature dependent material properties. The electric field
intensity, E, is given by the gradient of the electrical potential field

E = −∇φ (11)

The current density, J and the electrical field intensity is related by

J = σE (12)
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which is Ohm’s law on continuum form. From these two relations the
thermal load vector, Qext, in Eq. (3) due to the volumetric current can
be formulated as

Qext = E · J = σ−1J2 (13)

Here the inverse of conductivity, the resistivity, replaces the global resis-
tance.

The expression for Eq. (13) on point form is given by

P = V I = RI2 (14)

where P is the heating power in the conductor, I is the current, V is the
voltage and R is the global resistance. This equation holds for a evenly
distributed current density in a conductor.

7 Metal deposition for aerospace compo-

nents

Components for the aerospace industry are usually large and thin-walled
with a relatively large amount of welds and metal deposition (MD). This
makes the modeling and simulation of the manufacturing process expen-
sive in terms of cpu time. In this section two techniques for modeling MD
that is suitable both from modeling and computational perspective will
be briefly presented. The respective modeling techniques are explained
in detail in paper I and paper II.

7.1 Simplification using symmetry

A rocket nozzle is here used as an example to demonstrate the technique
of reducing models size by utilizing geometric symmetry. The inner wall
of the nozzle consists of a plate that is formed to a cone and then milled
so channels are formed in the axial direction. These channels are then
closed by adding a mantle plate which is welded to the channel walls.
After welding the nozzle, multiple layers of metal deposition (MD) is
added to the upper part of the cone as a reinforcement, see Fig. 3.

A 3D quarter symmetry FE-model, Fig. 4, of the rocket nozzle was
used to validate a geometrically simplified model, due to lack of exper-
imentally measured data. The model is scaled down 10 times in length
and radius, while keeping the thickness of the actual component. This
as well as the reduction to a quarter model is done as a full model would
be to computationally expensive.
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(a) (b)

Figure 3: (a) Rocket nozzle during manufacture. A metal deposition
reinforcement is being added to the structure (grey area in figure). (b)
Cut through of metal deposition reinforcement and mantle plate of the
nozzle, showing channels in the nozzle wall

(a) (b)

Figure 4: Quarter symmetry model of the rocket nozzle. Top (a) and
side (b) view.
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The geometrically simplified modeling approach is based on an ap-
proximation where symmetric boundaries are applied to nozzle model.
The simulation of manufacture includes two different manufacturing pro-
cesses (welding and metal deposition) that shares a common axis of sym-
metry, but is applied in different directions. This prevents the use of a
single model to simulate the process chain of welding and metal deposi-
tion. Therefore the welding and metal deposition was performed on a 3D
model with cyclic symmetry and a 2D axisymmetric model respectively
as can be seen in Fig. 5.

(a) (b)

Figure 5: Temperature field during welding of the single channel model
(a) and after two sequences of MD (b).

The resulting stress components from the welding model is mapped
to the metal deposition model as an initial condition, to capture the
combined effect of the two manufacturing processes. The resulting stress
state from the welding of the single channel model is transferred to the
axisymmetric metal deposition model as an initial condition. Stress com-
ponents found at the integration points of the single channel model in
the final increment of the simulation are summed and averaged over the
cross section. The stress components that can be represented in axisym-
metry is then mapped to the coordinates of the corresponding integration
point in the symmetry plane. A more detailed explanation of the stress
mapping can be found in paper I.

Deformation results from the different models and positions are shown
in Fig. 6. The axisymmetric model shows a reasonable god agreement
with the quarter symmetry model in terms of deformation. It is also
clear that mapping of stress from the previous manufacturing simulation
is necessary if the overall deformation behavior is to be captured.
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Figure 6: Final deformation after welding and metal deposition. Results
from the quarter symmetry model is denoted as 3D with 0, 45 and 90
according to Fig. 4. Results from the axisymmetric model is presented
with and without mapping of initial stress as a comparison.

7.2 Metal Deposition - Dissimilar mesh

If a component that have been meshed with the intent of performing a
structural analysis is to be used for modeling of MD, there is often a
need for changes in the mesh of the base material to accommodate the
material added by the MD process. An alternative approach is to use a
contact criterion to glue the elements added by MD to the elements in
the base material, as shown in Fig. 7.

(a) (b)

Figure 7: (a) Temperature field during welding with ’glued’ contact be-
tween filler material and base plate, (b) Filler material added on a plate
with dissimilar mesh, the fringe level shows the status of contact.

The modeling technique was validated by simulating two models were
the deposited material is attached to the base plate using a glued contact
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condition, see Fig. 8 and Fig. 9. The model in Fig. 8 uses a matching
mesh between the deposited material and base plate but the nodes are
not connected but tied using glued contact. This is done to be able to
evaluate how the glued contact affects the results. The geometry was
previously studied by Lundbäck and Lindgren [4] using a conventional
FE-model with mesh identical to Fig. 8.

Figure 8: Model1, FE-model with matching mesh. Four weld sequences,
10 layers.

Figure 9: Model 2, FE-model with dissimilar mesh. Four weld sequences,
10 layers.

The computed and measured temperature and deformation histo-
ries are shown below. A good agreement was found when comparing
computed temperatures from the models with glued mesh to the results
achieved by Lundbäck and Lindgren [4] which supports that the model-
ing technique is useful and feasible. The deformation results correlates
well in terms of individual weld passes but the overall deformations have
an offset compared to the reference and measured results. Overall defor-
mation is also underpredicted. For a more thorough explanation about
the modeling technique refer to paper II.
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Figure 10: Measured and computed temperature history at T1. “Ref-
erence” indicates that it is computed results from [4]. See paper II for
further information.

Figure 11: Measured and computed out of plane displacement at point
P2. See paper II for further information.
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8 Resitive heating for hot forming tools

The increased demand for vehicle safety has been a driving force for the
development of more advanced automotive body concepts. If a heated
tool is introduced in the hot forming process there is a possibility to pro-
duce parts with soft zones due to the reduced cooling rate. The reduction
of cooling rate in an area of the formed sheet metal will reduce or pre-
vent the formation of martensite and produce an area with reduced yield
strength. One possible heat source for the heated tool part is resistive
heating where an electric current is allowed to flow through the part, see
Fig. 12.

(a) (b)

Figure 12: Tool part with electrodes for resistive heating attached (a).
Finite element representation of the tool part (b).

When including a heated tool part in a process simulation there might
be a need to simplify the definition of current, if the resistive heating
equipment is supplying a pulsating current. This can be done by aver-
aging the current with respect to time to allow for a constant current to
be defined in the model. A detailed explanation of the current averaging
technique can be found in paper III. Results from calculations with the
FE-model shown in Fig. 12 can be found in Fig. 13.
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Figure 13: Measured and computed temperature with pulsating current
(a) and averaged current (b). Two different averaging techniques were
applied one were the current was interrupted for 5 s for every 20 s interval
and one with constant current (red dashed line).

The results in Fig. 13 support that a pulsed current can be replaced
by an averaged value in a resistive heating model. The application of
such a method is beneficial as it alleviates the modeling work and allows
for an increased time step.

9 Discussions

Modeling and simulations of the manufacturing methods welding, metal
deposition and Joule heating has been carried out in this thesis using dif-
ferent methods to improve efficiency. Improvements in efficiency has been
achieved in terms of work defining and creating the model, computational
efficiency or both. The methods that have been investigated includes ge-
ometrical simplification techniques to reduce model size, adding of filler
material by contact conditions as well as averaging of a pulsating current
for input to a Joule heating model.

Geometrical simplification was presented in paper I and gave a sig-
nificant reduction in computational time while adding some work related
to modeling and transfer of results between models, which could be fur-
ther automated if necessary. The results from the simplified models were
compared to a three-dimensional quarter symmetry reference case, which
showed that it was important to account for all manufacturing steps to
capture the correct deformation characteristics. The three-dimensional
case had to be scaled down ten times in radius and length to make a
solution possible. A one channel welding model in full size with the same
element size as the reduced one channel model would require around 9600
elements. The corresponding axisymmetric MD model would use about

14



5200 elements. These are problem sizes which can be handled by a state
of the art computing cluster of todays standard. Consequently, modeling
the nozzle in full 3D with 1400 channels would require about 13.5 mil-
lion elements, a model size that is still decades away from being feasible
considering the number of time steps required for all the weld and MD
sequences. Unfortunately no experimental results from fabrication of a
full scale nozzle was available at the time of writing this thesis.

In paper II the addition of filler material was modeled by using a
contact condition between the weld beads and base plate. This approach
alleviates the work with creating the fe-mesh as the planned weld paths
does not have to be accommodated on the base plate. The suggested
method is belived to have a large potential for reducing pre-processing
work on large models such as in paper I were modeling of the actual
nozzle size with a length of approximately 2 meters would include several
hundred MD sequences.

Replacement of a pulsating current with an effective average for Joule
heating was validated in paper III. Results were in good agreement with
both measurements and computed results with detailed modeling of the
pulsating current. The possibility of using a longer time step gives a
good reduction in computational time and facilitates the integration of a
Joule heating model in a larger process model. In this work a reduction
of the computational time with a factor of 75 was possible by increasing
the time step.

A recommendation for future work is to introduce the Joule heat-
ing model into a hot forming simulation. This would make it possible
to determine the current level needed to keep the tool part at working
temperature during the hot forming process.
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COMBINATION OF GEOMETRICAL SIMPLIFICATION 

TECHNIQUES FOR VERY LARGE WELDED 

STRUCTURES USING SYMMETRY 

M. SÖDERBERG*, A. LUNDBÄCK* 
*Division of Mechanics of Solid Materials, Luleå University of Technology, 971 87 Luleå, Sweden 

 

ABSTRACT 

This paper focuses on simulating the final deformation after welding and metal deposition on a rocket nozzle manufactured using 
sandwich technology. A modeling technique with geometrical simplification and transfer of resulting stresses between models is 
presented and compared to a 3D FE-model used as a reference. Deformation results obtained with the proposed modeling 
technique shows reasonably good agreement when compared to the reference model. A considerable reduction in computational 
time can be achieved by using the geometrical simplification method, when simulating the manufacture of large structures. 

INTRODUCTION 

Welding simulations using the finite element method has been applied for a long period of  time in the 
aerospace industry as a tool to assure product and process quality. The components are usually large and 
consists of many small features that are to be welded. Thus making simulation of the global behavior during 
manufacturing very expensive in terms of computing time.  

In this work the focus have been turned against a rocket nozzle built using sandwich technology. The inner 
wall of the nozzle consists of a plate that is formed to a cone and then milled so channels are formed in the 
axial direction. These channels are then closed by adding a mantle plate which is welded to the channel walls. 
After welding the nozzle, multiple layers of metal deposition (MD) is added to the upper part of the cone as a 
reinforcement, see Fig. 1.  

 
Fig. 1 Rocket nozzle during manufacture. A metal deposition reinforcement is being added to the structure (grey 
area in figure). 

More traditional ways of manufacturing simulation were every weld is modeled in detail as in [1], has 
proven themselves to be inadequate to handle the size of the problem that the nozzle constitutes. This is 
mainly due to the large amount of welds and MD, but also due to the presence of small channels in the nozzle 
wall that effects the global behavior. In this paper a method that utilizes geometrical simplification techniques 
has been evaluated and compared to a quarter model of the nozzle with cyclic symmetry boundary conditions. 
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COMPUTATIONAL MODELS 

The aim of  the numerical models used in this paper is to predict the final deformation after fabrication of the 
earlier mentioned rocket nozzle. A 3D quarter symmetry model of the rocket nozzle was here deployed as a 
reference case to validate a geometrically simplified model. Both models are explained in detail in subsequent 
sections. All calculations were performed in the commercial finite element program MSC.Marc with user 
subroutines.  

The mesh size and thermal boundary conditions has been kept constant throughout this work in order to 
make the comparison of results from the different models valid. All free surfaces were given a convective heat 
loss by applying a heat transfer coefficient, h = 20 Wm-2 and a emissivity factor ε = 0.05. A double ellipsoid 
heat input model with the formulation proposed by Goldak [2] was used for all models with the parameters 
shown in Table 1. The physical meaning of the parameters is presented in Fig. 2. 

 

Table 1 Heat source parameters 

Q [W] a [m] b[m] cf [m] cr [m] 

1200 0.001 0.003 0.001 0.0025 

 

Fig. 2 Graphical representation of the double ellipsoid heat source with characteristic parameters 

QUARTER SYMMETRY REFERENCE MODEL 

The finite element model of the rocket nozzle shown in Fig. 3 is scaled down 10 times in length and radius 
while keeping the thickness of the actual component. This as well as the reduction to a quarter model with 
cyclic symmetry around the z-axis, is done as a full model would be to computationally expensive. The 
number of nodes and elements are 57600 and 101165 respectively. Element type is an 8-node fully integrated 
hexahedral element. 

 

 
Fig. 3 Quarter symmetry model of the rocket nozzle. Top (left) and side (right) view. 
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Welding 

The nozzle model shown in Fig. 3 has 60 channels in the z-direction. These channels are welded in 
consecutive order with the first pass starting at the 0° mark in Fig. 3 and the final pass at the 90° mark. The 
welding heat source travels between the edges marked with a and b for every pass with a as a starting point, 
covering a distance of about 0.2 m in 10 s. The position of the heat source and resulting temperature field after 
about 1.5 seconds of the first pass is shown in Fig. 4. The temperature field is not validated against any 
experimental work on the current geometry as it is a fictitious case for comparison of different modeling 
techniques.  As cyclic symmetry is applied on the boundaries every weld pass will have the same effect on the 
structure as four welds laid simultaneously with 90 degree spacing on a full 360 degree structure. After the 
final weld the nozzle was allowed to cool during period of 1000 s.  

 
Fig. 4 Temperature field during welding of the first channel. 

During welding the side marked with a) in Fig. 3 is constrained in all directions while the side marked with 
b) is constrained in the radial direction around the circumference. The nozzle is also supported by a rigid 
surface positioned a distance of 0.0003 m below the inner wall to simulate the fixture used during 
manufacture, see Fig. 5. 

 
Fig. 5 Nozzle wall with channels. Rigid surface that represents the fixture can be seen as a line slightly below. 

Metal deposition 

A reinforcement jacket is added to the structure by adding a layer of metal deposition (MD) with a thickness 
of about 0.001 m. The location of the reinforcement jacket and the ordering of the weld beads is shown in Fig. 
6a-b. Each weld sequence starts at the 0 degree mark in Fig. 6a and ends at the 90 degree mark with 20 
sequences in total. Each sequence has a process time of 10 s and after the final sequence the nozzle is allowed 
to cool for 1000 s. To compensate for the increase in radius, the welding speed is increased slightly for each 
sequence. 
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Fig. 6 a) The dark grey area highlights the MD reinforcement, b) Ordering of MD sequences (first sequence starts 
at 1, last sequence starts at 20). 

To simulate the addition of deposited material, elements that are initially inactive are activated along the 
weld path.  Thermal and mechanical activation is separated using a logic developed by Lundbäck [3] using the 
concept of inactive elements described in [4]. The criteria for thermal activation is that an element should be 
inside the volume of the heat source. Mechanical activation is then performed when the heat source has 
passed and the temperature is decreasing, see Fig. 7. When an element is activated mechanically it is born 
without any history, meaning that all stresses and strains are set to zero. 

 
Fig. 7 Temperature field during welding of the first MD sequence. Mechanically activated elements are shown 
behind the heat source.  

The mechanical boundary conditions applied during the MD and cooling sequences are identical to the 
ones described in the previous section. After cooling the radial constraint at the side marked with b) in Fig. 3 
was removed to simulate the release of the nozzle from the fixture. 

GEOMETRICALLY SIMPLIFIED MODEL 

The geometrically simplified modeling approach relies on extensive use of  the symmetries found in the 
rocket nozzle. The simulation of manufacture includes two different manufacturing processes (welding and 
metal deposition) that shares a common axis of symmetry, but is applied in different directions. This prevents 
the use of a common model to simulate the process chain of welding and metal deposition. Therefore the 
welding and metal deposition was performed on a 3D model with cyclic symmetry and a 2D axisymmetric 
model respectively. The resulting stress components from the welding model is mapped to the metal 
deposition model as an initial condition, to capture the combined effect of the two manufacturing processes. 
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Welding 

The channel welds are simulated by welding a single channel model and a cyclic symmetry boundary 
condition, see Fig. 8. The temperature field for the single channel model shows good agreement with the 3D 
quarter symmetry model in Fig. 4. A 1.5 degree section of the nozzle is modeled, which be means of the 
aforementioned boundary condition represents welding of all 240 channels in a full 360 degree nozzle 
simultaneously. The model consists of 500 elements and 627 nodes respectively. Element type is a 8-node 
fully integrated hexahedral element. 

 
Fig. 8 Temperature field during welding of the single channel model. a) shows the whole length of the channel b) 
close-up of weld zone. 

The single weld sequence was done with a process time of 10 s over a distance of about 0.2 m. After the 
weld sequence the component was allowed to cool for 1000 s.  

Mechanical boundary conditions were applied as in a similar way as when welding the quarter symmetry 
model. 

Metal deposition 

A 2-D axisymmetric model was used to reduce the size of the metal deposition simulation and thus the 
computational cost. To capture the characteristics of the non homogenous cross section of the channel wall, a 
reduction of the material properties were done in the part of the cross section were the channels are located, 
see Fig. 9a. The reduction was proportional to the amount of material removed when forming the channels. 

 
Fig. 9 a) The light gray area shows the part of the cross section were material properties has been reduced. b) The 
picture shows the material added by metal deposition and the ordering of metal deposition sequences. A rigid 
support can be seen as a line under the FE-mesh 

The location of the deposited material and ordering of the weld sequences can be seen in Fig. 9b. Each 
element in the deposited material represents a full ring of metal deposition around the nozzle. The logic for 
adding deposited material used in the previous section is also applied to this model. Each element of metal 
deposition is added during a process time of 10 s where the heat source is allowed to pass over the plane of 
symmetry during that time period, see Fig. 10  
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Fig. 10 Axisymmetric model with two sequences of metal deposition added. The contour plot shows the 
temperature field.  

Mechanical boundary conditions identical to the ones applied in the previous section were used here. The 
rigid support underneath the inner wall was modeled as a rigid line element. After completion of the final 
metal deposition sequence the component is allowed to cool for 1000 s. As a final step the boundary condition 
that prevents radial displacement is removed (right hand side in Fig. 9a) to simulate the release of the 
component from its fixture.  

 

Mapping of stress components 

The resulting stress state from the welding of the single channel model is transferred to the axisymmetric 
metal deposition model as an initial condition. Stress components found at the integration points of the single 
channel model in the final increment of the simulation are summed and averaged over the cross section, see 
Fig. 11.  

 
Fig. 11 The stress components in every gauss point is summed (component vise) and averaged over the cross 
section, n is the number of integration points perpendicular to the symmetry plane (in this case n=6). The 
components transferred to the axisymmetric model is shown in Fig. 11 a). Only one row of gauss points is shown 
here for illustrative purpose. 

The stress components that can be represented in axisymmetry, see Fig. 12 a), is then written to a file and 
matched to the coordinates of the corresponding integration point in the symmetry plane.  
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Fig. 12 a) Stress components in axisymmetry b) Stress components in 3D. 

This file is then imported in the first step of the metal deposition simulation as an initial condition and the 
stress components are assigned to their respective integration point, see Fig. 13. 

 
Fig. 13 a) Final stress state after welding (von Mises) b) Axisymmetric model with mapped stress as an initial 
condition (von Mises). The stress concentrations found on the lower and upper parts of the models is introduced by 
the boundary conditions applied during welding of a). 

 In this work a matching mesh has been used in both models which facilitates the transfer of results but a 
search and interpolation algorithm for handling dissimilar mesh can be easily implemented by using the logic 
presented in [4].  

Material model 

The material model used in this work is a thermo-elastoplastic model for Inconel 718 based on von Mises 
theory. Material data for Inconel 718 is taken from [5] were it has been compiled from many various sources. 
A isotropic piecewise linear hardening behavior was assumed. All material properties are temperature 
dependent, except for Poisson’s ratio which is kept constant at 0.3. 
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RESULTS 

The results from the simulations was evaluated with respect to final deformation. To compare the 
geometrically simplified model with the quarter symmetry reference model path plots have been made along 
the length of the nozzle. The positions were results have been extracted are shown in Fig. 14. 

 
Fig. 14 Positions were deformation results are extracted from the nodes on the inner wall along the length of the 
nozzle. 

Deformation results from the different models and positions are shown in Fig. 15. The axisymmetric model 
shows a reasonable god agreement with the quarter symmetry model in terms of deformation. It is also clear 
that mapping of stress from the previous manufacturing simulation is necessary if the overall deformation 
behavior is to be captured. 

 
Fig. 15 Final deformation after welding and metal deposition. Results from the quarter symmetry model is denoted 
as 3D with 0, 45 and 90 according to Fig. 14. Results from the axisymmetric model is presented with and without 
mapping of initial stress as a comparison 

 
 

DISCUSSION AND CONCLUSIONS 

The aim of this work was to study the feasibility of replacing a full 3D model of a complicated geometry with 
a geometrically simplified model by utilizing symmetry and mapping of results between models. Due to the 
lack of full scale experimental results the study was done with a reduced 3D model as a reference. Simulation 
of welding using 3D finite element models has been able to produce results in agreement with experiments in 
numerous published articles that is cited in the review article in the field of computational welding mechanics 
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by Lindgren [6]. Thus it is here assumed that the 3D model produces results that is in good agreement with 
experiments. 
 

The proposed modeling technique in this work leads to substantial savings in computer time and also 
makes it feasible to run a model with the size of the actual component, see Table 2 

Table 2 Computational time for the different models 

Model 
Wall time 

[h] 

Quarter symmetry reference model 

(4 cpus) 
188 

One channel welding model 0,3 

Axisymmetric MD model 0,15 

 
The results shows that the overall final deformation of a conventional 3D FE model can be reproduced with 

reasonable accuracy by the proposed modeling technique. It is also obvious that the combined effect of the 
different manufacturing processes has to be taken into account if the correct deformation mode is to be 
captured. If a model without initial stress is used, the deformation mode caused by the longitudinal shrinkage 
introduced by the weld is neglected and leaves the lower part undeformed (0.2m in Fig. 15).   
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Abstract 

Modeling and simulation of metal deposition with focus on 
alleviating the work of the modeler is presented in this 
paper. The usage of dissimilar meshes for the base plate and 
the material to be deposited is investigated. The nodes that 
reside in the interface between the base plate and added 
material are connected with so called glued contact. The 
results are compared with previously published results from 
a model with identical geometry and process parameters. 
Measurements from the previous study are also included. 
The temperature results show very good agreement between 
the models and measurements. Observed deviations in 
deformation results between the reference simulations and 
the computed results are believed to originate from the 
element activation procedure in combination with the 
contact approach. Overall, the method is considered to have 
potential for facilitating the process of modeling and 
simulating metal deposition.  

Introduction 

Metal deposition is a method mainly intended for building 
features on an existing base. In the design of an aero engine 
there are a number of possible applications where 
subsequent addition of features such as lugs and bosses can 
be of benefit. Metal deposition can in combination with 
fabrication both reduce weight and increase the flexibility of 
the design. Metal deposition is a process where filler 
material is added layer by layer. This means that the thermal 
cycle, which appears during welding, is repeated multiple 
times. This in turn may result in excessive deformations, 
residual stresses and large changes in the microstructure. 
Simulations can assist in developing manufacturing routes 
that keeps these unwanted effects to a minimum.  
 
The main focus of the current work is to alleviate the 
modeling and simulation of metal deposition. Simulation of 
metal deposition poses several challenges to the modeler in 
addition to the usual challenges in modeling of welding. 
Some of the aspects have been covered in Lundbäck & 
Lindgren [1]. There are numerical aspects such as element 
activation methods and heat sources. There are also practical 
aspects, how to simplify the description of the weld process 
for the user.  
 
An approach for supporting the usage of non-matching 
meshes between the base material and the material that is 

going to be added is presented in this paper. Instead of 
letting the elements in the interface between the base 
material and the filler material share the same nodes they are 
glued together with a contact criterion. This simplifies the 
process of generating the finite element mesh and therefore 
it supports the modeler in the preparation of the discretized 
model.  
 
The results, with respect to temperature history and out of 
plane deformations are compared with those form a 
previously published simulation and measurements [1].  

Modeling of metal deposition 

In the following subchapters the different techniques used 
for modeling of metal deposition will be described.  

Addition of filler material 

The addition of filler material is simulated by activating 
elements along the weld path. Elements representing the 
filler material are initially inactive, dark grey in Fig. 1[a]. In 
Fig. 1[c] some of the inactive elements have been activated 
thermally. This is done by sweeping a user defined cross-
section along the weld path. The sweep distance equals the 
distance that the heat source travels during the current time 
step plus a tolerance to avoid gaps. If the midpoint of an 
element lies within this volume, then the element will be 
activated. The position of this volume along the weld path is 
decided by the user as a distance relative to the heat source. 
Since this is done in the undeformed space, we do not need 
to take the current deformations into account while 
searching for elements. The elements to be activated are 
treated in groups of sections. In Fig. 1[c] we can see that one 
cross section have already been processed, light grey, and 
another section is about to be activated, white. Fig. 1[b] and 
[c] illustrates how large deformations are dealt with. If we 
assume that already activated elements are given a 
displacement, �. Then the nodes that belong only to inactive 
elements will not follow the displaced nodes. Before 
activation we need to adjust the position of these nodes.  
  
When activating an element we want it to be born without a 
history. That is, the stresses, elastic-, plastic- and thermal 
strain should be set to zero when an element is activated.  
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Fig. 1 Illustration of MD-logic a) initial mesh with active 

elements (light grey) and inactive elements (dark grey), b) 

displacement of active elements, c) activation of elements 

and adjustment of nodes.  

Contact constraints 

To be able to deposit filler material on the base plate without 
adjusting the mesh of base plate against the planned weld 
paths, a special contact condition that is referred to as 
“glued” is used. This contact condition ties all displacement 
degrees of freedom of a node to the segment were the node 
comes in contact, see Fig. 2[a]. In this work the search for 
contact is done on the nodes of the filler material with 
respect to the segments of the base plate as shown in Fig. 
2[b]. 

 

Fig. 2 a) The node T in contact with the segment spanned by 

nodes 1-4, b) filler material added on a plate with dissimilar 

mesh (the value 1 in the fringe plot indicates nodes in 

contact). 

The tying also includes the thermal part of the analysis thus 
giving ideal heat transfer and a continuous temperature field 
through the contact interface, see Fig. 3. 
 

 

Fig. 3 Temperature field during welding with “glued” 

contact between filler material and baseplate. The filler 

material is added to a base plate with dissimilar mesh. 

Heat input model 

The heat input model used in this work is the commonly 
used double ellipsoid with Gaussian distribution proposed 
by Goldak et al.[2], see Fig. 4.   
 

 

Fig. 4 Graphical representation of the distribution function 

of the double ellipsoid heat source with characteristic 

parameters. 

Parameters for the heat source is taken from the work by 
Lundbäck & Lindgren[1] were a calibration of the heat 
source parameters was made on a more simple reference 
case. The parameters from [1] is presented in Table 1 using 
the nomenclature in Fig. 4 

Table 1. Heat source parameters. 

I [A] U [V] η  [-]  a [m]  b [m]   cf [m]  cr [m]  

87 10.3 0.58 0.004  0.0012 0.004  0.006 
 
Due to the rather coarse mesh used for the discretization of 
the model, the integration of the heat input function can vary 
quite a lot. This is avoided by controlling the heat input in 
each iteration in every time step. The heat input is calculated 
in the first iteration and the efficiency factor, in the equation 
by [2], is then scaled to get the correct net heat input in the 
succeeding iterations of the current time step.  

Material model 

A dislocation density based model for Ti-6Al-4V is used in 
for the thermo-mechanical models in this work. The material 
model is briefly described below and a more extensive 
description of the model can be found in Lindgren et. al. [3] 
 
The plastic deformation is assumed to be deviatoric using a 
von Mises yield criteria with an associated flow rule. The 
internal variables that determine the flow surface are rate 
dependent and thus the material model. 
 
The flow stress is assumed to consist of two components, 

*σσσ += Gy  (1) 

where, Gσ  is the athermal stress contribution from the long-

range interactions of the  dislocation substructure. The 
second term *σ , is the friction stress needed to move 
dislocations through the lattice and to pass short-range 
obstacles. Thermal vibrations can assist dislocations to 
overcome these obstacles. 
 
The long-range term from equation (1) is derived by Seeger 

[3] as,  

iG Gbm ρασ =  (2) 

where m  is the Taylor orientation factor translating the 
effect of the resolved shear stress in  different slip systems 
into effective stress and strain quantities. Furthermore, α  is 

a proportionality factor, b  is the Burger’s vector, iρ  is the 

immobile dislocation density and G  is the shear modulus. 
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The strain rate dependent part of the yield stress from 
equation (1) can be derived according to the Kocks-Mecking 
[5] formulation as, 

p
q

p

ref

ath
Fb

kT

1
1

3
ln1*

�
�
�

�

�

�
�
�

�

�

�
�

�

�

�
�

�

�

�
�

�

�

�
�

�

�

∆
−=

ε

ε
σσ

�

�

 (3) 

where refε�  and p
ε� are the reference and plastic strain rate 

respectively, k  is the Boltzmann constant and T  is the 
temperature in Kelvin. Here, F∆  is the activation energy 

necessary to overcome lattice resistance and athσ  is the 

shear strength in the absence of thermal energy. 
 
Fig. 5 shows the calibrated model along with isothermal 
uniaxial compression tests performed at a strain rate of 
0.001s-1. The model used for simulations is calibrated with 
strain rates up to 1s-1.  

 

Fig. 5. The flow stress model (curves) and experiments 

(dots) [1]. 

Computational models 

Two different FE-models have been simulated using the 
suggested modeling technique. Deposited material is 
attached to the base plate using a glued contact condition, 
see Fig. 6 and Fig. 7. Both models uses an 8-node fully 
integrated hexahedral element and the number of elements 
and nodes in each model can be found in Table 2. All free 
surfaces are given a convective heat loss using a heat 
transfer coefficient, h = 18 Wm-2K-1 and an emissivity 

(radiative loss) using a factor � = 0.05. 

 

Fig. 6 Model 1, FE-model with matching mesh. Four weld 

sequences, 10 layers. 

 

Fig. 7 Model 2, FE-model with dissimilar mesh. Four weld 

sequences, 10 layers. 

 

Table 2 Number of elements and nodes. 

 Model 1 Model 2 
Nodes 19000 23000 
Elements 13000 15500 
 
The model in Fig. 6 is identical to the one used by Lundbäck 
& Lindgren [1], except for the modeling of deposited 
material. Although the mesh of the base plate matches the 
mesh of the material to be deposited, they do not share the 
same nodes. Instead they are tied together with the glue 
contact. This is done to be able to evaluate how the glue 
contact affects the results.  

Modeling of contact 

Contact is only applied in the interface between the first 
layer of deposited material and the top elements of the base 
plate. The three weld strings that connect on the center of 
the base plate are given one contact body each but share the 
contact body on the base plate surface as shown in Fig. 8. A 
similar modeling strategy is applied to both models shown 
above. This distribution of contact bodies has shown to 
increase the stability when using parallel processing as there 
are no contact definitions extending over domain 
boundaries. 

 

Fig. 8. The contact bodies defined in the first layer of 

deposited material and the elements of the base plate (the 

first layer is moved upwards for clarity). 

Mechanical boundary conditions 

The mechanical boundary conditions are applied to match 
the fixture used in the experimental procedure described in 
the subsequent section. In Fig. 9, the locations of the 
constrained nodes (P1-8) are shown along with the location 
of two supporting springs (A & B) used to model a support 
that is included in the fixture.  
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Fig. 9 . P1-8 shows the location of mechanical boundary 

conditions. A and B indicates the location of supporting 

springs. 

 
The nodes P1-4 are constrained in all directions while nodes 
P5-8 are constrained only in the y direction to prevent out of 
plane deformation. The springs A and B have been given a 
stiffness of 670 kNm-1. A value chosen based on the 
observed reaction forces when simulating the model with 
rigid supports at A and B. 

Experiments 

In order to validate the computational models, results form 
an experimental study made in [1] has been used. The 
fixture and base plate with deposited material used in this 
study can be seen in Fig. 10. Four pairs of pointed set 
screws along each short side of the plate are used for 
attaching the plate to the fixture.  The screws on the left 
hand side are firmly tightened to prevent rigid body 
movement while the right hand side screws are just touching 
the base plate to prevent out-of-plane displacement. The 
notes A and B in Fig. 10 points out the position of the two 
supports on the bottom side of the plate. They will prevent 
excessive downward movement of the base plate. By this 
arrangement of fixture, it is believed that we will have a 
well-defined clamping system which is fairly easy to model. 
The weld passes are numbered 1-4, with the number 
positioned at respective starting point in Fig. 10. The deposit 
sequence is such that pass one to four is consecutively 
welded in a layer by layer manner. Totally 10 layers are laid. 
 
The out-of-plane deformation during welding was 
continuously recorded by means of an optical measurement 
system. A calibrated pyrometer was used to measure the 
temperature on the deposited material. The pyrometer was 
focused on a spot 2 mm above the base plate in the center of 
weld pass 4. As a consequence, temperature could only be 
measured after the 3rd layer had been deposited. 

 

 

Fig. 10. Fixture and plate with deposited material. 1-4 

shows the starting points of the weld sequences while A and 

B shows the location of supports. 

Results 

In this section the computed results from the models will be 
presented and compared with computed and measured 
results from [1], which in all figures will be denoted as 
“Reference” and “Measurement” respectively.  
 
Temperature and deformation results are extracted at the 
points shown in Fig. 11.  Both computed and measured 
results will be presented for point 1-3 and T1 while only 
computed results are available for T2-3. 
 

 

Fig. 11. Plate with the weldment and the positions of the 

out-of-plane measurement (1-3) and positions for the focus 

point of the pyrometer, T1. Computed results are extracted 

from T2 and T3. 

Temperature results 

The measured and computed temperature histories are 
shown below. Since the sampling point of the pyrometer is 
positioned 2 mm above the base plate, measurement of the 
temperature at point T1 is only possible after the third layer 
is laid. So the first temperature curve that we see in Fig. 12 
is actually the welding of layer four. The measured result is 
rather noisy, particularly during the first recorded layers. 
The lower peaks in the measurement are related to 
reflections from the arc during welding of the other weld 
sequences. The overall agreement is very good when 
comparing computed temperature results from this work 
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with previously computed and measured results. 
 

 

Fig. 12. Measured and computed temperature history at T1. 

“Reference” indicates that it is computed results from [1]. 

In Fig. 13 the temperature history at point T2 is shown. It 
can be seen that the temperature curves are almost identical 
for Model 1 and the reference model. Model 2 shows a 
slight offset of the temperature which is due to the different 
mesh density that is used. One effect of the dissimilar mesh 
can be seen in Fig. 14 where there are no results available 
for Model 2 until after about 200 s. This difference arises 
from the lack of a node in the base plate at location T3, 
when the mesh of the filler material and base plate are 
dissimilar. The results are then extracted form a node in the 
filler material which is thermally inactive until it is close to 
the heat source. 

 

Fig. 13. Computed temperature history at T2. 

 

Fig. 14. Computed temperature history at T3. 

Deformation results 

Below, the measured and computed result of the out of plane 
displacements will be shown. In Fig. 15 to Fig. 17 we can 
see the results sampled in point P1-3 respectively. The 
computed results from Model 1 and 2 correlates well when 
looking at the individual weld passes but the overall results 
have an offset compared to the reference and measured 

results. At least up to layer six is laid, after that the models 
over predicts the response in each weld pass. Overall 
deformation is also under predicted for Model 1 and 2. 

 

Fig. 15. Out of plane displacement at point P1. 

 

Fig. 16. Out of plane displacement at point P2. 

 

Fig. 17. Out of plane displacements at point P3. 

Discussions 

The aim of this work was to study the feasibility of adding 
filler material in a metal deposition simulation by using a 
“glued” contact condition. This way of modeling is believed 
to have large potential to reduce pre-processing time for 
large models to which metal deposition is to be added. As 
the mesh does not have to be adapted and aligned with the 
planned weld paths, a mesh from a structural analysis might 
be used with small modifications.  
 
 The temperature results shows that this modeling technique 
is valid and can reproduce the results achieved with 
traditional methods of simulating metal deposition. 
Observed deviations in deformation results between the 
reference simulations and the computed results in this work 
are believed to partly originate from the element activation 
procedure in combination with contact. This is due to the 
fact that elements are activated mechanically in the end of 
each increment so the actual contribution to the stiffness is 
not realized before the contact becomes active in the next 
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increment and thus changing the problem that is being 
solved compared to elements that are connected through 
their nodes. 

Conclusions 

The presented method of using a “glued” contact condition 
to add filler material has been able to reproduce temperature 
results from simulations with filler material added by 
matching the mesh in the base plate to the planned weld 
paths with good accuracy. Deformation results are predicted 
with acceptable accuracy when weighted against a possible 
reduction in pre-processing work which in an industrial 
application is of great importance. 
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Abstract

This paper describes a finite element model of Joule heating with experimen-
tal validation. Good agreement was found between simulated results, with
and without averaging of current, as well as experimental results. Simula-
tions show the possibility to replace the detailed modelling of a pulsating
current with an effective average for the Joule heating process. It is found
that the use of an averaging approach can reduce the calculation time by a
factor of 75 in this specific case.

Keywords: Joule heating, Finite element simulation, Hot forming, Press
hardening

1 Introduction

Increasing demands for improved crashworthiness and reduced weight has
led to the use of ultra high strength steels in vehicle body concepts. One
method to manufacture ultra high strength body parts is hot forming. In
the case of press hardening, forming and heat treatment of the material are
combined into one process step. The process involves inserting sheet metal
blanks, which have been heated beyond austenitization temperature, into a
cold forming tool. When the material contacts the tool it will be rapidly
cooled, thus quenching the material and forming of a martensitic structure
[1].
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The introduction of a heated part of the tool gives an additional degree of
freedom when designing press hardened automotive body parts. If the cooling
rate is reduced sufficiently in an area of the formed sheet metal then less or
no martensite forms. This area will have reduced yield strength and hardness
i.e. a soft zone. This soft zone serves as a deformation trigger, leading to a
controlled collapse mechanism improving the safety of the vehicle passengers.

There are several alternatives for heating the forming tool, for example
embedding electrical heaters in the tool [2]. Joule heating may be an alterna-
tive approach. A finite element model has been developed that can be used
to design the process. The focus in this paper is to validate a finite element
model of the process with special emphasis on the the application of current
averaging procedures. The purpose of current averaging is to facilitate the
definition of the current in the model and reduce computational time.

2 Electric-thermal model with Joule heating

Two coupled problems are solved by use of a staggered approach, follow-
ing the scheme shown in Fig. 1. The linear electrostatic analysis is based
on the temperatures at the beginning of a time step, denoted by nt. The
temperature dependent electric conductivity is therefore not updated during
the electrostatic solution. The problem is solved as described in section 2.1
using the boundary conditions and loads defined for the current increment.
The Joule heating is computed at element integration points and transferred
to the thermal analysis where the same finite element discretisation is used.
This gives a generated nodal heat flux as described in section 2.2. The solved
nonlinear heat flow problem, section 2.2, gives the temperature for time n+1t.
The finite element code MSC.Marc is used in the simulations.
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Fig. 1. Staggered approach for coupled electrostatic and heat conduction
analysis

2.1 Electrostatic solution

The governing differential equation for the electrostatic problem is

∇ · [σ∇φ] = 0 (1)

where φ is the electrical potential field and σ is the electric (isotropic) con-
ductivity. The conductivity is a material parameter and in most cases tem-
perature depedent. Its inverse, the electric resitivity is used as an input to
the simulation program MSC.Marc. The electric field intensity vector, E, is
the gradient of the electrical potential.

E = −∇φ (2)

The current density vector, J, and the electric field intensity vector are re-
lated by the constitutive equation

J = −σE (3)

which is the continum form of Ohm’s law [3]. The boundary conditions are
given potential and current density. The latter is used to compute consistent
nodal loads. Applying the standard finite element semi-discretisation proce-
dure for the for the electrostatic problem in Eq. 1 leads to an expression for
the nodal current balance at the end of an increment [4]

Ke
n+1Φ = n+1Iext (4)
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where the left superscript n+1 denotes time n+1t at the end of an increment,
Ke is the electric conductivity matrix evaluated at the temperatures in the
beginning of the increment, n+1Φ is the nodal electric potential vector and
n+1Iext is the electric current nodal load vector. The electric potential field
within each element, right superscripte, is interpolated as

n+1Φ(x, t) = Ne(x)
n+1Φe(t) (5)

where Ne(x) is a matrix with the interpolation (shape) functions, x is the
coordinates and n+1Φe(t) is the element nodal electric potentials. The gra-
dient of the electric potential field in an element is denoted e and it is the
electric field intensity vector according to Eq. (2). It is calculated by using
the following equation.

n+1e = ∇
n+1 Φ = ∇Ne

n+1Φe(t) = Be
n+1Φe (6)

where the matrix Be contains the first derivatives of the interpolation func-
tions. This gradient is related to the current density in the element according
to Eq. (3). The left hand side of Eq. (4) is assembled from the internal nodal
current flux due to an element on its nodes written as

n+1iint =

∫

ve

BT

e
σ(nT )Bedv

n+1Φe =
assembling
−−−−−−→ Ke

n+1Φe (7)

where ve is the volume of the element. The Joule heating at an integration
point kan be written as

n+1q̇Joule =
n+1e · n+1iint = σ−1(iint · iint) (8)

The latter integration point value is transferred to the thermal analysis de-
scribed next.

2.2 Thermal solution

The thermal solution is governed by the nonlinear equation for heat trans-
fer in a stationary medium

ρc
∂T

∂t
−∇ · (k∇T ) = Q̇ (9)

where ρ is the density, c is the specific heat capacity, k is the thermal con-
ductivity and Q̇ is the energy generated in the material per unit volume and
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time [5].The standard finite element semi-discretisation procedure applied to
Eq. (9), leads to an expression for the nodal heat flux balance [6].

CṪ = Q̇ext − Q̇int (10)

where C is the heat capacity matrix, Q̇int is the internal flux vector and
Q̇ext is the thermal load vector. The temperature field within each element
is interpolated as

T (x, t)n+θ
i = Nth e(x) Tn+θ e

i (t) (11)

where thNe is a matrix with the interpolation (shape) functions, x is the
coordinates and Tn+θ

i is the current estimate of element nodal temperatures.
The variable θ is explained later in this section. The left superscript n is the
number of the time increment and i is and iteration counter due to the need
for an iterative solution procedure.

The gradient of the temperature field can be expressed by

gn+θ
i = ∇thNe Tn+θ e

i (t) = Bth e Tn+θ e
i (12)

where the matrix thBe has the first derivatives of the interpolation functions.
The element matrices thNe, thBe, the thermal conductivity λ, the density
ρ and the heat capacity c are used to compute element contributions to
Eq. (10). We have

cn+θ
i =

∫

ve

ρc( Tn+θ
i )thN

T
e thNedv =

assembling
−−−−−−→ Cn+θ

i (13)

and Fourier’s equation relating the temperature gradient and heat flux gives

q̇n+θ
i int =

∫

ve

thB
T
e λ( Tn+θ

i )thBedv Tn+θ e
i

=
assembling
−−−−−−→ Q̇n+θ

i int = Kn+θ
i th Tn+θ

i

(14)

where Kn+θ
i th is the conductivity matrix and ve is the volume of the element.

Boundary conditions that are dependent on the temperature of the body, like
convection and radiation, will also contribute to the heat conductivity matrix.

The load vector n+θQ̇ext can have element contributions for volumetric
heating as well as from nodal or surface heat flux. In the case of Joule
heating the load vector can be written as

q̇n+θ
i ext =

∫

ve

thN
T
e q̇n+θ

Jouledv =
assembling
−−−−−−→ Q̇n+θ

i ext (15)
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where n+θq̇Joule is given by Eq. (8). The finite element semi-discretization
leads thus leads to element contributions assembled to the nonlinear coupled
system of equations Eq. (10). The temporal discretization of this system is
based on the generalised midpoint method. It aims at fulfilling these energy
equilibrium equations at the time

n+θt =n t+ θ∆t (16)

giving
Cn+θ
i Ṫn+θ

i = Q̇n+θ
i ext − Q̇n+θ

i int (17)

where n is the increment/time step number, nt is the time at the start of
the time step, ∆t is the length of the current time step and the parameter
θ ∈ [0, 1] determines where in the increment we want to filfil the energy
equilibrium. The left subscript i is the iteration counter as explained below.

The method is unconditionally stable if θ ≥ 0.5. The use of 0.5 gives a
second order accurate time stepping but there is a possibility of oscillations
in the solution. In this work a fully implicit method was used which is
realized by setting θ = 1. The nonlinearities in Eq. (17) require an iterative
approach for solving the temperature at each time step. A predictor is used
for the first iteration and thereafter an iterative corrector phase is needed.
The predictor can be as simple as assuming that there is no change in the
temperature during the time step. The following corrector phase aims at
fulfilling Eq. (17) at time n+θt. We rewrite the equation for this purpose to

i+1Rth =
[

n+θ
i+1 Q̇ext −

n+θ
i+1 C

n+θ
i+1 Ṫ−

n+θ
i+1 Q̇int

]

∆t (18)

where the left subscript is the iteration counter. The midpoint temperature
is

Tn+θ
i = Tn + θi∆T (19)

and we introduce iterative corrections to the increment in temperature as

i+1∆T =i ∆T+i δT (20)

The midpoint method uses

n+θ
i+1 Ṫ =

i+1∆T

∆t
= Ṫn+θ

i +
iδT

∆t
(21)

6



The Newton-Raphson iterative approach is based on a Taylor expansion of
Eq. (18) where the iterative correction that may give n+θ

i+1 Rth = 0 in the next
iteration is sought.

n+θ
i+1 Rth ≈ Rn+θ

i th +
∂ Rn+θ

i th

∂T
iδT = 0 (22)

Eq. (22) can be written as

−
∂ Rn+θ

i th

∂T
iδT =i Rn+θ

i th (23)

or alternatively by introducing the tangent matrix

Kn+θ
i t iδT = Rn+θ

i th (24)

The tangent matrix is needed to retain second order convergence of the
Newton-Raphson method in this iterative process. Here it becomes

Kn+θ
i t = −

∂ Rn+θ
i th

∂T
=

[

∂
(

Cn+θ
i Ṫn+θ

i

)

∂T
+

∂ Q̇n+θ
i int

∂T
−

∂ Q̇n+θ
i ext

∂T

]

∆t (25)

By using Eq. (14), Eq. (19) and Eq. (21) we can rewrite Eq. (25) to

Kn+θ
i t =

[

∂ Cn+θ
i

∂T
Ṫn+θ
i + Cn+θ

i

1

∆t
+

∂ Kn+θ
i th

∂T
Tn+θ
i + Kn+θ

i thθ −
∂ Q̇n+θ

i ext

∂T

]

∆t

(26)

which then can be approximated by

Kn+θ
i t ≈

[

Cn+θ
i

1

∆t
+ Kn+θ

i thθ

]

∆t = Cn+θ
i + θ∆t Kn+θ

i th (27)

The result from Eq. (27) inserted in Eq. (23) gives the following relation for
the iterative solution procedure

( Cn+θ
i + θ∆t Kn+θ

i th)iδT =
[

Q̇n+θ
i ext − Cn+θ

i Ṫn+θ
i − Q̇n+θ

i int

]

∆t (28)
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3 Experimental procedures

One part of a forming tool was heated by resistive heating and temper-
atures were measured at locations shown in Fig. 2. The forming tool rests
on a cooling plate with Zirconia Ceramic YTZP inserts as electrical insula-
tors. During the experiments there were no water flowing through the cooling
plate. Copper electrodes, one is visible at the lower right corner in Fig. 2,
are attached to the ’legs’ of the tool.

Fig. 2. Experimental setup with part of forming tool. Current for Joule
heating is introduced via the copper electrodes attached to the ’legs’ of the
forming tool. The tool rests on a cooling plate with ceramic tiles as an
insulator
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The DC current is applied to the electrodes during 20 s and then switched
off for 5 s while the temperature is measured. This 25 s cycle of heating is
repeated 73 times throughout the heating process, giving a total time of 1825
s. The current during the first 20 s of a cycle is applied by switching on and
off in 0.5 s intervals during. The amplitude of the current is 12 kA. The area
of the contact between the tool and the copper electrodes is 4400mm2. The
current is reduced after heating to about 580◦C so the temperature is held
constant for about 300 s after which the tool is cooled by forced convection
(cooling with pressurised air).The temperature measured at the top of the
tool is shown in Fig. 3.
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Fig. 3. Measured temperature at the top of the heated forming tool .Ther-
mocouple location shown in Figure 2.
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4 Computational model

The finite element representation of the experimental setup contains 348000
four node tetrahedral elements and 77900 nodes shown in Fig. 4. All free
surfaces are given a convective heat loss with a heat transfer coefficient,
h = 12 Wm2K−1and a radiative heat loss using a emissivity of ε = 0.2. A
higher heat transfer coefficient of 65Wm2K−1 was given during the cooling
step to simulate the effect of the forced convection applied in the experi-
ments. The ambient temperature was 30◦C. The heat loss was given to the
model as an imposed flux boundary condition (Neumann condition) by the
general model

qn = h(Ts − Ta) + σsε(T
4
s − T 4

a ) (29)

where Ts is the surface temperature of the tool, Ta is the ambient temperature
and σs is the Stefan-Boltzmann constant.

The copper electrodes are not modelled as it is assumed that the current
is uniformly applied over the contact area between the copper plates and the
legs. Neither is contact resistance between the copper plates and the tool
included in the model. One of the contact areas between the tool of the
electrodes is marked with a rectangle in Fig. 4. The cooling of the tool due
to the copper electrodes on the tool is taken into consideration by specifying
a heat loss coefficient of 100W/m2 on the affected areas. It was found that
the cooling plate that supports the tool via ceramic plates had very little
influence on the temperature field due to the insulator effect of the ceramics.
Therefore the properties of the plate are not given in the paper.
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Fig. 4. Finite element model of the tool shown in Figure 2. The marked
region denotes the area where the current is applied.

The tool consists of low heat conductivity steel where the conductivity is
approximately constant at 6.5W/mK and the heat capacity is 526J/kgK at
room temperature reaching 560J/kgK at 100◦C. The material has a density
of 7800kg/m3. The electrical resitivity is 4.37µΩm at room temperature and
increases linearly to 4.47 µΩm at 600◦C.

4.1 Averaging procedures for Joule heating

The possibility to simplify the application of current in the electrostatic
model is to a great extent dependent on the large difference in temporal
response between the electric and thermal solution. When the power is
switched on there is an almost instantaneous increase in heating power but
the temperature rises much slower. The Joule heating in a integration point
is given by Eq. (8), and is proportional to the current density in square. A
global form of this equation can be written as

P = V I = RI2 (30)
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where P is the power converted from electrical energy to thermal energy, V
is the voltage drop, I is the current and R is the resistance of the forming
tool as seen from the electrodes.

The current is applied in 0.5 s pulses during cycles of 20 s combined with
5 s hold time after each cycle, ae described in Section 3. This requires very
small time steps to resolve the actual variation in current loading. In this
work two alternative current loadings that alleviate the need for small time
steps are evaluated. The current applied to the tool, denoted I0 below, is
replaced by a corresponding effective current that generates an equivalent
power during the time period in question.

The first alternative approximates the pulsing with a constant current,
denoted I1 below, during the 20s part of a heating cycle. This requires a time
step that can resolve the 5 s pause between the cycles. It can be expressed
by

P =
1

t1 + t2

∫ t1

0

R(τ)I20dτ =

∫ 0.5

0

R(τ)I20dτ ≈ 0.5RI20 = RI21 (31)

where t1 = t2 = 0.5 and R is the global resistance which is assumed to be
constant. The effective current can then be calculated from Eq. (31) by

I1 =
√
0.5I0 =

√
0.5 · 12 = 8.48 kA (32)

The current calculated in Eq. (32) is applied continously for 20 s followed by
a holding period of 5 s, this cycle is then repeated during the whole heating
sequence.

The second alternative is to use a constant average current given by the
expression

P =
1

t1 + t2

∫ t1

0

RI21dτ =
20

25
RI21 = RI22 (33)

where t1 = 20 and t2 = 5. This expression yields a new effective current

I2 =

√

20

25
I1 =

√

20

25
·
√
0.5I0 =

√

10

25
· 12 = 7.59 kA (34)

5 Validation of model

In this section the obtained results for the three variants of Joule heating
are presented. Fig. 5 shows a section plot of the temperature field at the end
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of the heating phase described in Section 3. Fig. 6 shows the computed tem-
perature history with a current definition identical to what was used during
the measurements in Section 3. The temperature histories obtained using
averaged current according to Eq. (32) and Eq. (34) are presented in Fig. 7.
The averaged current defined in Eq. (32) is applied in pulses of 20 s followed
by a 5 s holding time while the current given by Eq. (34) is continious during
the whole heating sequence. The complete process with heating, steady state
and cooling is only simulated using the continous current according to (34).
The other two variants were only used to simulate the heating phase.

The temperature histories shown in Figs. 6 and 7 are measured and com-
puted at the thermocuple placed in the top center position of tool, see Fig. 2.

Fig. 5. Section plot of the temperature field at the end of the heating phase.
The fringe plot shows the temperature in Kelvin.
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Fig. 6. Measured and computed temperature history during heating. The
actual current fluctiations were applied to the model.

6 Discussion and conclusions

A electric-thermal model with Joule heating have been validated. The
overall good agreement found between simulations and measurments shows
that the computational approach in general, as well as the suggested current
averaging procedure, is useful for modelling and simulation of Joule heating.
The model can be used to design the process in order to obtain the wanted
temperature distribution .

It is also found that the current averaging procedure using constant cur-
rent, Eq. (34), allows for a time step that is more suited for the thermal
system rather than the electrical. In this work a reduction of the calculation
time with a factor of 75 was possible by increasing the time step.
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Fig. 7. Measured and computed temperature history using average current
according to Eq. (32) and Eq. (34). The model using Eq. (32) was only
evaluated for the heating phase.
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