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Abstract: Capacitor discharge welding (CDW) for projection welding provides very high current
pulses in extremely short welding times. This requires a quick follow up behaviour of the electrodes
during the softening of the projection. The possibilities of experimental process investigations are
strongly limited because of the covered contact zone and short process times. The Finite Element
Method (FEM) allows highly resoluted analyses in time and space and is therefore a suitable tool
for process characterization and optimization. To utilize this mean of optimization, an indirect
multiphysical numerical model has been developed in ANSYS MECHANICAL APDL. This model
couples the physical environments of thermal–electric with structural analysis. It can master the
complexity of large deformations, short current rise times and high temperature gradients. A typical
ring projection has been chosen as the joining task. The selected aluminium alloys are EN-AW-6082
(ring projection) and EN-AW-5083 (sheet metal). This paper presents the investigated material
data, the model design and the methodology for an indirect coupling of the thermal–electric
with the structural physic. The electrical contact resistance is adapted to the measured voltage
in the experiment. The limits of the model in ANSYS MECHANICAL APDL are due to large mesh
deformation and decreasing element stiffness. Further modelling possibilities, which can handle the
limits, are described.

Keywords: capacitor discharge welding; projection welding; aluminium alloy; finite element method;
numerical simulation; multiphysics model; indirect coupling; contact resistance

1. Introduction

Resistance projection welding is a versatile welding process. It is characterized by various
geometries (e.g., ring projection, segment projection and long projection), machine characteristics
(electrical source and machine construction) and materials (steel, aluminium, mixed joints). Resistance
projection welding for aluminium components is hardly used. The reason is very high welding currents
are needed to generate enough heat within materials with high thermal and electrical conductivities.
That can be realized by capacitor discharge welding (CDW). The investigation of the process with
experimental methods is strongly limited. In most cases, it is only possible to measure process
parameters at discrete locations. Furthermore, methods of destructive test, such as strength tests
or structural analysis of the joints are used to investigate their quality. As a result, many of the
current investigations analyze the influence of welding parameters on the joined components [1–3].
Besides these correlations between the process parameters and the characteristics of the joint a more
detailed understanding of the process is not possible with the mentioned methods. There is no way to
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investigate the temperature distribution, voltage drops at the interfaces of the components or even
the deformation of the projections. To overcome these barriers for a more detailed understanding
of the process, the FEM provides a suitable tool to investigate inner processes as well as the hardly
measurable quantities such as deformation, stresses, temperatures in the joining zone and current
densities. It allows the local and temporal resolution of the whole welding process. In the scientific
publications [4–8], projection welding by capacitor discharge welding is investigated. In [4,5] a
mathematical model for determining the shear stress and temperature distribution is presented.
However, no temperature-dependent deformations are considered. In [6–8] an iterative model is
developed to determine the weld parameters of a wave profile. The width of the connection is also
investigated. Therefore, the FEM might be used for process optimization as well. Scalable parameters
of the model such as geometrical conditions, input parameters like welding current and electrode forces,
and boundary conditions provide an easy and fast way to investigate the influences of the named
parameters on the process without expensive and time-consuming experiments. Projection welding
by capacitor discharge produces a high and temperature-dependent deformation, which causes
convergence problems in direct coupled numerical models. For these reasons, an indirect coupled
FEM Simulation regarding structural, thermal and electrical phenomena is established in this paper.
ANSYS MECHANICAL APDL was used as the software environment. Practical, as well as theoretical,
aspects in modelling the complex phenomena are described. Methods of modelling a process are
shown, firstly examined by experiments only by adapting the calculation of contact resistance. Thereby
common models of contact resistance are used and we take advantage of the already included
numerical parameters.

2. Capacitor Discharge Welding (CDW)

CDW belongs to the resistance welding processes and is mainly used for projection applications.
Figure 1 shows, as an example, the welding current I and electrode force F as a function of time t for
one of the conducted experiments. With the starting time t0 (t = 0 ms) the current flow starts. At tp

(t = 3.6 ms) the maximum current I of 113 kA is reached. At th (t = 7.1 ms) the current decreased to
50% of its maximum, which is defined as the welding time [9].

Figure 1. Characterization of a capacitor discharge welding process and input data for simulation.



Processes 2020, 8, 1330 3 of 16

Additionally Figure 1 shows four characteristic process phases, which are typical for steel alloys
and were elaborated in [10,11]:

1. Contacting

• Movement of electrodes onto the components
• Increase of electrode force up to the predefined welding force
• Plastic deformation in the contact area

2. Activating

• Start of the current flow with high current density gradients
• Very high power densities in contact area
• Elimination of foreign and oxide layers
• Activation of the contact surfaces

3. Material Connection

• Follow-up of electrodes
• Pressing together the activated surfaces
• Development of material connection
• Decreasing current and current density
• Conductive heating of projection
• Softening and plastic deformation of projection

4. Holding Pressure

• Further follow-up of electrodes
• Further decrease in current density
• Further plastic deformation of projection
• Enlargement of the connection area
• Ending of follow-up of electrodes
• Thermal conduction and cooling of joining zone

In comparison to spot welding with the medium-frequency inverter technique, projection welding
with capacitor discharge has some complexities concerning the characteristic process phases:

1. Very high temperature gradients
2. High deformations of the projection
3. Activation of the contact surface by metal vapor

3. Finite Element Model

3.1. Geometry and Material Data

The technical drawing of the projection component is shown in Figure 2. The projection
component is made of aluminium alloy EN-AW-6082. The thermophysical properties of the aluminium
alloys were determined by a material simulation using the software JMATPRO. The thermophysical
properties of EN-AW-6082 are shown in Table A1 and the flow stress in Table A4. The geometric
dimensions of the projection were optimized within a research project conducted also by the authors at
Technische Universität Dresden [12]. The experimental data result in a recommendation of the width
of the contact area of 0.5 mm and a projection angle of 120°. For the sheet component, the aluminium
alloy EN-AW-5083 is used. The thermophysical properties of EN-AW-6082 are shown in Table A2
and the flow stress in Table A5. A common resistance welding electrode type C20 according to [13] is
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used. This electrode is made of CuCr1Zr. The thermophysical properties of CuCr1Zr are represented
in Table A3 and the flow stress in [14].

Figure 2. Technical drawing of the investigated ring projection.

3.2. Application Specific Modelling

The investigated 2D axisymmetric finite element model is shown in Figure 3. The quality of
the mesh affects the solution of the simulation. Therefore, a geometry specific mesh is generated by
analysing the convergence of the displacement. As a critical area, where the results have a big effect
on the whole simulation, the penetration of the projection into the sheet is evaluated. The size of the
elements was reduced until the penetration results did not change with further refinement of the mesh.
This analysis was done at room temperature. The optimized element size in the contact area for this
joining task is 0.0178 mm. With further distance from the contact area, the element size is growing.

Figure 3. The investigated 2D axisymmetric finite element (FE) model with the applied loads and
boundary conditions. Detailed view of the contact areas and the investigated ring projection.
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From the numerical point of view, the edges of the projections contacting surface are singularities.
The settings of the contact elements have to be chosen carefully to keep the difficulties under control
coming with singularities. Therefore, the contact pressure of the joining zone was investigated at room
temperature. The elaborated settings (key options) is shown in Table 1.

Table 1. Settings of the contact elements TARGE169 and CONTA172.

# Description Chosen Setting (Related Value)

1 Degree of freedom Displacement in x- and y-direction (0)
2 Contact algorithm Augmented LAGRANGE (0)
4 Location of contact detection Projection method (3)
5 Automated adjustment No adjustment (0)
6 Contact stiffness variation Nominal refinement (1)
7 Time incrementation control Reasonable time increments (2)

10 Contact stiffness update Each iteration (0)
12 Behaviour of contact surface Standard (0)
18 Sliding behaviour Finite sliding (0)

Adapting the model to the conditions at the beginning of the process enables a stable simulation
until temperatures of about 600 K. However, with rising temperatures, and resulting from this the
lowering of element stiffnesses as well as thermal expansion, the simulation terminates due to
unconverged loadsteps of the structural physic. At the upper electrode the force F(t) and the current
I(t) is applied as load from the measured data (Figure 1). As a boundary condition the displacement
uy is blocked at the lower electrode and the electrical potential is 0 V. The uniform temperature Tuni is
298 K. There are three contact areas, which are made of contact and target elements:

1. Projection (Contact) - Electrode (Target)
2. Projection (Contact) - Sheet (Target)
3. Sheet (Contact) - Electrode (Target)

The behaviour of all contact surfaces is standard (not bonded, no roughness, no separation).

3.3. Implementation of Electrical Contact Resistance

There are many theories for calculating the ECR in resistance welding [15]. There is no validated
theory for projection welding by capacitor discharge for aluminium components. The contact theory
in [14,16] describes the ECR according to Equation (1). This theory has been validated for aluminium
spot welding by the medium frequency inverter technique [17,18].

ECR(T, σcont) = 3 d
(

σs(T)
σcont

)κ
·
(

ρ1(T)·ρ2(T)
2

)
(1)

The contact theory in [19] describes the ECR according to Equation (2). This theory has been
validated for welding of steel and brass projections on steel sheets with a direct current.

ECR(T, σcont) = 3 ξ
(

σs(T)
σκ

cont

)
·
(

ρ1(T)·ρ2(T)
2 + ρ f ilm

)
(2)

The discussion of the contact theory in [19] is done by means of calculations with κ set to 0.5.
SONG inserts a parameter for the film resistance ρ f ilm. A good agreement with experiments is achieved.
The pressure and temperature dependency of the ECR can also be described by the polynomial in
Equation (3) with a varying exponent z. The author states the need of the variation in order to
describe the temperature dependency of the pressure influence on the ECR. Transferring this insight
to the application of Equation (2) in a coupled FE-model the variation of the exponent κ seems to be
appropriate for modelling all phenomena taking place at the interfaces.

ECR = y σz
cont (3)
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Despite the different theoretical principles behind the theories, the effects of the exponent κ are
similar. It balances the pressure against the temperature dependency of the ECR. It relates to the surface
condition of the interfaces [14]. With progress in the simulation time, changes in the surfaces conditions
are expectable from experimental investigations [10]. Therefore, a time-varying exponent corresponds
to the phenomena in the real process. Namely, the disruption of surface film and flattening of asperities.
For using the ECR as element parameter in the ANSYS MECHANICAL simulation, the parameters ECC
and TCC are necessary. ECC is calculated by Equation (4). TCC is calculated by Equation (5) with the
LORENZ Number L of Equation (6) and the current temperature T of the element [14,16].

ECC = 1
ECR (4)

TCC = L · T · ECC (5)

L = 2.44 · 10−8 WΩK−2 (6)

3.4. Indirect Coupling of a Numerical Simulation

There are two methods of coupling possible to model the interactions between structural, thermal
and electrical phenomena. First, a direct coupling condenses the governing equations in one equation
system. This is realized by the coupled field elements. By neglecting of the magnetic effects, the degrees
of freedom are: the displacement u, the electric potential Φ and the temperature field T [20].


M 0 0
0 0 0
0 0 0




ü
T̈
Φ̈

+


C 0 0
Ctu Ct 0
0 0 Cv




u̇
Ṫ
Φ̇

+

K Kut 0
0 Kt 0
0 Kvt Kv




u
T
Φ

=


F
Q
J

 (7)

Secondly, an indirect coupling uses more than one equation system while the coupling is executed
by transferring results of one equation system to the other and vice versa. Two systems of equations are
established with Equations (8) and (9) which will be solved individually. In this case, thermal–electrical
effects are coupled direct while the coupling with structural phenomena is established indirect.
This results in a separated modelling of the two different physics, thermal–electrical and structural.
Investigations of welded joints show big deformations of the projection near the joining zone [20].[

M
] [

ü
]
+
[
C
] [

u̇
]
+
[
K
] [

u
]
=
[

F
]

(8)

[
Ct 0
0 Cv

] [
Ṫ
V̇

]
+

[
Kt 0
Kvt Kv

] [
T
Φ

]
=

[
Q
J

]
(9)

Modelling big deformations with finite elements leads to disorted meshes, where bad qualities
of the results or even unconverged loadsteps might result from [21]. ANSYS MECHANICAL

provides the methods of nonlinear adaptive meshing and rezoning to overcome those difficulties.
For two-dimensional simulations, both methods are restricted to the solid structure elements
PLANE182 and PLANE183 as well as the contact elements TARGE169, TARGE170, CONTA172 and CONTA174.
However, to model thermal–electrical as well as structural effects other kinds of elements are needed
(e.g., PLANE223). The separation of the physics provides the possibility to apply the rezoning method
provided by the software at least for the structural physic. With the requirement of equally meshed
physics used in an indirect coupled simulation, a way to transfer results of the thermal–electrical
physic onto the new mesh still has to be found. The indirect coupling offers the following advantages:

1. Minimization of the computing effort
2. Adaptation of the solver to the requirements of each system of equations
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3. Dynamic calculation of the contact resistance depending on the physic conditions without tabular
precalculations (material data, temperature distribution and contact pressure)

4. Rezoning in structural physic (No rezoning for Coupled Field Elements)

Figure 4 shows the schematic process of the developed indirect simulation model. This is realized
by a do loop. With the start of the simulation, the input data (F(t), I(t)) were imported. The input
data were provided by the measurements of the experiments as shown in Figure 1. After this, the two
physical environments (structure and thermal–electric), short physics, were defined. At the beginning
of the first iteration loop, the structure physic was read and solved. As a result, the contact pressure
σcont (normal stress in contact plane) of all contact zones was exported. This enables the first calculation
of the electrical contact resistance (ECR) at room temperature (see Section 3.3). After calculating
the ECR, the solution of the structure physic was saved and the thermal–electrical one was loaded.
This was followed by an update of the geometry due to the temperature-dependent deformation
and the solution. As a result, the temperatures of the nodes are exported and the solution of the
thermal–electrical physic is saved. The next loop iteration follows by applying the temperature field
from the thermal–electrical physic as a boundary condition to the structure physic. The rapid rise
of the temperature leads to thermal expansion, softening of the elements and therefore to bigger
deformations compared to room temperature. This results in a new contact situation, so that the ECR
was updated with the new temperature field and the new contact pressures. These iteration steps
∆t were repeated until the current simulation time tn reached the end time tend of the simulation.
Afterwards, the post-processing started. The physical environments were established by declaring
the geometry of the model, meshing of this geometry, application of boundary conditions and solver
settings. As mentioned above, the meshes of both physics have to be identical regarding the coordinates
of the nodes and elements. Therefore, meshing has to be executed in the structural physic only.
Afterwards, the established thermal–electrical physic built up onto the existing mesh by declaring
different attributes to the elements. Both physics can be saved and loaded during the simulation as
described in Figure 4. Within an indirect coupled simulation, special care has to be taken to the transfer
of results between the physics:

1. To simulate the thermal–electrical phenomena with the current state of deformation, the calculated
displacement in the structural physic is transferred by the UPGEOM command as a change of
geometry.

2. Coupling in the contrary direction is implemented by applying the calculated temperatures as
body loads by the LDREAD command. The temperatures are transferred to each node. Therefore
the current state of thermal strain can be involved in the structural solution.

3. The coupling of effects within the contact zones was established by using the electrical contact
conductivity ECC and the thermal contact conductivity TCC. Their values were calculated
elementwise by Equations (4) or (5) and were therefore location-dependent. Before solving
the thermal–electric physic starts, ECC and TCC were handed over to the contact elements
by the RMODIF„19 and RMODIF„14 command respectively. Both parameters were declared as
table arrays using the primary variable x-coordinate (2D) to guarantee every element gets their
corresponding value.

The alternating calculation of the physics allows updating of the solver setting depending of
the other physics than the one being solved. e.g., assuming large thermal strain with steeply rising
temperatures the loadsteps and substeps of the structural solution might be chosen smaller when large
changes of the temperature were detected in the thermal–electric solution.
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Figure 4. Schematic sequence of an indirect coupled numerical simulation in ANSYS MECHANICAL APDL.

4. Results of the Indirect Process Simulation

4.1. Experimental Determination of the Electrical Voltage

In order to adapt the numerical factors of the contact theory, the electrical voltage drop was
measured during the welding of the projection component (Figure 5a). Similar method for resistance
spot welding of steel alloys was investigated by [22]. The voltage was measured at three positions
(electrode-electrode Ue,e; projection-sheet Up,s; sheet-electrode Us,e). From these, the voltage drop at
the electrode-projection Ue,p interface was calculated.

(a) Experimental setup (b) Electrical voltage of the different contact areas

Figure 5. Schematic representation of the experimental setup (a) and the mean value with standard
deviation of the measured voltage of all contact areas (b).
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The electrical voltage was measured with 1 MHz and a resolution of 16 bit (measuring range
from 0 V to 10 V). Figure 5b shows the standard deviation of all (7) measured electrical voltages and
the mean value. The sum of all individual voltages gives the total voltage between the electrodes
Ue,e. The measured voltage curves include inductivities. These were corrected according to [23].
The electrical voltage Up,s is lower than the others because the contact area is the smallest. Therefore,
the contact pressure increases and the contact resistance decreases compared to the other contact
zones (see Equation (2)). A strong increase of the individual voltage can be seen in the first 0.5 ms.
Afterwards, the increase becomes flatter. The characteristic curve of Up,s is different to Ue,p and Us,e.

4.2. Comparison of Experimental and Simulative Results

All simulations were executed until their termination due to convergence problems arising from
large distortion of the mesh, low stiffnesses of elements with high temperatures and high contact
pressure. The range of values for the numerical parameters d and κ used in the Equation (1) as well as
ξ and κ in Equation (2) are declared by the authors SONG and WANG. It was not possible to calculate
the measured voltages across the interfaces of the experiments within this range. The simulation results
shown here were determined according to SONG (Equation (2) with ρ f ilm = 0). SONG recommends
the numerical parameters ξ from 0.1 to 10 and κ from 0.5 to 1. In this range, the simulated electrical
voltages were strongly outside the measurement. For this reason, the parameters were adapted to the
measured voltages to reproduce the experiment. The new parameters are shown in Tables A6 and A7.
In simulation 1, 2 and 3 the value of κ was set to 1.

Uniformly defined values lead to a distribution of voltage drops, which is not consistent with
the experiments. This is shown in Figure 6a. The three contact zones differ from each other regarding
materials as well as the surface treatment and roughness. This implies that the numerical parameters
should also be treated separately. This can be seen in Figure 6b–d. This results in a distribution
of the simulated voltage drops at each contact as measured in the experiments. Figure 5b shows
the characteristic voltage curves of the contacts Up,s, Ue,p and Us,e are different from each other.
The contacts are modelled with smooth surfaces. Therefore, it is not possible to include specific effects
in the contact zone. One of these effects is the different behaviour of the asperities at the different
contact surfaces, that is due to their different material characteristics. Furthermore, the behaviour of
the surface films cannot be modelled, due to neglecting the specific film resistance ρ f ilm. To model the
change of these effects, a time variable exponent κ is introduced. The simulation results in Figure 6b,c
show that a constant set of numerical parameters does not lead to the measured voltages over process
time. Either the simulated voltage, or their gradient does not match the experimental results. For bigger
values of the factor ξ in Equation (2), the strong increase of voltage drops at the beginning of the
process can be modelled. It results in a moment of time where the calculated voltages exceed the
measured values while maintaining their high gradient. After this point of time, the values of the
simulation were constantly to big. Choosing low values results in not reaching the measured voltages
at all. With κ = 1, the voltages are smaller then the experimental values. If κ < 1, the voltages become
bigger. Therefore, the values of the exponent are changed as shown in the Table A6. Figure 6d shows
the effect of the final configuration of κ. With the simulation, four values were found which can model
the experimental measured voltages in a satisfying manner. The simulation terminated at a time of
1.67 ms and a maximum temperature of 671 K located in the joining zone. The convergence problems
were due to thermal expansion and low element stiffnesses resulting from high temperature. This is
accompanied by large deformations.
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(a) Simulation 1: Constant and uniform parameters (b) Simulation 2: Constant numerical parameters

(c) Simulation 3: Constant numerical parameters (d) Simulation 4: Varying numerical parameter

Figure 6. Effect of the numerical parameters ξ and κ (Tables A6 and A7) on the simulated electric
voltage curve and comparison with the experimental data.

5. Discussion

With the elaboration of the FEM model in this work the most suitable settings where
found regarding the mesh quality, calculation methods, boundary conditions and contact settings.
Additionally assuming correct material data one can make the assumption that the numerical errors in
the results are neglectable for this type of investigation. Because of this, the only way to reproduce the
measured voltages is to adapt the contact resistance. For the reason of adaption the authors of contact
the resistance models discussed in this work already included parameters to be changed in their
equations. Taking advantage of this, it is possible to reach very good agreement of the FEM simulation
with the real process regarding the electrical phenomena. By calculating the thermal conductance
from the electrical conductance by the commonly used WIEDEMANN-FRANZ-Law the quality of the
electrical results applies for the thermal phenomena too.

The results show big influence of the numerical parameters on the whole simulation. Thus they
are critical for the quality of the simulation results and further investigations. Figure 7a,b show the
temperature distribution within the joining zone at a process time of 0.75 ms. From Figure 6c,d it can be
seen, that the current values of the voltage are nearly the same (Simulation 3: U = 0.17 V; Simulation
4: U = 0.20 V). Contrarily their time history is very different. This results in a huge change of the
temperature distribution. This shows the relevance of adapting the contact resistance over the whole
process time.
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(a) Simulation 3 (b) Simulation 4

Figure 7. Temperature T distribution at t = 0.75 ms.

It was already stated that the adaption of the numerical parameters has to be done according to
the characteristics of the contacting surfaces. With change of this characteristics e.g. by using different
materials, surface roughness or different surface treatments it is necessary to adapt the numerical
parameters recursively. Thus the quality of the simulation results is not only dependent from the
numerical modelling methods but also highly influenced by the calibration of the contact resistance
parameters.

All in all, a separated treatment of the contact resistance calculation at each contact, as well
as the implementation of time dependent, numerical parameters allows the reproduction of the
experiments concerning the thermal-electric and structural aspects. By interpreting the adaption of the
numerical parameters, future investigations might show further insights into contact resistance effects
not implemented by physical parameters in Equation (2).

6. Conclusions

Despite the discontinuous geometry of the projection an indirect coupled model, allowing stable
and efficient simulation of the CDW-process up to 671 K was built. With a reasonable adaption of the
numerical parameters to the experimental measured voltages the simulation time was extended from
0.57 ms to 1.67 ms. Furthermore, the indirect coupling allows the dynamic calculation of the contact
resistance and therefore a suitable way of determining the numerical parameters. A set of parameters
was found, which yields to voltage drops at the contacts as measured in experiments. Therefore, it is
possible to consider effects which can’t be seen using constant factors, such as the evolution of surface
conditions during the process. For the first time, this provides the possibility to adapt the simulation
model to the complexity (large deformations, short current rise times and high temperature gradients)
of the CDW. The presented model cannot describe the CDW process completely due to convergence
problems. The convergence problems appear because of the high deformation at high temperatures.
The finite elements deform heavily on the edge of the projection area. Additionally, the contact settings
have been determined at room temperature, and therefore might be inadequate for high temperatures.
Furthermore, rezoning was evaluated as a method to possibly overcome convergence issues within the
structural physic [24].
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Abbreviations

The following abbreviations are used in this manuscript:

CDW Capacitor Discharge Welding
ECC Electrical Contact conductivity
ECR Electrical Contact Resistance
TCC Thermal Contact Conductivity

Appendix A. Thermophysical Properties for Numerical Simulation

Table A1. Thermophysical properties of EN-AW-6082.

T/K ρ/kg m−3 E/GPa ν/1 α/K−1 10−5 λ/W m−1 K−1 cp/J kg−1 K−1 h/MJ m−3 ρel/µΩ m

298 2697.70 68.272 0.338 Reference 192.626 - 26 0.036
303 2696.82 68.115 0.338 2.240 193.097 901 30 0.037
323 2693.16 67.459 0.339 2.261 194.812 913 38 0.039
343 2689.45 66.786 0.339 2.282 196.209 924 88 0.041
373 2683.77 65.742 0.341 2.313 197.813 940 162 0.044
403 2677.96 64.658 0.342 2.344 198.938 954 238 0.047
433 2672.03 63.535 0.343 2.375 199.677 967 314 0.050
473 2663.93 61.975 0.345 2.417 200.177 985 417 0.055
503 2657.71 60.759 0.347 2.449 200.252 997 495 0.058
533 2651.37 59.503 0.349 2.480 200.114 1010 574 0.062
573 2642.73 57.766 0.351 2.523 199.644 1027 680 0.067
603 2636.11 56.417 0.353 2.555 199.107 1039 759 0.070
633 2629.37 55.028 0.355 2.587 198.433 1052 840 0.074
673 2620.21 53.113 0.357 2.630 197.344 1069 948 0.079
703 2613.21 51.630 0.359 2.662 196.401 1082 1030 0.083
733 2603.69 49.591 0.362 2.706 194.991 1103 1140 0.089
773 2596.42 48.014 0.364 2.738 193.832 1121 1223 0.093
803 2589.05 46.398 0.367 2.771 192.592 1140 1307 0.097
833 2577.96 37.102 0.375 2.895 184.616 1598 1447 0.107
873 2556.86 25.737 0.388 3.194 171.884 2185 1629 0.122
903 2520.74 10.527 0.412 3.869 146.974 7266 1861 0.144
933 2393.11 0.000 0.500 6.683 88.391 1173 2534 0.232
973 2380.01 0.000 0.500 6.593 89.735 1173 2632 0.239

1173 2311.83 0.000 0.500 6.360 96.456 1173 3099 0.268
1373 2239.98 0.000 0.500 6.337 103.177 1173 3528 0.293
1573 2165.50 0.000 0.500 6.426 109.897 1173 3919 0.315
1773 2089.33 0.000 0.500 6.581 116.618 1173 4272 0.334
2073 1973.73 0.000 0.500 6.889 126.699 1173 4731 0.360
2273 1896.83 0.000 0.500 7.127 133.420 1173 4993 0.375
2773 1709.33 0.000 0.500 7.788 150.222 1173 5503 0.406
3273 1533.48 0.000 0.500 8.507 167.023 1173 5837 0.431
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Table A2. Thermophysical properties of EN-AW-5083.

T/K ρ/kg m−3 E/GPa ν/1 α/K−1 10−5 λ/W m−1 K−1 cp/J kg−1 K−1 h/MJ m−3 ρel/µΩ m

298 2632.57 69.218 0.332 Reference 140.998 - 31 0.048
303 2631.70 69.058 0.332 2.258 141.745 911 43 0.049
323 2628.10 68.387 0.332 2.279 144.618 923 91 0.051
343 2624.45 67.698 0.333 2.300 147.201 934 139 0.053
373 2618.86 66.631 0.335 2.331 150.623 950 213 0.057
403 2613.16 65.522 0.336 2.362 153.594 964 287 0.060
433 2607.33 64.373 0.337 2.393 156.193 977 362 0.063
473 2599.37 62.777 0.339 2.435 159.176 995 464 0.068
503 2593.26 61.531 0.341 2.467 161.105 1007 540 0.071
533 2587.03 60.245 0.342 2.498 162.803 1020 618 0.075
573 2578.55 58.466 0.345 2.541 164.748 1037 722 0.080
603 2572.06 57.084 0.346 2.573 165.992 1050 800 0.083
633 2565.45 55.661 0.348 2.605 167.066 1062 879 0.087
673 2556.46 53.699 0.351 2.647 168.253 1080 986 0.092
703 2549.59 52.180 0.353 2.680 168.973 1093 1066 0.096
733 2537.29 39.371 0.370 2.878 167.104 1192 1176 0.105
773 2525.26 35.041 0.375 2.983 166.138 1283 1294 0.112
803 2514.95 31.011 0.380 3.088 164.219 1416 1389 0.117
833 2502.31 25.632 0.386 3.244 160.279 1707 1496 0.124
873 2474.09 13.755 0.404 3.714 146.047 3335 1695 0.141
903 2404.57 0.750 0.454 5.225 108.660 16194 2086 0.187
933 2335.98 0.000 0.500 6.666 87.261 1187 2463 0.235
973 2323.11 0.000 0.500 6.580 88.670 1187 2559 0.241

1173 2256.01 0.000 0.500 6.360 95.713 1187 3021 0.270
1373 2185.18 0.000 0.500 6.349 102.757 1187 3445 0.294
1573 2111.68 0.000 0.500 6.450 109.801 1187 3831 0.315
1773 2036.44 0.000 0.500 6.616 116.845 1187 4178 0.334
2073 1922.24 0.000 0.500 6.940 127.411 1187 4628 0.358
2273 1846.28 0.000 0.500 7.188 134.455 1187 4884 0.372
2773 1661.18 0.000 0.500 7.876 152.064 1187 5380 0.401
3273 1487.85 0.000 0.500 8.621 169.674 1187 5702 0.424

Table A3. Thermophysical properties of CuCr1Zr.

T/K ρ/kg m−3 E/GPa ν/1 α/K−1 10−5 λ/W m−1 K−1 cp/J kg−1 K−1 h/MJ m−3 ρel/µΩ m

298 8882 87.8 0.326 Reference 326 390 0 0.021
473 8803 81.0 0.298 1.650 305 393 623 0.033
573 8755 - - 1.720 291 395 968 0.039
673 - 77.0 0.279 - - - - -
773 8656 - - 1.800 281 400 1660 0.054
873 69.6 0.230 - - - - -
973 8549 - - 1.890 275 482 2820 0.070

1073 65.1 0.238 - - - - -
1173 8425 60.6 0.212 2.020 268 494 3680 0.098

Appendix B. Flow Stress Data for Numerical Simulation

Table A4. Flow Stress of EN-AW-6082.

ε/1 σT/MPa
σ298K σ333K σ373K σ433K σ473K σ533K σ573K σ673K σ773K σ873K

0 165.6 162.4 159.0 152.9 148.2 140.3 134.6 87.4 106.6 63.6
0.02 215.0 214.0 217.6 232.0 227.5 194.2 175.1 136.0 106.6 72.7
0.04 232.3 232.2 239.0 255.7 227.4 194.2 175.1 136.0 106.6 72.7
0.06 243.5 244.0 252.9 254.8 227.2 194.2 175.1 136.0 106.6 72.7
0.08 251.9 252.9 263.5 253.5 226.7 194.2 175.0 136.0 106.6 72.7
0.1 258.6 260.0 272.0 252.1 226.0 194.1 175.0 136.0 106.6 72.7
0.15 271.4 273.6 288.4 248.9 224.0 193.8 174.9 136.0 106.6 72.7
0.2 280.9 283.8 300.7 246.4 222.1 193.3 174.7 136.0 106.6 72.7
0.25 288.5 291.9 303.5 244.3 220.5 192.6 174.4 136.0 106.5 72.7
0.3 294.9 298.8 301.2 242.6 219.2 191.8 174.0 135.9 106.5 72.6
0.35 300.5 304.7 299.2 241.2 218.0 191.1 173.6 135.8 106.4 72.6
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Table A4. Cont.

ε/1 σT/MPa
σ298K σ333K σ373K σ433K σ473K σ533K σ573K σ673K σ773K σ873K

0.4 305.4 310.0 297.4 239.9 216.9 190.4 173.1 135.7 106.3 72.5
0.45 309.7 314.7 295.9 238.8 216.0 189.8 172.6 135.5 106.1 72.5
0.5 313.7 318.9 294.5 237.8 215.2 189.2 172.2 135.3 106.0 72.4
0.6 320.7 326.4 292.1 236.0 213.7 188.2 171.4 135.0 105.6 72.2
0.7 326.8 332.9 290.1 234.5 212.5 187.2 170.7 134.6 105.3 71.6
0.8 332.1 338.7 288.3 233.3 211.4 186.4 170.0 134.3 105.0 70.9
0.9 336.9 343.8 286.8 232.1 210.5 185.7 169.4 134.0 104.6 70.3
1 341.2 344.5 285.4 231.1 209.6 185.1 168.9 133.6 104.4 69.7
2 371.1 333.0 276.6 224.7 204.1 180.7 165.3 131.4 102.3 65.4

Table A5. Flow Stress of EN-AW-5083.

ε/1 σT / MPa
σ298K σ333K σ373K σ433K σ473K σ533K σ573K σ673K σ773K σ873K

0.00 179.1 176.0 172.6 166.7 162.1 154.4 148.8 93.7 103.1 12.6
0.02 227.4 226.3 229.9 243.8 259.3 217.3 192.0 142.0 103.1 29.5
0.04 244.5 244.3 250.9 274.2 261.8 217.3 192.0 142.0 103.1 29.5
0.06 255.5 256.0 264.6 294.5 261.5 217.3 192.0 142.0 103.1 29.5
0.08 263.8 264.7 275.0 297.1 260.8 217.3 192.0 142.0 103.1 29.5
0.10 270.4 271.7 283.4 295.1 259.8 217.2 192.0 142.0 103.1 29.5
0.15 283.0 285.1 299.4 290.6 256.9 216.8 191.8 142.0 103.1 29.5
0.20 292.3 295.1 311.4 287.0 254.3 216.0 191.6 142.0 103.1 29.5
0.25 299.8 303.1 321.0 284.1 252.0 215.0 191.1 141.9 103.1 29.5
0.30 306.0 309.8 329.2 281.7 250.1 213.9 190.5 141.8 103.0 29.5
0.35 311.5 315.5 336.2 279.6 248.4 212.9 189.9 141.6 102.8 29.4
0.40 316.2 320.6 342.4 277.8 246.9 212.0 189.2 141.5 102.7 29.4
0.45 320.5 325.2 348.0 276.2 245.6 211.1 188.6 141.2 102.5 29.4
0.50 324.4 329.4 353.0 274.8 244.4 210.2 188.0 141.0 102.2 29.3
0.60 331.2 336.7 349.5 272.3 242.3 208.7 186.8 140.5 101.8 29.2
0.70 337.1 343.0 346.7 270.2 240.6 207.4 185.8 140.0 101.3 29.1
0.80 342.2 348.6 344.2 268.4 239.1 206.3 184.9 139.5 100.9 29.1
0.90 346.9 353.6 342.0 266.8 237.7 205.2 184.0 139.0 100.5 29.0
1.00 351.1 358.1 340.1 265.4 236.5 204.3 183.3 138.6 100.1 28.9
2.00 380.0 389.4 327.5 256.3 228.7 198.2 178.1 134.3 97.3 28.4

Appendix C. Simulation Values for Numerical Parameters

Table A6. Values of numerical parameter ξ in Simulation 1 to 4.

# Simulation ξe,p ξs,e ξ p,s

1 0.0025 0.0025 0.0025
2 0.0080 0.0050 0.0020
3 0.0030 0.0010 0.0005
4 0.0030 0.0020 0.0005

Table A7. Values of numerical parameter κ in Simulation 4.

t/ms κe,p κp,s κs,e

0.0 0.900 0.85 0.900
0.2 0.905 0.88 0.910
0.4 0.925 0.92 0.930
0.6 0.940 0.96 0.942
0.8 0.955 0.98 0.955
1.0 0.962 1.00 0.965
1.2 0.970 1.00 0.975
1.4 0.977 1.00 0.982
1.6 0.985 1.00 0.990
1.8 1.000 1.00 1.000
>1.8 1.000 1.00 1.000
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