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Conventional metal manufacturing techniques are suitable for mass production. However, cheaper and faster
alternatives are preferred for small batch sizes and individualized components. Directed energy deposition (DED)
processes allow depositing metallic material in almost arbitrary shapes. They are characterized by cyclic heat input,
hence heating and cooling every point in the workpiece several times. This temperature history leads to distribution
of mechanical properties, distortions, residual stresses or even fatigue properties in the part. To avoid experimental
trial-and-error optimization, different methods are available to simulate DED processes. Currently, the wire arc
additive manufacturing (WAAM) is the most competitive DED process. In this work, a simulation method for
the WAAM process is established and validated, which should be capable to calculate global effects (e.g.
distortions, residual stresses) of real WAAM-processes with duration of hours and thousands of weld beads.
The addition of beads and layers is simulated by the element birth and death technique. The elements are activated
according to the movements of the heat source (arc). In this paper, the influence of the time step, the mesh size
and the material properties of the inactive elements in hybrid implicit / explicit and fully implicit solutions are
evaluated with respect to the computation time and stability. This investigation concludes several
recommendations for AM-modelling. For example, a low Young’s modulus (100 N/mm?) for the inactive elements
show nearly no influences on the welding simulation, but introduces numerical instabilities in case of multiple
welding beads. The Young’s modulus should be increased to 1.000 N/mm? for small mesh-sizes, small step-sizes
and many beads, even when it introduces unwanted stresses.

1. SIMULATION POSSIBILITIES FOR ADDITIVE MANUFACTURING

1.1. ADDITIVE MANUFACTURING

Traditional manufacturing processes are suitable for mass production. However, for
small batch sizes and individualized components, the manufacturing cost increases due to
the inevitable tooling costs. Additive manufacturing (AM) requires no tooling and is more
suitable for customized and complex parts. Currently, directed energy deposition (DED),
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especially wire-arc additive manufacturing (WAAM), is considered as one of the most
competitive 3D printing technologies for medium to large-scale parts [1]. The wire-arc
process builds up the required shape by successive layer-by-layer depositing. However,
the path strategy, the deposition rate, the cooling and clamping of the part influence the local
part properties and the obtained geometry. Due the long processing times of the WAAM-
process, an experimental trial-and-error optimization is comparatively difficult, time
consuming and cost-intensive. Especially for time-dependent processes, numerical
simulations are highly useful to predict and optimize the process.

1.2. SIMULATION METHODS FOR DED

The simulation proposed for DED can be categorized according to the meshing
strategies in relation with the physical principles being modelled. The individual beads
of the AM-part are designed by meshed and non-meshed simulation methods [2]. Meshed
simulation methods usually have elements that are connected to each other e.g. Lagrangian
method [3], Eulerian method [4], Arbitrary Lagrangian-Eulerian (ALE) method [5],
Computational Fluid Dynamics (CFD) [6], or the Conservation Element and Solution
Element (CESE) method [7]. On the other hand, the meshless simulation methods uses
particles to simulate different mechanical behaviours, for example Discrete Element Method
(DEM) [8], Smoothed Particle Hydrodynamics [9] and Element Free Galerkin (EFG)
method [10].

The mesh based simulation methods offer many advantages. For example, the Lagran-
gian method is very useful for the solution of computational solid mechanics problems where
the deformations are conditioned. This method is very efficient for thermo-mechanical and
forming problems and it saves computational time. The Eulerian method was established for
applications with large deformations and flow-simulations of fluids.

Almost all hydrodynamics problems can be solved with the Eulerian method, and it
calculates the mass, energy and momentum conservation efficiently [2]. ALE simulation
combines the advantages of Lagrangian and Eulerian simulation methods and can be utilized
in problems where large deformations take place and material flow tracking is important.
A good aspect ratio of the elements can be preserved in this method using methods like mesh
update or remeshing techniques [11].

CESE method is very effective in transient flow simulation where high numerical
accuracy is required. This method efficiently controls numerical dissipation [12] and is used
for discontinuous flow problems i.e. shock waves, acoustic waves, chemical reaction and
cavitation [7]. CFD has been found suitable for compressible and non-compressible fluids.
It provides solution to various problems like heat transfer, turbulence, fluid flow and
combustion reactions [13].

Meshless simulation methods usually deal with the processes where high deformation
takes place. Therefore, the Element Free Galerkin (EFG) method is computationally time
efficient because element distortions cannot take place [14]. SPH is quite capable
of simulating processes like forming, fusion, phase change, wave flow [15], complex fluid
interactions and fracture [16, 17]. DEM is reliable at estimating forces between particles [18]
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and their collision behaviour in relation to external conditions [19]. SPH can be used to
simulate details of an arc welding process such as the physical effects of drop formation,
solidification of the material and the development of pores, while respecting the geometry
of the weld bead.

The use of a particular simulation method depends highly on the process requirements
and the expected outcomes. In this work, a simulation method for WAAM s established,
which can be used for a real part where thousands of beads form a part. A further requirement
on the simulation method is the ability to calculate processes in the range of hours without
time scaling. A meshed Lagrangian simulation method is used, in which the material
properties can be activated with the deposition torch.

1.3. LAGRANGIAN METHOD WITH EXPLICIT-IMPLICIT SOLVERS

Implicit and explicit methods are used to solve the finite element equations [20].
The implicit method uses an iterative scheme until the required convergence criteria is
satisfied and equilibrium is reached [20]. This method is promising if the deformations or the
thermal changes in the model are less in one time step. Time steps in which multiple contacts
occur or in which a high deformation must be solved cause instabilities and it is difficult to
attain the equilibrium. The equilibrium and divergence should be controlled during the
calculation [21, 22]. Many iterations in a time step increase the total calculation time [23, 21].
The solidification process for thermo-mechanical models mostly use implicit simulation
method [24]. If the solver is controlled with a proper automatic time step adjustment, the
calculations with a high accuracy become extremely fast.

The explicit method does not use iterations. That makes the simulation routine robust
and the computational costs are linearly proportional to the size of the model [20]. If
the time step size is smaller than a critical time (i.e. dilatational wave is required to cross any
element in the mesh) the explicit method is stable even for analysis with a high dynamic
[21, 23]. A very small time step is advantageous for stability of contact, the explicit method
is usually used to simulate processes with a short time [22, 25]. In case of large computational
problems the inertia and dynamic effects becomes high, which reduces the accuracy
of the solution [23].

In order to reduce the computational time in explicit calculations, the mass of the
elements are increased by maintaining the accuracy of the solution [23]. The mass is usually
scaled by increasing the material density [22]. Therefore, a proper and suitable scaling factor
must be chosen carefully while using the explicit method. [23].

1.4. HYBRID EXPLICIT/IMPLICIT CODE FOR LAGRANGIAN WELDING-MODELS

Perhaps the first finite element analysis on thermal elastic-plastic stress and strain during
a welding process was published in 1970 in Japan. Computational Welding Mechanics
(CWM) is concerned with the thermo-mechanical response as well as changes in
microstructure [26]. Implicit calculation methods with high computation times, can be speed
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up with iterative substructure methods as shown in [27]. Compared to the implicit method,
dynamic thermo-mechanical analysis with a short process time can be solved in a short time
using an explicit solver. The following Table 1 gives a brief evaluation of both methods for
large deformation, dynamic effects, large process time, computation time, possibilities for
speed up, price of hardware. It can be seen, that the dynamic implicit solver features
convincing properties for CWM-simulations.

Table 1. Comparison of implicit and explicit solver

Explicit | Implicit static (dynamic) References
Large deformation ++ —— (¥) [20, 23, 24
Dynamic effects ++ —— (+) [20, 21, 23, 25]
Large process time - + (++) [20, 21, 23]
Computation time + ++ (+4) [20, 23, 25]
Possibilities for speed up ++ —— (> [20, 23, 24, 25]
Price of hardware ++ —— (=)

Nowadays, dynamic thermo-mechanical analysis are often divided whereby the thermal
part is computed implicitly and mechanical part explicitly [20] [23]. Another possibility to
save computation time is to solve the welding with the hybrid method and the cooling is done
completely implicitly [28].

To find a fast and stable method for AM-simulations of entire parts, there are many
possibilities to couple and uncouple the thermal and mechanical calculations, as well as
explicit and implicit solver. The effect of using coupled and uncoupled, pure and hybrid
solvers on the computation time, cost, time step and mesh size has not been shown for multiple
beads, which are joined together or even complete DED processes. Similarly, ghost material
has been used for welding simulations [32, 33], but its influence on the accuracy and stability
of multiple welding beads or real WAAM-simulation is unknown.

1.5. AIM OF THIS RESEARCH

In this investigation, two finite element simulation methods are compared for a small
part manufactured by AM. A fully coupled pure implicit and hybrid (implicit/explicit) method
is compared to an uncoupled pure and hybrid method for simulation time, stability and
accuracy. Besides the solver-configuration, a recommendation for AM-modelling is made for
the mesh type and size, as well as for of the activation process.

2. NUMERICAL MODELLING OF DED BY WAAM

2.1. MATERIAL, HEAT SOURCE AND ACTIVATION PROCESS

In reference to a previous work [29], the properties of the temperature dependent
material (steel grade 309-L) is used. The Young’s modulus decreases with increasing
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temperature and becomes almost zero at the melting temperature. Similarly, the yield stress
and the hardening modulus decrease with increasing temperature. On the other hand,
the Poisson’s ratio increases with temperature. Convection and radiation increase at higher
temperatures because of more temperature difference with the surrounding air [30, 31].

In the inactive state, the material property has a very low Poisson’s ratio, Young’s
modulus and thermal expansion. The thermal properties are characterised by a high heat
capacity which will be optimized and discussed later. The parameters for the distribution
of heat, used in this work are taken from the previous work [29] are given in Table 2.
The welding process is done with a constant power of 1840 W and a torch speed
of 7.5 mm/s.

Table 2. Goldak's ellipsoidal heat source parameters [29]

Weld pool width a 2.25 mm
Weld pool depth b 1.6 mm
Forward weld pool C 2.5 mm
Rearward weld pool Cr 5.0 mm
Forward heat factor fs 1.0
Rearward heat factor fr 1.0
Exponent constant n 1.0
Welding voltage U 23 Vt
Welding current | 80 A
Weld pool energy Q 1.84E6 mW
Heat source velocity v 7.5 mm/s

2.2. SIMULATION OF MATERIAL ADDITION BY ACTIVATING A GHOST MATERIAL

Deposition of the material was simulated using an element birth/activation technique, in
which all the elements of the finished part are inactivate at first. Fig. 2 shows a summary
of the activation of beads out of a quiet or ghost state. The Goldak’s weld source [29] heats
the inactive elements and activates them thermally within the temperature range
of 1200°C-1210°C. To switch on the structural properties, the melting temperature in the
range of 1400°C—1450°C must be reached, which are described with a thermo-elastic-plastic
model *MAT_CWM 270 based on Von-Mises yield criteria and kinematic hardening law.
Activated and deactivated elements can be deformed in the structure, but deactivated elements
are nearly without mechanical properties. The mechanical contact between the inactive and
active elements remains tied over the process time, while the thermal contact, which is time
dependent, is enabled between the parts at predefined time periods. The boundary conditions
for convection and radiation are coupled with the thermal contact definition. With
the activation of the thermal contact, convection and radiation in the surrounding area are
established, but between the two surfaces of beads only conduction takes place. More details
about the activation procedure and it’s simplifications can be found in [29] for the steel grade
309-L.
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In summary, the following points can be noted:
e The time-dependent location of the heat source defines the activation and thermal
history of the beads.
e The mechanical properties are activated with coupled thermal history.
e Heat, which is produced by plastic deformation, can be neglected and the mechanical
calculation has more effects than the thermal calculation on the simulation results.
This leads to the conclusion that it is possible to run the thermal simulation
independently followed by the mechanical simulation using the results of thermal. A fully
coupled simulation is not necessary.

3. COMPARISON OF PURE AND HYBRID IMPLICIT METHODS

3.1. FULLY COUPLED AND DECOUPLED HYBRID AND PURE IMPLICIT SIMULATIONS

In general, implicit models with a highly developed control mechanism are much faster
than explicit calculations without mass-scaling or time-step adjustments. In this investigation,
a fully coupled thermomechanical implicit model is established and used as standard. All
simulations are done with double precision (Is-dyna_smp_d_R11) in LSDYNA. The implicit
analysis solution method is specified with the nonlinear BFGS updates and arc length
(Crisfield with damping, see LS-DYNA manual), where the stiffness reformation is done at
the start of each step. The solution control is as follows: automatic stiffness reformation limit,
ILIMIT = 11 per time step, displacement convergence tolerance, DCTOL = 1E-4, energy
convergence tolerance, ECTOL = 1E-2, absolute convergence tolerance, ABSTOL = 1E-11.
The transient analysis is done for material properties evaluated at 8 gauss points using solid
elements, whereby a symmetric direct solver with the convergence tolerance of
CGTOL = 1E-4, the absolute convergence tolerance, ABSTOL =1E-10 and a relative
convergence tolerance RELTOL = 1E-6 is used.

The temperature field is provided by an implicit thermal solver, where the thermal solver
is coupled with the mechanical explicit as well as implicit solver. To accelerate
the explicit calculation time, the mass is scaled according a critical time step At, as shown in
Equation 1 [34]. The calculation is done for the critical time step At, = 0.0002 s based on
the material properties and the minimum distance in an element Le of 1.6 mm and time step
At, = 0.05 s, which is a 250 times bigger step.

L
ate :J E(L—v) @
1+v)(1-2v)p

For basic investigations a rectangular support-plate (120 mm x 121.5 mm) with
the thickness of 4 mm and beads with a rectangular cross section of 4.5 mm, 80 mm and
the height of 1.6 mm are modelled with the properties of steel (see Chapter 2). In Fig. 1 the
results of the explicit calculation for one layer with 6 beads and one additional bead are
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compared with the implicit simulation with a time step of 0.25 s. In general, the Von Mises
stress distributions are similar for the various simulations.

Effective Stress
3.500e+02
2.917e+02 ]
2.333e+02 _
1.750e+02 _
1.167e+02
5.833e+01 ]
0.000e+00

a) Explicit At=0.05s b) Explicit At =0.0002 s c) Implicit At=0.25s

Fig. 1. Stress-Simulation with the time step 0.05 s (a) and 0.0002 s (b) with explicit
and of 0.25 s with implicit solver (c)

Differences can be seen close to the yield stress, where the heat expansion causes plastic
deformation. In Fig. 2 only critical elements with an effective stress between 320 N/mm? and
375 N/mm? are shown.

¥

e

. S

(@) Explicit At=0.05s (b) Explicit At =0.0002 s (c) Implicit At=0.25s

Fig. 2. Elements with an effective stress of 320—-375 N/mm? with the time step 0.05 s (a) and 0.0002 s (b)
with explicit and of 0.25 s with implicit solver (c)

The fully coupled explicit calculation with a big time step of 0.05 s runs 53 min, for
0.0002 s 117 min and the implicit 78 min. The time-step of the thermal calculation is fixed
with 0.25 s. In the fully coupled version, the explicit simulation is faster for this small task.
To reduce the interaction-effort between the thermal and mechanical solver for transforming
results and starting new calculation-steps, the implicit thermal calculation runs independently
and the mechanical is batched. Both calculations can run simultaneously.

To reduce the interaction-effort of transforming the results and starting new calculations,
the implicit thermal calculation is done with a time-step of 0.25 s for a welding time of 75 s.

Fig. 3 confirms with the temperature history, that a fully coupled simulation is not
always necessary. Even the overall stress distribution shows quite similar results, a critical
example is shown in Fig. 4 for the position P2 which features a more complex temperature
load history. The difference in the stress between the implicit and explicit calculation
increases after the welding time and confirms that the time-scaled mechanical explicit
calculations are not able to build up stress relaxations. For Point P1 the welding is finished at
approx. 60 s, at point P2 at 26 s, while the global cooling starts at 75 s. The big difference
between the coupled and non-coupled explicit results indicates great numerical uncertainties.
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Table 3. Thermal/mechanical, coupled/decoupled implicit and explicit simulations using different time steps
with an Intel (R) processor i7-8700K CPU6

Simulation T.-impl. M.-impl. M.-expl. Coupled impl. Coupled expl.
Time step 0.25s auto 0.0002 s 0.25s 0.25s/0.0002 s
Simulation time 47 min 11 min 240 min 59 min 275 min
Cores 2 2 2 2 2
Memory used 3GB 3GB 3GB 3GB 3GB
a) b)
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3. Temperature distribution of standard and coupled implicit, explicit simulation (a) at two reference positions (b)
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Fig. 4. Comparison of coupled and non-coupled stress distribution at position P1 (a) and position P2 (b)

It seems that the explicit simulations provide suitable results for first approaches and
complex implicit version seems convincing in details, including spring back or warpage

and residual stresses after cooling.

3.2. AVAILABLE MESHES FOR AM-PROCESSES

Generally, many different element types are available for thermo-mechanical analyses.

Often the substrate or the parts are meshed up with shell elements and the beads with solid
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elements. Thin shell elements are not able the calculate shear deformation, which is highly
important for shrinkage warpage, which leads to the use of solid elements in this paper.

Out of the list of hexahedra pentahedron and tetrahedron elements the linear tetrahedral
and the fully integrated solid hexahedral element with poor aspect ratio and efficient
formulation is used. A simple benchmark part for the AM-model is shown in Fig. 5 for
a support plate having one element along the thickness with 6 beads and an additional bead
on the left edge. For calculations with many thermal and mechanical cycles the hexahedral-
mesh provides high stability and accuracy, while for quick estimations, tetrahedron elements
could be used. So the hexahedral-mesh is recommended.

Effective Stress

3.500e+02
2.917e+02 ]
2.333e402 _
1.750e+02 _
1.167e+02
5.833e+01 :i
0.000e+00

a) Tetrahedral mesh As=1 mm  b) Tetrahedral mesh As=0.2 mm ¢) Hexahedral-mesh As=0.2 mm

Fig. 5. Comparison of tetrahedral and hexahedral elements for computing the AM process

3.3. INFLUENCE OF STEP SIZE AND MESH-SIZE FOR IMPLICIT CALCULATIONS

Depending on the simulation aim, the cross-section of a bead can be meshed with
a single element or with many elements. To see the global effects like distortion of the part or
the substrate, two elements are sufficient. For residual stresses inside a bead, plastic
deformation on the support a fine mesh should be used. The required mesh should have four
elements in the width and three elements in the height direction (see Fig. 5¢)). A reference
element is selected the in the fifth layer in the middle of a bead (Fig. 6b). The step-size is
adjusted in the welding process and remaining 50 s of the cooling process (Fig. 7b). Fig. 6
shows a negligible difference in the temperature development, however, the stresses
calculation shows a deviation of about 10% between the rough mesh and a fine mesh with

400

a) )
1600
—Rough,At=0.1 Reference element

gj 1200 —Rough,At=0 25 and nodal position
= —Rough,At=0.5
S0 Ll N Fine, At=0.25
g - Fine, At=0.5
(5]
(o
5
=

0 900 1800 2700 3600 4500 4
Time t [s]

Fig. 6. Temperature history for two mesh-sizes and different time steps (a) at the referance position (b)
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a step size (At =0.50 s). As the time step of rough mesh is reduced, the accuracy for stress
calculation converges with the solution of the fine mesh. The maximum deviation is between
the two solutions is 5%.

The effects of different time steps on the welding-simulation using a rough and fine
mesh are shown in Fig. 8. A rough mesh with a time step of At =0.250 s shows equivalent
results as the fine mesh with the At = 0.50 s, but takes a shorter calculation time. The reason
for the relative high calculation time of the rough mesh (At =0.50s) is the high amount
of iterations per step.

a) b)
100 100 -
=80
%; e 10 - J
— 60 ]
£ —Rough,At=0.1 = 1 ‘
£ 40 —RoughAt=025 = 3 AR
% : —Rough,At=0.5 o1 I -==At=0.25
Z2 20w/ Fine,At=0.25 T
] —Fine,At=0.5 A0
0 ; : : : . ‘ : . : [ 001
0 900 1800 2700 3600 4500 0 900 1800 2700 3600 4500
Time t [s] Time t [s]

Fig. 7. History of effective stress at different time steps (a) and different timesteps used
during the complete welding simulation (b)
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Fig. 8. Calculation time for the welding (0-900 s) for a rough and fine mesh size at different time steps
with an Intel (R) processor i7-8700K CPU6

3.4. INFLUENCE OF GHOST PROPERTIES ON THE NUMERICAL STABILITY AND ACCURACY

The weld source heats the inactive elements and activates in order that their thermal and
mechanical properties vary to simulate the adding of material. However, the material
properties of the base or inactive state should be carefully chosen, so that its influence on the
active elements is small. Before activation, the ghost properties are responsible not only for
the numerical stability and computation time of the model, but also influence the stress-strain
of the activated elements. Due to the tied contact, the inactive elements deform to according
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the ghost properties. In Fig. 9 the two layers and three beads of a 14 layer box are welded
(active) and all elements are visible with effective stress more than 1 N/mm?. If the Young’s
Modulus is very small, for example Echost = 100 N/mm?, the effective stress of the ghost
elements does not affect the geometry of the hot beads considerably (under 1N/mm?).
The disadvantage of a low Young’s Modulus is a reduced numerical stability, which avoids
equilibrium and cause termination of the calculation after adding 10 beads. A Young’s
Modulus of 1000 N/mm? shows no instability for the box (84 beads, 900 s welding time).
The solver runs with double precision with high restriction for numerical accuracy (see
Chapter 3). For numerical stability, the following changes require a higher Young’s modulus
in the Ghost state:

« Increasing total amount of time-steps;

« Higher welding time;

o Smaller mesh;

o Less numerical tolerance.

Effective Stress
c) 1.541e+02

1.387e+02
1.233e+02_\
1.079e+02 _
9.247e+01 _
7.706e+01 _
6.165+01 _
4.625e401 _
3.084e+01

1.543e+01]
Echost = 10000 N/mm? 2.284e-02

Echost = 100 N/mm? " Echost = 1000 N/mm?2

Fig. 9. Effective stress of the elements within 1 — 254 N/mm? at the time 165 s for differnet Young’s modulus
of the Ghost state: (a) Echost = 100 N/mm?, (b) Echost = 1.000 N/mm? and (C) Egnost = 10.000 N/mm? for both active
and inactive elements

The thermal properties of the ghost material influence the heat flow, because the
conduction is time dependent for a complete bead.

Fig. 10 shows the activation of 3 nodes in three beads adjacent to one another. The first
bead has thermal contact only with the support, convection into the surrounding air and the
heat source is faster than the conduction within the bead. For the second and third beads a
preheating of approx. 400°C can be detected at the process-time of 10 s before the material
properties are activated with the heat source at 16 s. This preheating is caused by the thermal
contact activation when the welding process of the second bead starts and conduction cannot
be prevented.

Fig. 10 shows the effect of different heat capacities and thermal conductivity for the
ghost state compared our recommended value, which are in accordance with [29]. Because of
its influence on the temperature distribution in the welded part, the thermal calibration
of the model should be done after the numerical stability is reached and the ghost-properties
should not be changed.
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Fig. 10. History of temperature of the first (a), the second (b) and the third (c) bead
for different thermal ghost properties

4. CONCLUSIONS AND FUTURE WORK

In this work, different simulation techniques, which are suitable to describe
the WAAM-process, were investigated. The meshed Lagrangian method was selected to
model the global process behaviour, which means the temperature development, the residual
stresses and displacement. Using the Goldak’s heat source model the local temperature was
calculated to activate the ghost elements with an implicit code. Stresses and warpage were
simulated with implicit and explicit solvers in a thermo-mechanical fully coupled and non-
coupled way. The full coupling has no advantages on the accuracy of the solution but increase
the costs (computation time). Both simulations should run in batch mode. Hybrid
implicit/explicit simulations cannot achieve the required accuracy, because the explicit
mechanical part is not able to simulate the distortion (thermal spring back). Accelerating
the explicit simulations (time-scaling), lead to significant numerical errors and cause early
termination of the solver.

A rough mesh with a minor time-step (At = 0.250 s) shows equivalent results (deviation
of about 5%) as the fine mesh with a big time-step (At = 0.50 s) and requires a computation
time of 686 min instead of 2467 min. Bigger time-steps lead to more iterations and increase
in the computation time. Further time reductions can be achieved by using non-coupled but
simultaneous solver techniques. The effect of ghost material properties on the simulation
results were discussed in 3.3. Low Young’s modulus (100 N/mm?) show nearly no influence
on the welding process, but introduces numerical instabilities. Therefore, for small mesh-sizes
and small step-sizes the Young’s modulus should be increased, even when it introduces
unwanted stresses.
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In future work, the influence of the thermal cycles on the microstructure will be
investigated.
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