Material Forming - ESAFORM 2024 Materials Research Forum LLC

Materials Research Proceedings 41 (2024) 22-31 https://doi.org/10.21741/9781644903131-3

Prediction of the microstructure morphology after the WAAM process
based on the FEM simulation results

SZYNDLER Joanna'?", APEL Markus?® and HARTEL Sebastian'-°
'Chair of Hybrid Manufacturing, Brandenburg University of Technology, Cottbus, Germany
2ACCESS e.V., Aachen, Germany
2 Joanna.Szyndler@b-tu.de, °M.Apel@access-technology.de, °Sebastian.Haertel@b-tu.de

Keywords: Finite Element Method (FEM), Wire Arc Additive Manufacturing (WAAM),
Microstructure Prediction, Phase Field Method

Abstract. To improve understanding of the material behavior of additive-produced components,
this paper focuses on the development of a numerical model that reproduces a Wire Arc Additive
Manufacturing (WAAM) process, with particular attention given to the evolution of the
microstructure. In this study, a finite element model in Simufact Welding software is developed,
that replicates a real wire arc welding process of building a multilayer straight wall. Microscopy
analysis of the weld wall cut in the middle of its length gave information about the expected
microstructure morphology at different levels of the build wall. The whole experimental setup is
reproduced in the software Simufact Welding. Simulation results in the form of temperature-time
and temperature gradient-time history are then used as superimposed thermal conditions to
simulate the microstructure evolution at different areas of the welded part by using MICRESS
software.

Introduction

Because of the many advantages of the WA AM process, this welding technique is becoming more
and more popular in many engineering industries [1-5], hence it is also in focus of many research
works in many research centers all over the world [6-11]. There is almost no limitation in the
desired shapes of manufactured parts and a wide range of different materials is applicable. WAAM
can be combined with other manufacturing processes to improve the functionality of the desired
parts by e.g. adding additional features or it can be used to repair already damaged parts. What is
more, with the WAAM process better mechanical properties of the final part can be obtained in
comparison to the conventional manufacturing processes such as forging or casting. However, the
main advantage of WAAM over other Additive Manufacturing (AM) processes is a shorter time
of production and a larger achievable size of the final part [12, 13].

The WAAM process enables the creation of the desired geometry of the final part by depositing
subsequent layers of the molten metal on top of each other. By this, a series of heating and cooling
cycles take place during this process, which strongly influences a chemical-metallurgical reaction
in liquid metal, phase transformations, grain nucleation, its growth, and finally material
mechanical properties of the obtained part [14]. Nowadays, different numerical tools are available
to simulate the material behavior in different process conditions while minimizing the amount of
necessary expensive experimental investigations. To complement experiments, not only Finite
Element Models (FEM) [15, 16 - 20] but also neural networks [19, 21, 22], mathematical [23] or
recursive models [24] are nowadays increasingly used.

In this work, advantages of the application of a finite element model coupled with a phase-field
simulation are discussed which delivers results about the material microstructure evolution during
the WAAM process, i.e. can elucidate the process-microstructure relation for a WAAM process.
The simulation results are confronted with experimental data to validate the simulations.
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Experimental procedure

The welding experiments have been conducted with an Arc 605 WAAM system of GEFERTEC
GmbH (Berlin, Germany) at room temperature. Nine 300 mm long seams of SG2 wire (@1.2 mm)
are welded one on top of the other on a C45 plate giving a 15 mm height wall. A time break
between welding each layer was set to 38 s and the welding direction was reversed after each layer.
The precise description of the developed setup is presented in earlier Authors' work [25].
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Then, a microscopy analysis using SEM was made at the cross-section at two selected locations
in the middle of the welded wall (V1) as presented in Fig 2a and b. Obtained results (Fig. 2c) reveal
a mostly ferritic microstructure in the areas pointed as P1 and P2 in Fig. 2b, which were chosen
for further analysis. To measure the average grain size an intercept technique was applied [26].
The measured average grain size at the level of the third welded layer (area P1) equals ca 8.08 um.
In location P2 in the middle of the last welded layer, the observed microstructure is more irregular
than in location P1. The visible structure contains very big and very small grains, where the
measured average grain size is approximately 3.67 um.
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Fig. 2. a) Locations of the microstructure analyses, b) cross-section of the welded wall; zoom at
the microstructure morphology at the location c) Pl and d) P2.

b

The next step was to reproduce experimentally obtained results by the development of the
numerical model on the macro- and micro-scale.

Numerical simulation — macro-scale model

A numerical model that reproduces the experimental setup in a digital form is developed in the
Simufact.Welding 2021.1 software (Hexagon, Stockholm). The whole setup including a ground
plate, substrate plate, and holding clamps was modeled (Fig 3a). A difference in the obtained
thickness of each welded layer observed during the experiment was also considered in the
numerical simulation model (Fig 3b).

welded layers
substrate

clamps

ground plate

i b
a) ; b) l—

Fig. 3. FE model developed in Simufact. Welding software: a) full setup, b) cross-section of the
weld seam.

Thermal parameters, such as the density and thermal capacity of the AISI 1045 steel substrate,
were taken from the literature [27, 28] (Fig. 4a, b). The values of the thermal conductivity were
measured by the Authors with Linseis LFA 1000 Laser Flash test machine (Linseis Messgerite
GmbH, Selb, Germany) (Fig. 4c), whereas the applied convective heat transfer parameters were
determined in earlier Authors' work [25]. Material properties of the SG2 wire are taken from the
Simufact.Welding 2021.1 material database.
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Fig. 4. Material properties of AISI 1045 as a function of temperature: a) density [27], b) heat
capacity [28], c) thermal conductivity measured by Authors.

Simulation of welding a nine-layer wall was performed with the same speed (400 mm/min),
voltage (14.6 V), and current (144 A) as welding parameters applied during the real experiment.
Also, the 38 s-time break between welded layers as well as reversing the welding direction after
each layer was also applied. The air temperature and initial temperature of the wire were set to
23°C, the initial temperature of all plates was set to 21.5°C, and arc efficiency was assumed to be
80%. The Goldaks’ heat source model [29] was used to describe the volumetric heat flux density
distribution, where ay, a,, b, d are parameters related to the shape characteristic of the welding arc.
A two-heat source model was applied with parameters whose exact values and optimization
procedure are described in earlier Authors' work [25]. An example of the predicted temperature
history and temperature gradient at selected points (see Fig. 3b) is presented in Fig. 5. The
temperature history and also temperature gradients are later necessary for the MICRESS
simulation.
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Fig. 5. Simulation results in the form of peak temperature distribution at the cross-section with
the visualization of the temperature-time and temperature gradient-time plots obtained at points
Pl and P2.

Microscale simulation

To simulate the material response and its microstructure evolution, two software packages were
used: the thermodynamic software ThermoCalc [30] and the phase-field software MICRESS [31].
With ThermoCalc, a GESS file was generated from the database TCFE12. The GESS file is a
subset of the thermodynamic database with selected alloying elements and phases and is used as a
basis for the thermodynamic material model, in particular for the driving force calculations in
MICRESS. According to the chemical composition of the wire, the GES5 file contains the
elements Fe, C, Mn, Ni, and Si and the three phases Liquid, FCC, and BCC. The initial chemical
composition of the melt and thus the material description for the simulation is given in Tab. 1.
Details about the underlying phase-field model, the coupling between thermodynamic and phase-

field calculations, and further examples for modeling phase transformations in steel with
MICRESS can be found e.g. in [32-35].

Table 1. The initial concentration of components in the liquid phase

C% Mn% Ni% Si%
0.1 1.1 0.15 0.65

Time-temperature and time-temperature-gradient plots (Fig. 5) were extracted from the FE
macro-scale simulation at the selected locations P1 and P2 and imported as superimposed thermal
conditions by the microscale model in the MICRESS software. Whereas the phase-field model is
a quantitative and predictive model for phase transformations, i.e. growing interfaces, the
phenomenological nucleation model in MICRESS requires a parameter calibration to obtain a
quantitative fit between simulation and real data. This was done by a manual optimization
procedure, where the nucleation barrier and the minimum distance of nucleating grains were
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adjusted. Simulated microstructure morphologies, time—phase fraction plots, and the average grain
size were used for the validation with the experimental measurements. The average size at location
P1 at the end of the simulation equals 6.6 pm and 4.7 um at location P2. The grain morphology in
the last welded layer predicts the elongated shape of all grains with a big disproportion in their
sizes (Fig. 6a). As expected, at the first stage of the cooling of the 9" layer, a quick solidification
process is observed where a fully ferritic (8) structure is obtained (Fig. 6b). Then, as the
temperature drop continues, almost half of the examined area transforms into austenite and most
of it back again into ferrite (o). At the end of the simulation, an almost fully ferritic structure is
observed. Figures 6 c-e present an example of obtained results during the very first stage of the
cooling process at 1.45s, which are additional information provided by the phase field model, that
could be also used for a subsequent analysis of material properties. In Fig. 6¢c where a phase
fraction concentration is presented, red color refers to the liquid phase and yellow to the ferrite
phase. Distributions of the carbon and manganese concentrations are presented in Figs 6d and 6e
respectively.
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Fig. 6. a) Ferritic grain structure at the end of the process and b) simulated phase fraction
evolution at P2; c) Ferritic solidification morphology, d) Carbon, and e) Manganese
concentration distributions during solidification, snapshots at 1.45 s.

When the results obtained in the middle of the 3™ welded layer are analyzed, much different
grain shapes are predicted than in the 9™ layer. Still, some smaller grains with elongated shapes
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are visible, but the bigger ones have more uniform shapes (Fig. 7a). This is caused by a reheating
cycle (see Fig. 5) when further layers were applied, which caused grain growth and nucleation of
new ones. Figure 7b presents the influence of the multiple reheating of the material on the phase
fraction history.
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Fig 7. a) Microstructure morphology and b) phase fraction evolution at Pl obtained due to the

simulation.

Validation of the numerical simulation results

For the validation stage, a smaller area of the SEM picture was selected, that correlates with the
size of the microstructure calculated in the MICRESS software. In both locations, a good match
between the shapes of obtained grains is visible (Fig. 8) as well as the average grain size is well
predicted, which is equal to 5.7 um (4.7 um in simulation) in location P1 and 6.5 pm (6.5 um in
simulation) in location P2.

a) 2 :
Fig. 8. Comparison between the simulation and real microstructure taken from locations a) P1,
b) P2. Different colors refer to the different grains.

The obtained results prove that it is possible to obtain good results from the simulation of the
WAAM process, not only at the macro-scale but also at the micro-scale level. Such virtual
information about possible material morphology may be a clue for a further determination of other
material parameters of the final product, which are influenced by the grain structure.
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Conclusions
Within this work, the Authors developed a multiscale solution by combining a macro and micro
scale model to predict material microstructures for the WAAM process. Simulation results were
validated with experimental results: the grain shapes, as well as the average grain size, were
successfully predicted at two different locations of a welded straight wall and the differences are
explained by the different thermal histories. One point was selected in the middle of the last welded
layer, subjected to only one cycle of heating and cooling. When more layers are applied, lower
layers undergo multiple cycles of reheating and cooling which influences the microstructure by
ferrite to austenite transformations in combination with grain growth and nucleation.

The results show that the multiscale simulation approach as discussed in the paper can provide
a good qualitative prediction of the microstructure evolution in ferritic steel during the WAAM
process. This validated model can lead to the provision of a better understanding of the material
response and eventually its final properties. A well-developed model can be later used to analyze
the influence of the different parameters of the welding on the microstructure in the final part.
Microstructural information can be later on used as input for calculating material properties like
tensile strength or cyclic fatigue.
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