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for K when using radiation. The user-defined material models internally convert °C from 
the model in K. 

The heat transfer coefficient (HTC) for the thermal contact between the different 
parts/materials is hard to define since it depends on temperature, pressure and surface 
roughness. The HTCs used in this model are based on a correlation of temperature from 
experiments performed with the same setup and numerical simulations thereof. An HTC 
of 1000 Wm-2K-1 was used for the thermal contact between substrate and fixture, whereas 
perfect thermal contact conduction was defined between the fixture and the welding table. 
To achieve a suitable interlayer temperature, two preheating runs were performed by 
moving the heat source over the substrate without adding material. This is a procedure 
which is also performed in the experiments and helps to reduce the heat loss into the 
whole setup. 

A mechanical surface to surface contact was used between substrate, fixture, and 
welding table. The connection between the individual layers was implemented by using 
common nodes between the elements of the existing and the new layer. 

RESULTS AND DISCUSSION 

In the following section we will discuss first the experimental and afterwards the 
simulation results. The experiments were performed by the project partner RHP-
Technology GmbH. The simulation work was performed by LKR using a Linux-based 
cluster and the commercial LS-DYNA ® FEM solver with implemented user-defined 
material models as described in the section Material Modelling. The build-up process was 
simulated for 48 layers up to a height of 91.5 mm. 

EXPERIMENTAL RESULTS 

By using a plasma metal deposition (PMD) process, RHP produced a wall by welding 
several layers atop another until a wall was generated (see Fig. 4).  

 

Fig. 4 Wall samples made from nano-treated 6061NT material 
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Micrographs of two positions of a section through this wall are given in Fig. 5. A very 
homogeneous distribution of very fine grains could be found as shown in Fig. 5 (a) and 
(b).  

 

Fig. 5 Optical Micrographs of pos-2 (a) and pos-3 (b) from Barker etched 6061NT wall 
samples 

The final grain sizes which could be found from the micrographs are in the area of 0.01 
to 0.1 mm diameter. 

 

Fig. 6 Optical Micrograph of bottom (a) and top (b) in Barker etched 6061NT wall samples 

Minor voids at the bottom near the interface between substrate and wall are visible in 
Fig. 6 (a). At the top of the wall (Fig. 6 (b)), the microstructure is still void-free and 
shows grains of approximately 0.03 mm. 

NUMERICAL RESULTS 

Similar to the experimental procedure, the simulation started with two pre-heating runs. 
Using only the torch (or the Goldak heat source in the simulation), substrate, fixture and 
welding table were preheated to reduce the heat loss for the first layer and to help get 
good bonding between the welding material and the substrate (see Fig. 7). 
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Fig. 7 Initial temperature distribution of the whole setup after pre-heating 

The already pre-activated elements of the substrate were heated during pre-heating to 
reduce the heat loss during welding. When the first layer was connected to the substrate, 
the heat loss due to the shared nodes between first layer elements and substrate elements 
was thus reduced by the pre-heating. 

 

Fig. 8 Plastic strain distribution after welding of 48 layers including time for cooling 

The plastic strain distribution due to the contracting material during cooling is given in 
Fig. 8 and shows plastic strains near the bottom part of the wall. 

The resulting dislocation density distribution due to the plastic strain and temperature 
is given in Fig. 9. The A, B and C parameters for modelling the stress-strain behavior for 
the specific alloy was found by curve fitting using the flow curves of 6061NT for several 
strain rates and temperatures. 
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Fig. 9 Distribution of dislocation density after welding of 48 layers including time for cooling 

When the temperature during cooling falls below a critical temperature, the 
Interdependence model starts calculating the initial grain size coming from the melt. The 
distribution of initial grain size for 48 layers is illustrated in Fig. 10.  

 

Fig. 10 Grain size distribution from the interdependence model after welding of 48 layers 

When the material is fully solidified, the grain morphology model calculates the grain 
size evolution during cooling and re-heating. The resulting grain size distribution after 
welding of 48 layers can be found in Fig. 11. There is a good agreement for the final grain 
size between experiments and simulations.  
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Fig. 11 Grain size distribution from the grain morphology model after welding of 48 layers 

The resulting distribution of residual stresses shows higher values near the wall edges 
and in general at the bottom and in the base plate (see Fig. 12). 

 

Fig. 12 Distribution of residual stress in the substrate with the first 48 layers 

Finally, the hot cracking model continuously calculates the hot cracking susceptibility. 
As can be seen in Fig. 13, the probability for hot cracking is especially high near the 
edges of the walls. With increasing wall height, the critical strain rate grows from the 
edges in the direction of the center of the wall. 
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Fig. 13 Hot Cracking susceptibility for a wall of 91.5 mm height 

CONCLUSION 

In the here presented first results from the thermo-mechanical WAM process model, 
several models could be successfully implemented and coupled to calculate the macro- 
and microstructure results from the molten material until the failure of the part due to 
distortion, residual stress and the hot cracking susceptibility. Although further testing and 
calibration are necessary, reasonable results could already be obtained. Proper validation 
is also still pending and the application to different geometries and alloys is also a major 
question. Further tasks are a mesh and timestep sensitivity study in order to reduce the 
calculation times. With implicit timesteps of 0.25 s for the welding simulation, the fully 
coupled model takes approximately one 3 hour 15 minutes for a representative layer using 
4 nodes on a Linux cluster with 16 cores each. 
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