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ABSTRACT 

This research presents a hybrid approach to for the prediction of the homogeneity of mechanical 

properties in 3D metal parts manufactured using directed energy deposition-arc (DED-Arc). 

DED-Arc is an additive manufacturing process which can offer a cost-effective way to 

manufacture 3D metal parts, due to high deposition rate of up to 8 kg/h. Regression equations 

developed in a previous study were used to predict the mechanical properties of a wall structure 

using only the cooling time t8/5 calculated in a numerical welding simulation. The new approach 

in this research paper contains the prediction of the homogeneity of the mechanical properties, 

especially hardness, in 3D metal parts, which can vary due to localized changes in t8/5 cooling 

time provoked by specific geometrical features or general changes in dimensions. In this study 

a method for the calculation of the hardness distribution on additively manufactured parts was 

developed and shown. 

Index Terms – Directed Energy Deposition – Arc; DED-Arc; WAAM; wire arc additive 

manufacturing; Wire arc; GMAW; Gas metal arc welding; Wire-based; Arc; Additive 

manufacturing; numerical welding simulation. 

INTRODUCTION 

The market for additive manufacturing processes regarding metallic parts is growing 

continuously, with a 41.9 % growth rate of in 2018 [1]. Processes for the manufacturing of 

metal includes different technologies, such as Powder Bed Fusion (PBF) or Direct Energy 

Deposition (DED) [2]. The differentiation between these processes are the form of the deployed 
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material (powder or wire) and the used power source (electron beam, laser or electric arc) [3]. 

These differences result in varying build-up rates, productivity, near net shape, surface 

roughness or waviness of the additively manufactured part using different additive 

manufacturing process. 

Directed Energy Deposition – Arc (DED-Arc) can utilize Tungsten Inert Gas Welding (TIG), 

Gas Metal Arc Welding (GMAW) and plasma processes during additive manufacturing. These 

three processes have in common that a layer-by-layer approach is utilized while feeding and 

melting a wire-shaped filler material to deposit the welding layers. The additive and layer wise 

approach using DED-Arc enables the application in lightweight constructions due to the 

possibility of the generation of undercuts, cavities. Furthermore any cooling channels running 

in the component which cannot be produced or can only be produced to a limited extent using 

conventional methods (e.g. [4,5]) are made possible by additive manufacturing. The GMAW 

process, in particular, is characterized as a cost-effective and robust process technology for 

additive manufacturing. The utilization of the GMAW process in DED-Arc can achieve 

deposition rates of up to 8 kg/h, depending on the material and component geometry [6–9]. 

There are generally no restrictions regarding the workspace size, due to the localized inert gas 

coverage. While the coaxial fed filler material enables the DED-Arc process to be independent 

of the welding direction. Therefore, the handling system is the main limitation of the buildable 

volume. Thus large scale components can be produced using the DED-Arc process [7,10]. 

Though, the dimensional accuracy or surface quality is limited due to comparatively large melt 

pool sizes. Therefore subtractive post processing of the manufactured parts, at least for 

functional surfaces, is necessary to meet the required tolerances [6,11,12]. Figure 1 shows an 

example of a DED-Arc process chain. 

 
Figure 1. Process chain of additive manufacturing using DED-Arc according to [11] 

 

The application of additive manufacturing of metallic components is manifold. Lately it was 

used to produce aerospace parts or for high-performance applications in the energy sector. Due 
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to these high performance and high temperature applications titanium alloys [13,14] and nickel-

base alloys [15,16] gained increasing interest. Thus cost efficient production systems were 

developed [17]. These systems are capable of high deposition rates, which increases the 

accessible of additive manufacturing for enterprises in fields such as architecture or 

construction engineering. Moreover complex 3D structures are possible for many industries, 

due to the high degree of freedom [18–21]. The potential of this technology is demonstrated in 

recent scientific literature with a variety of investigations on a plethora of materials such as 

aluminum [22,23], hot work tool steel [24] high-alloyed steel [25,26] and low-alloyed steel 

[27–30], or in addition to the mentioned titanium and nickel base alloys. 

The DED-Arc process, characterized by intense and repeated energy input, induces a range of 

intricate effects including complex thermal profiles, residual stress, and deformations. Finite 

element methods present an opportunity to examine mitigation strategies for thermo-

mechanical problems induced by the DED-Arc process. 

These methods enable the investigation of recurring thermal cycles, distortion, and the impact 

of heat sources on thermal behavior. Consequently, the intricate interplay between these factors 

can yield a more comprehensive understanding of the relationship between thermal cycles, 

mechanical properties, and transient data throughout the simulated part [31–36,36–39].  

In their study, Pu et al. conducted tests on various heat source models to evaluate their 

effectiveness in predicting residual stress and deformation in butt-welded joints. The results 

revealed that the moving heat source model closely aligned with the measured welding 

deformation, whereas the instantaneous heat source models exhibited poor accuracy in 

predicting deformation [40]. Similarly, Rikken et al. demonstrated the value of data fusion by 

integrating simulation and experimental data to gain new insights into residual stress in welding 

applications. Through a comprehensive approach encompassing detailed material research, 

thermal analysis, and robust mechanical simulation of the welding process, they successfully 

achieved accurate predictions of the through-thickness residual stress state [46]. 

In the introduction, it was identified that there is a lack of research that regarding the prediction 

of mechanical properties and homogeneity for DED-Arc processes in combination with the 

utilization of numerical simulation. However, an alternative approach that can address these 

limitations is data fusion by using regression equations comprised of experimental data and t8/5 

cooling time. Therefore, the primary objective of this investigation is to establish a foundation 

for employing data fusion for the prediction of the homogeneity of materials properties in DED-

Arc processes. By integrating transient thermal welding simulation data with experimental 

datasets, data fusion techniques can be utilized to enhance the useable data from both datasets. 
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This approach allows a comprehensive understanding of the additive manufacturing process, 

particularly focusing on the t8/5 cooling times, which play a crucial role in predicting mechanical 

properties. Regression equations can be developed based on this dataset using a relatively small 

experimental data set as a starting point. The significance of data fusion lies in its potential to 

enable predictions and analysis of mechanical properties for complex three-dimensional 

structures that may not be feasible to obtain physical samples for tensile or hardness tests. By 

incorporating validated numerical simulations into the data fusion process, it becomes possible 

to extract insights and accurately predict the properties of intricate structures, overcoming the 

limitations of traditional testing methods. 

Overall, this study aims to explore the novel application of data fusion in DED-Arc processes, 

leveraging the integration of numerical simulations and experimental data to enhance the 

understanding and prediction of mechanical properties for a wide range of complex structures. 

 

MATERIALS AND METHODS 

 
Materials and additive manufacturing 

The process of generating cuboid structure involved the use of a GMAW welding power source 

called “EWM Titan XQ 500 puls D EX W”. The power source utilized the "coldArc" 

technology, which is an energy reduced short arc process. To ensure consistent torch movement, 

a 6-axis industrial robot known as the "Kuka KR150-2" was utilized. The cuboid was created 

using a low-alloyed solid wire electrode called DIN EN ISO 14341-A-G4Si1 (ER70 S-6), while 

the base material (substrate) had a thickness of 10 mm and was made of S355J2+N. The 

chemical compositions of the welding wire and base material are provided in Table 1. 

 
Figure 2. Experimental setup 
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Table 1. Chemical composition of substrate [41] and welding wire [42] (%). 

 Material Femax Cmax Simax Mnmax Cumax 

welding wire G4Si1/SG3 (1.5130) balance 0.07 1.00 1.64 0.05 

base material S355J2 + N (1.0570) balance 0.20 0.55 1.60 0.55 

 

The cuboid was generated using a linear welding strategy with parallel welding beads, which 

were processed with an alternating welding path. The cuboid was welded with 9 welding beads 

width and 20 layers, which resulted in 100 mm x 34.1 mm x 57.2 mm (Figure 3). In order to 

measure the time-temperature cycle during the additive manufacturing process, type C 

thermocouples were inserted into the molten metal. These thermocouples provided transient 

measurements. 

Preliminary parameter studies [18] were conducted to identify suitable parameter sets for the 

additive manufacturing of G4Si1. In Reimann et. al. three parameter sets were developed, which 

consisted of different energy inputs per unit length: 4 kJ/cm, 6 kJ/cm, and 8 kJ/cm. Each energy 

input was associated with a specific wall thickness and different weld path planning [43]. The 

weld path planning included options such as one, two, or three adjacent rows, as well as a 

meandering weld path. The adjacent rows and meandering weld path were welded with a 35% 

overlap. According to these results the parameter set with 4 kJ/cm was uses to manufacture the 

cuboid with adjacent welding paths. 

A complete presentation and discussion of the results were discussed at length in a previous 

study by Reimann et. al. [43]. The regression equations in Reimann et. al. [43] were used to 

determine the homogeneity regarding the hardness of the additively manufactured cuboid. 

 
Figure 3. Schematic welding path planning 
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Figure 4. Hardness as a function of t8/5 cooling time from measured data [43] 

 

Numerical simulation 

The numerical welding simulations were carried out in the MSC Software Simufact Welding 

2021.1 with two different geometries using the 4 kJ/cm cuboid set, which was welded, tested, 

and used to create the simulation model and determine the homogeneity of the additively 

manufactured parts. The numerical welding simulation was carried out for the cuboid structure 

with 100 x 34,1 x 50 mm (Figure 6). The material model for the ER-70s in Simufact welding 

was used in the numerical welding simulation. This is a standard material in the materials library 

and was calculated using JMatPro, a simulation software which is particularly aimed at the 

calculation of multi-component alloys used in industrial practice. The t8/5 cooling time for all 

simulations was derived in layer 17. As Henckell et al. stated, the quasi-static part starts in layer 

20 for wall structures made of G4Si1 [44], therefore it is reasonable to assume a quasi-static 

behavior after 153 weld beads In one welding layer there is more than one passthrough of the 

temperature field of 800°C-500°C. The used t8/5 cooling time is the last passthrough with a 

complete austenitization, as in the experiments. In the study conducted by Reimann et al. [43] 

different mesh size convergences were analyzed regarding their differences in t8/5 cooling time. 

These different mesh sizes represented models with four, two and one elements per welded 

layer and exhibited a similar trend, albeit with time shifts. These shifts are a result of the 

temperature constraint, where the welding process dynamically initiates when all elements 

reach a temperature below 100 °C. The varying number of elements leads to different initiation 

times.  



© 2023 by the authors. – Licensee Technische Universität Ilmenau, Deutschland. 7 

The t8/5 cooling times were measured as 7.867 s for the 0.5 mm mesh size, 7.238 s for the 1 mm 

mesh size, and 7.552 s for the 2 mm mesh size. This indicates a small difference of 4% between 

the 2.0mm mesh size and the 0.5 mm mesh size, as well as a 4% difference between the 1 mm 

and 2 mm mesh sizes. Consequently, the 2 mm mesh size was selected to ensure shorter 

simulation times in Reimann et. al. [43]. Due to the previous results regarding the mesh 

convergence analysis either four, two or even one element per welded layer are suitable for an 

accurate simulation. In this research paper a mesh with two elements per welded layer was used, 

which results in a 1.43 mm mesh size. For additional details on the boundary conditions, please 

refer to Table 2. By utilizing the simulated t8/5 cooling times, it is possible to calculate the 

corresponding mechanical properties using the regression equations derived from the study. 

This approach allows for the manual prediction of mechanical properties for a specific three-

dimensional workpiece prior to its manufacturing or testing. Thus, it is possible to derive the 

homogeneity by calculating the resulting properties regarding varying cooling times across one 

or more welding layers. The simulation, coupled with the regression equations, provides a 

valuable tool for estimating the mechanical characteristics of the workpiece based on the known 

cooling time. This predictive capability can aid in making informed decisions and optimizing 

the manufacturing process without the need for physical testing of every individual workpiece. 
 

 
Figure 5. mesh with two elements per welding layer, shown in welding bead 9 in the first welding layer of the 

cuboid 
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Figure 6. Meshed cuboid for numerical welding simulation 

 

Table 2. Boundary conditions for numerical welding simulation 

Boundary condition 4 kJ/cm cuboid 

Mesh elements hexahedral 

Mesh size x/y/z-direction 2 mm 

Heat source Goldak 

Heat source front length af 2.5 mm 

Heat source rear length ar 5.0 mm 

Heat source width b 3.45 mm 

Heat source depth d 3.0 mm 

Heat source power 2650 W 

Heat source movement speed 0.4 m/min 

Convective heat transfer coefficient h 30 W/(m²*K) 

Contact heat transfer coefficient a 1200 W/(m²*K) 

Emission coefficient ε 0.8 

Interpass temperature 100 °C 

 

  



© 2023 by the authors. – Licensee Technische Universität Ilmenau, Deutschland. 9 

RESULTS AND DISCUSSIONS 

 
Numerical simulation – t8/5 cooling time and calculated hardness 

In order to determine the homogeneity of an additively manufactured part using a structural 

welding simulation, particles as measurement points are needed to extract the necessary data. 

In Figure 8 the result view of the numerical simulation of the cuboid (Table 2) is shown. Three 

rows of particles were generated starting at the right most corner with an x distance of 0 mm. 

Row 1 is at the edge of the simulated cuboid with a y-distance to the middle of 17.05 mm. The 

second row has a y-distance of 8.525 mm and the third row is at 0 mm. Each particle has a 

spacing of 1 mm in x direction, starting at 0 mm and ending at 50 mm, which is the middle of 

the simulated part. The welding direction can be deduced from Figure 8, the start of the last 

welding bead of the measured layer is positioned at an x-distance of 0 mm and an y-distance of 

17.05 mm. The heat source is moving in the positive x direction. 

 
Figure 7. result view numerical welding simulation 

 

The simulated t8/5 cooling times for the three rows can be seen in Figure 9 to Figure 11 with 

their respective calculated hardness. The values for the hardness were calculated using the 

formula developed in the previous research (Figure 4). The t8/5 cooling time for row 1(Figure 

9) is constantly rising in travel direction of the moving heat source, which is as pronounced due 

to the position of the row. It is located directly at the edge of the manufactured part; therefore, 

the conductive heat transfer is greatly obstructed in the positive y direction. The rising t8/5 

cooling times result in a decreased hardness. The first five data points show a t8/5 cooling which 
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is 10 s lower than the other measured values, this can be a result of the starting location of the 

welding, due to the relatively low interpass temperature of 100 °C. 

 
Figure 8. simulated t8/5 cooling time and calculated hardness particle row 1 

 

The simulated values of the t8/5 cooling time and therefore the calculated hardness of row 2 

(Figure 10) show a different progression in x direction than row 1. Most noticeably the is no 

starting section with t8/5 cooling times that are way lower than in the later particles, this is a 

result of a different interpass temperature, which is 1000 °C between welding beads in the same 

layer. Only between the distinct layers the interpass temperature is at 100 °C. The t8/5 cooling 

time is still slightly increasing over the course of the traveling heat source, which in turn results 

in a lower hardness. 

 
Figure 9. simulated t8/5 cooling time and calculated hardness particle row 2 
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The third row of particles does not show a continuous path for the t8/5 cooling time, which jumps 

at a x distance of 35 mm approx. 25 s to approx. 9 s. This is probably be a result of a 

discontinuity in the mesh for the simulation, a result of particle position or an edge case due to 

the time step size. In either case this is an issue which should be investigated further in mesh 

and time step studies to prevent such a behavior and to enhance the accuracy of the numerical 

simulation. Moreover, it is important to determine the influence of the position of particles in 

regard to their position on mesh knots or in between them. In general a rising t8/5 cooling time 

can be observed for this row, which leads to a decreasing calculated hardness. 

 
Figure 10. simulated t8/5 cooling time and calculated hardness particle row 3 

 

Numerical simulation and experimental values 

Experimental results are crucial to ensure the correctness of the numerically generated values. 

Therefore, welding experiments were performed to generate a cuboid with the boundary 

conditions stated in Table 2. The welded cuboid can be seen in Figure 12. It was cut vertically 

in half and then cut horizontally at the 17th welding layer where the numerical results were 

generated. 

 
Figure 11. welded cuboid 
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The hardness regarding the calculated values and the measured values are displayed in Table 3 

and in Figure 13 to Figure 15. It is evident that the hardness curve is similar for calculated and 

measured values for the first and second particle row, but the mean hardness differs for the first 

particle row (Figure 13) 35.75 HV1, which is 17.76% and for the second particle row (Figure 

14) 40.67 HV1 which results in 18.9% difference. The third particle row has a similar curve 

only to the value in x direction of 35 mm as stated bevor. The mean hardness only differs 

26.43 HV1, which is a 12.72% difference. The lower deviation is a result of the jump in t8/5 

cooling time in the simulation and therefore a jump in hardness closer to the measured values. 

 

Table 3. Comparison measured and calculated hardness 
 

row 1 row 2 row 3 
Mean value calculated hardness 165,49 HV1 174,55 HV1 181,31 HV1 
Mean value measured hardness 201,24 HV1 215,22 HV1 207,74 HV1 
Difference absolute 35,75 HV1 40,67 HV1 26,43 HV1 
Difference  17,76% 18,90% 12,72% 

 

 
Figure 12. calculated hardness vs measured hardness particle row 1 
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Figure 13. calculated hardness vs measured hardness particle row 2 

 

 
Figure 14. calculated hardness vs measured hardness particle row 3 

 

CONCLUSION AND OUTLOOK 

The measured hardness curves at three distinct lines on the cuboid clearly indicate, that the 

additively manufactured structures using DED-arc are not completely homogenous. The curve 

of these inhomogeneous hardness values can be replicated using a structural welding simulation 

to extract the t8/5 cooling time to calculate the hardness values. Though the curve is similar, the 

exact hardness values have a deviation between 12.73% to 18.9% which can be regarded as 

acceptable deviations considering that relative errors below 20 %, are considered acceptable for 

a numerical simulation [45]. Thus the numerical welding simulation in combination with 

regression equations can not only predict the general mechanical properties of additively 

manufactured wall structures [43] but also for volumes structures. There is generally a higher 
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relative error for parts as the presented cuboid. In the future the regression equations should be 

refined using the directly measured hardness values of volume parts in combination with 

additional thermal imaging to ensure the cooling times are the same as in the simulation. 

Moreover the simulation might need adjustments in the calibration, due to differences in 

thermal transfer mechanisms in volume and wall structures [44]. 
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