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ABSTRACT 

The development of new high-performance alloys is a key factor for innovation and technological 
advances. However, the conventional development route by means of casting is not designed to 
facilitate a high-throughput alloy development, since in general only one alloy composition can be 
made per cast and process inherent challenges like macrosegregations occur when dealing with highly 
alloyed materials. The newly developed 3D Extreme High Speed Laser Material Deposition (EHLA) 
process shows promising features for an accelerated alloy development for metal powder-based AM 
processes. In this work, the applicability of the 3D-EHLA process in the context of rapid alloy 
development is investigated. In the first step, the parameters (e.g. process speed, laser power, powder 
mass flow) and tools (powder-gas jet, laser radiation) of the 3D-EHLA process and their effect on 
alloy development processes are evaluated. Subsequently, an integrated methodology is proposed, 
through which an efficient workflow along the whole process chain of alloy manufacturing and 
sample evaluation is obtainable. Finally, the influence of laser power, process speed and powder mass 
flow on the evolution of the microstructure is investigated (alloy: 316L). The most pronounced 
influence of these parameters is found for the process speed, which displays a negative correlation to 
the cell size. A positive correlation is found between laser power/powder mass flow and the cell size. 

Keywords: Additive Manufacturing, Extreme High-Speed Laser Material Deposition, 3D-EHLA, 
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INTRODUCTION 

To ensure ongoing technological advances and the accompanying spread of prosperity [1], there is a 
constant need for new materials [2]. The development route by traditional production processes is 
thereby often characterized by a lengthy and cost-intensive Trial-and-Error approach [3,4]. Additive 
Manufacturing (AM) offers new kinds of design freedom regarding the material mixing in the 
powder-based form [5], which can enable a significant acceleration of the alloy development [6]. 
Furthermore, special process conditions like high cooling rates of more than 107 K/s [7] in comparison 
to casting (10-102 K/s) [8] open up the potential for AM to enable the manufacturing of new high-
performance materials. Since a fast development of customized alloys is desirable, efficient and 
effective methodologies for alloy development need to be outlined and validated. A promising tool 
for a potential methodology is the 3D-EHLA process, in which alloys and elemental powders can be 
mixed in situ by a nozzle-based powder supply and processed immediately, while the microstructure 
can be altered by changing the cooling rate in the range of 102-107 K/s [9]. In comparison to the batch-
wise testing used in casting, this agile alloy development enables a drastic reduction of the 
development time, since numerous samples in various chemical compositions can be manufactured 
in short periods of time [10]. 

Despite advances in the understanding of the chemical and physical processes involved in alloy 
formation, it currently takes decades to bring a new alloy from the research stage to commercial 
application [11]. Conventionally, the alloy to be examined is melted in a laboratory scale and cast 



subsequently. This results in limitations with regard to the alloy composition, for example in the case 
of material combinations with poor castability or due to process-inherent challenges such as 
macrosegregations [12,13]. The casting can then be formed and heat treated further in order to change 
the microstructure and thus the properties of the material [4]. Since the analysis becomes increasingly 
complex when examining multiple compositions, forming and heat treatment steps, traditional alloy 
development often focuses on a basic element, whose properties are altered by a small addition of 
alloying elements in the single-digit percentage range [14]. As a result, phase diagrams are mainly 
explored at the edges, while a large portion of the possible phase space remains untouched [15].  

However, promising material classes such as High-entropy alloys (HEAs) consist of five or more 
elements in near-equimolar or equimolar composition [16]. Since this class of materials is located in  
relatively unexplored areas of the corresponding phase diagrams and contains a large number of 
possible alloy compositions, there is an increased need for the rapid screening of complex alloy 
compositions [15]. In addition to the currently dominant field of application for AM, prototype 
construction [17], the increased design freedom compared to conventional processes can also be used 
for agile alloy development by utilizing the simplicity of dynamic material alterations via powder 
blends or in situ powder mixing [3,18,19]. Due to the growing market for metal AM, there is an 
interest in developing materials and alloys tailored to the opportunities of these manufacturing 
processes, possibly even directly by AM. 

Two common AM processes are Laser Powder Bed Fusion (LPBF) and Laser Metal Deposition 
(LMD). While only prefabricated powder blends can be used within a LPBF process [19], LMD offers 
the potential to produce several different alloys in a single process step by using multiple powder 
hoppers simultaneously. Such an applicability of the LMD process for alloy development was shown 
by STEEN et al. in 1993 for three powder hoppers filled with elemental powders: the powder feed rates 
of each powder hopper were adjusted during the process to deposit material with alloy gradients [20]. 
The Extreme High Speed Laser Material Deposition (EHLA) process, developed based on 
conventional LMD, was introduced in 2015 and features significantly higher process speeds of up to 
500 m/min [21] (LMD: typically 0,5-2 m/min [22–24]). 

 

1. PROCESS AND ENGINEERING RELATED CHALLENGES OF EHLA 

In the EHLA process, the focus of the powder-gas jet is shifted perpendicularly to the components 
surface compared to the LMD process setting. The powder material is therefore melted above the 
components surface, which enables process speeds up to 500 m/min [22], see Fig. 1. 

 

Fig. 1: Schematic comparison of LMD and EHLA (modified from [25, p.40]) 



Due to the greater process speed, the melt pool is smaller using EHLA, which results in less dilution 
(< 1% [26]). This leads to a layer composition which is closer to the desired composition and less 
influenced by the dilution with the base material (see  Fig. 1). In addition, the heating and cooling 
rates for EHLA are greater than for LMD due to the shorter laser-material interaction times. With 
EHLA, thin layers with a minimum thickness of up to 25 µm can be produced and a powder mass 
flow of 50 g/min and higher can be achieved [27], while a powder mass flow of 5-15 g/min is 
commonly used with LMD [28,29]. 

Despite the improvements of EHLA compared to the conventional LMD process, such as a high 
powder efficiency of up to 95% even at high lateral resolution [22] and a reduced roughness of the 
deposited layers [30], EHLA is primarily used for the coating of rotationally symmetrical components 
and not applied to three-dimensional free-form structures [31]. This is due to the necessary 
accelerations and velocities, which are easier to obtain by rotation of the specimen itself. Furthermore, 
EHLA is not suitable for hybrid-additive repair or the AM of complex structures [27]. A process that 
paves the way to the third dimension based on EHLA could have the potential to revolutionize the 
AM of metallic materials. 

 

2. PROCESS CHARACTERISTICS OF 3D-EHLA 

Based on the successful development of EHLA as an efficient and environmentally friendly coating 
process [21], the 3D-EHLA process is being developed. It aims to expand the field of application of 
the new EHLA technology from simple, rotationally symmetrical components to individual, complex 
geometries. The focus no longer lies on pure coating, but particularly on additive manufacturing as 
well as agile alloy development. The term agile alloy development is used to emphasize an 
improvement compared to the established term Rapid Alloy Development (RAD) with regard to 
adjustability of cooling rates (compared to LMD [32]) and flexibility of composition changes 
(compared to LPBF [19]). Nonetheless, the term RAD is used in the rest of this work to establish a 
consistent terminology within the literature. For use in additive manufacturing, the 3D-EHLA 
process, which is currently exclusively available on  the pE3D system by ponticon GmbH, achieves 
the necessary process speeds in a small space using three linear motors in a tripod structure [9]. This 
enables a targeted control in three cartesian coordinates, and thus the production of different sample 
geometries for the RAD. The pE3D system is capable of process speeds of up to 200 m/min, an 
acceleration of up to 5g (approx. 50 m/s2), a maximum payload 25 kg and a maximum build volume 
of 0,5 x 0,5 x 0,5 m3 [27]. For great material mixing freedom, up to eight powder hoppers can be 
connected to the pE3D system and be used simultaneously. The melting behavior of both substrate 
and powder and thus the alloy formation during the process can be influenced by a variably adjustable 
laser power. Due to the long powder conveying distance, there is a start-up and run-down time in 
which no constant powder mass flow is present at the powder nozzle. Therefore, the powder feed 
usually remains active between process steps. The resulting overspray leads to increased powder 
consumption and contamination of the powder. By using rapid powder-switches, which are installed 
near the powder nozzle, switching cycles of less than 200 ms can be achieved. The powder is collected 
in containers during start-up and run-down times as well as between process steps and can be reused, 
which increases powder efficiency and saves both resources and costs. [33] 

 

 



3. SUITABILITY OF THE 3D-EHLA PROCESS FOR RAPID ALLOY DEVELOPMENT 

3.1 REQUIREMENTS AND TECHNIQUES OF RAD 

Combinatorial methods, which are characterized in materials science by the synthesis of many 
samples with different parameters (composition, cooling rate, etc.) in a short time, have potential for 
use in RAD [18]. The entirety of samples manufactured in this way is referred to as an “alloy library”. 
This approach enables both the improvement of existing alloy systems and the investigation of new 
ones. To be able to implement it, suitable methods are required both for the rapid production of many 
different samples (several dozen per day) and subsequent characterization. This work focuses on the 
former.  

Since the parameter selection for combinatorial methods can no longer be based on the experience of 
a metallurgist due to the sheer volume of data points, the support of computer-based algorithms in 
the context of digitalization is becoming increasingly important [34]. BOYCE et al. see the future of 
material development in that engineers define the requirements for an alloy and an artificial 
intelligence (AI) calculates the optimal composition and process route based on a database [35]. 
However, the use of AI for material development is currently mostly unexplored [36] and 
experimental validation will always be necessary [13]. In the area of metallic materials, the RAD was 
typically carried out using methods such as PVD in the past, whereby only very thin layers (1-5 µm) 
of the alloys are formed [37–39]. However, the length scales relevant for the mechanical properties 
of structural components (µm to mm-scale [40,41]) are not reached in metallic thin films. For 
example, the influence of grain size distribution and texture cannot be sufficiently analyzed [42] and 
a downstream step via the casting route is required, which reduces the time efficiency regarding the 
RAD. An advantage of RAD using AM-processes such 3D-EHLA is the manufacturability of bulk 
samples with a microstructure of comparable physical length scales (multiple grains, texture) as with 
a wide range of manufacturing methods (both conventional and AM). To exploit this advantage, 
particular attention must be paid to ensuring that the manufactured samples are free of defects. 
Otherwise, mechanical characteristics of the alloys such as tensile strength and elongation at break 
cannot be determined correctly. It is also possible to use the samples produced by 3D-EHLA only as 
a first step in the alloy development process and e.g. only measure the hardness instead of producing 
tensile specimen. The following chapter discusses whether the 3D-EHLA process is suitable for the 
RAD and which characteristics are necessary for the fabrication of bulk alloy libraries. 

 

3.2 TOOLS AND PARAMETERS 

Powder-gas jet 

Small powder focus diameters enable an increased powder efficiency even with a high spatial 
resolution [43], which favors the economical production of fine structures such as tensile specimens 
for use in RAD. In addition, when using several different powders, care must be taken to ensure an 
even energy input per powder particle by the laser beam. A decrease of the powder focus leads to a 
more homogeneous heating [44]. Since the different elements required for the RAD already have 
different melting and boiling points, the process should not introduce any additional variables in this 
area. This is achieved by a small powder focus, as is the case with coaxial powder nozzles [43,44]. 
In order to adjust the powder mass flow �powder , the size of the annular gap can be varied in the range 
of 100-500 µm [45]. However, �powder and thus the annular gap width should not be varied during a 



process run to ensure process stability. Albeit, this only refers to the total powder mass flow. It must 
be noted that the volume flow increases due to density differences, when a less dense element is used 
at a fixed powder mass flow. It is therefore necessary to check, whether the volume flow should be 
selected as the measured variable to be kept constant in order to prevent blockages of the annular gap. 

The alloy composition can be dynamically adjusted for the RAD by varying the individual powder 
mass flows of the different powder hoppers during a process cycle, as long as the total flow remains 
constant. The energy input into the powder particles and thus the melting behavior can be adjusted 
when considering the powder-gas jet via the particle velocity vparticle as well as the powder mass flow 
�powder. When the conveying gas volume flow V̇CG is increased, vparticle increases, which leads to a 
shorter exposure time of the particles in the laser beam and thus to reduced heating. Likewise, an 
increase in �powder leads to reduced heating of the particles in the beam path due to shielding effects 
[46]. In order to use the powder-gas jet for the RAD, both vparticle and �powder must be properly adjusted 
to ensure a complete melting of all alloying elements. If it is not possible to melt all elements 
homogeneously due to widely differing melting temperatures, either the alloy composition must be 
changed or the melt pool must be maintained for a longer period of time to enable all elements to be 
melted. 

 

Laser radiation 

In general, the laser radiation emitted in the 3D-EHLA process is used to melt the powder particles 
and create a melt pool on the substrates surface. It is particularly relevant for the RAD that the particle 
size has an influence on the melting behavior of the powder particles. The smaller the particle size, 
the faster the particles are melted [44]. If the laser power is increased too much and different 
elementary powders are used, heterogeneous evaporation can occur if the boiling point of some 
elements is exceeded. As a result, the final alloy composition can deviate from the theoretically 
calculated values [46]. In addition, an increased laser power can increase the size of the melt pool to 
such an extent, that the layer mixes heavily with the substrate due to high dilution (> 5%). This can 
also lead to a different alloy composition in the deposited layer. To counteract this phenomenon in 
case of graded samples, several layers of the same composition should be applied before the 
individual powder feed rates are adjusted and a new alloy is deposited. It is always necessary to 
consider the interactions of all parameters to avoid excessive dilution (> 5%), while also ensuring a 
sufficient melt pool size for the homogenization of the deposited layer. If the process speed is 
increased while assuming an approximately speed-insensitive powder-gas jet, the powder particles 
have the same exposure time to the laser radiation, but not the substrates surface. It is exposed to the 
laser radiation for a shorter duration, which leads to a smaller melt pool and a smaller heat-affected 
zone (HAZ) [44]. In order to facilitate the additive build-up of samples for alloy development, it must 
be ensured that the size of the melt pool is sufficient for a stable, melt-metallurgical bond at all times. 

 

Powder properties 

In addition to the chemical composition, a characterizing property of metallic powders is the 
individual particle morphology, which depends on the manufacturing method. Gas atomized powders 
have a spherical shape, while water atomized powders are more irregularly shaped [47]. Since powder 
flowability is increased for spherical powders, RAD should be performed with gas-atomized 
powders [47]. Although larger powder particles should be used to improve the ongoing flow behavior 
[47], a homogeneous mixing of the different powders becomes more difficult with increasing particle 



size. Therefore, a trade-off between the flow behavior and the degree of mixing is necessary. It should 
also be noted that the annular gap of the coaxial powder nozzle used must not be clogged under any 
circumstances. If the particle size increases, a larger annular gap is required [44]. In addition to all 
these properties, the particle size distribution (PSD) also influences the process, since differences in 
particle size affect melting times of the particles in the beam path. In summary, gas-atomized particles 
with a narrow particle size distribution should be used for the RAD. Additionally, care must be taken 
when handling elements of different densities to ensure that the volume flow does not lead to a 
blockage of the annular gap. If possible, the various powder hoppers should be loaded with powders 
that are manufactured and dimensioned similarly. This helps to establish a uniform powder transport 
and thus a composition close to that of the desired alloy. Only in case of big differences in melting 
points or absorption coefficients, powders with different PSDs should be used to prevent 
heterogeneous evaporation and hence ensure a fitting alloy composition. 

 

Process Speed 

The relative movement between the process head and the substrates surface is referred to as the 
process speed. A high volume-build-up rate combined with a high spatial resolution can only be 
achieved by increasing the process speed [9]. A high spatial resolution is necessary if an intricate 
geometry is needed for a characterization process. Depending on the desired sample geometry, 
however, a lower spatial resolution can also be sufficient to generate samples for screening using 
RAD. If the production takes place with a lower spatial resolution, the volume build-up rate can be 
increased and thus the sample production can be accelerated. The relationship between volume build-
up rate and the resulting microstructure has not been investigated yet. Furthermore, a change in 
process speed can lead to phase transitions due to the positive correlation between cooling rate and 
process speed [48]. DADA et al. have investigated HEAs such as AlCoCrFeNiCu by XRD and found 
that an increase in process speed leads to more prominent BCC peaks in the diffractogram [48]. They 
attributed this phase transition to the higher cooling rates at higher process speeds. If an alloy library 
with varying cooling rates is manufactured, the phase transitions of the individual alloy must be 
considered during the characterization. 

 

Laser-beam particle interaction zone 

In order to enable the manufacturing of three-dimensional samples using the 3D-EHLA process, the 
tools powder-gas jet and laser radiation as well as the parameters powder properties and process speed 
must interact with each other. If the aspect ratio (track width/height) is insufficient, pores can form 
between the layers [44], which leads to the formation of a defective microstructure and changed 
mechanical properties such as reduced tensile strength. Furthermore, it is a process-inherent 
requirement that both the powder particles and the substrate surface are melted [44]. While the powder 
particles are almost completely melted during the flight phase, the melt pool on the substrates surface 
should be kept as small as possible to ensure small dilution (< 5%) and therefore a composition close 
to that of the desired alloy. Since the laser radiation enables melting, increasing the laser power leads 
to an increase in temperature for both the particles and the substrate. When the working distance is 
increased, the powder particles are exposed to the laser radiation for a longer time and are therefore 
heated more [44], while the substrates surface is reached by decreasing amounts of focused radiation 
and cools down. This can lead to heterogeneous evaporation and the formation of pores in the sample 
due to lack of fusion defects [49]. When the conveying gas volume flow is increased, the particle 



speed increases and the exposure time of the powder particles in the laser radiation is reduced, which 
leads to less heating and lowers the risk of heterogeneous evaporation [44]. Contrarily, the substrate 
temperature increases with increasing conveying gas volume flow, since more laser radiation is 
transmitted through the powder-gas jet and reaches the substrate surface due to the increased particle 
speed. If the powder mass flow increases, the particle temperature decreases due to shadowing effect 
between the individual powder particles [44]. The substrate temperature also decreases with increased 
powder mass flow due to shadowing effects caused by the denser powder-gas jet [44]. It has been 
shown that the process parameters have different influences regarding the heating of the powder 
particles and the substrate surface and therefore the alloy formation. All parameters listed in this 
chapter as well as parameters described in previous chapters such as process speed and particle size 
must be weighed against each other when used for the RAD. 

 

4. METHODOLOGY 

In view of the focus of this work on AM, the methodology must enable the development of alloys 
specifically for AM processes as well as for conventional melt-based processes such as casting. By 
changing the process parameters with 3D-EHLA, cooling rates from 102-107 K/s can be achieved [9]. 
Therefore, the emulation of the cooling conditions of both conventional processes such as direct chill 
casting (102 K/s [8]) as well as other AM-processes like LPBF (105-106 K/s [50]) is possible. This 
allows for an alloy development tailored to the final manufacturing method. Furthermore, the 
efficiency and knowledge gain must be increased by means of computer-aided analysis methods 
which are pooled in the ICME approach, such as CALPHAD or microstructure simulation [51]. There 
must be an integrated approach, in which the entire process chain of alloy development is covered by 
the methodology, starting from initial computer calculations to sample production and subsequent 
characterization. A methodology like this has been published and successfully implemented by DIPPO 
et al., where an alloy library of 16 samples was fabricated by LMD in a circular shape to enable a 
highly automatized characterization [3]. The planning of experiments is particularly difficult when 
considering multiple input factors. In addition to the conventional approach of an isolated change of 
one parameter after the other, statistical design of experiments (DoE), in which several variables are 
varied simultaneously, can be used. This reduces the number of necessary tests, while the influences 
of the individual parameters are determined using statistical methods. Especially when the 
manufacturing of many different samples in a short time is desired (e.g. for a DoE analysis), AM-
processes like 3D-EHLA are superior compared to the traditional casting route. 

In the processing of metallic materials using RAD, alloy libraries with a composition gradient or a 
microstructure gradient can be manufactured. A composition gradient is examined either discretely, 
i.e. by incrementally varying the composition in individual samples, or continuously by producing a 
sample with a composition that varies across the cross-section. A microstructure gradient is achieved 
by continuous variations of the thermal influences on the sample. The methodology used must be able 
to produce as many of these alloy libraries as possible. This is achieved by the usage of a process that 
allows for a wide variation in terms of both composition and the formation of different 
microstructures. In addition, the alloy composition should be able to be changed quickly and 
preferably during the ongoing process (in situ). With 3D-EHLA, the composition is easily adjustable 
by using differently loaded powder hoppers and the process conditions and thus the microstructure 
are changeable by varying parameters like the laser power or the process speed. Since all the 
requirements are met in the 3D-EHLA process, it is suitable for agile alloy development. However, 



it is important to note that the characterization and not the sample production is the bottleneck for 
alloy development by means of the 3D-EHLA process [3]. 

 

5. EXPERIMENTAL PROCEDURE 

The properties of alloys are determined not only by the composition, which can be variably adjusted 
in the 3D-EHLA process using multiple powder hoppers, but also by the microstructure. This is 
particularly true when considering the mechanical properties, which play a central role in construction 
and mechanical engineering. Therefore, the influence of the process parameters on the microstructure 
formation needs to be considered when applying 3D-EHLA for RAD. As of today, however, the 
correlations between process parameters and resulting microstructure are mostly unknown. First 
investigations on 316L EHLA single tracks show a significant decrease of the cell size with increasing 
process speed and increasing laser spot diameter [52]. Other parameters (laser power, powder focus 
position, shielding and conveying gas flow, powder mass flow) do not show a significant influence 
on the cell size [52]. 

The parameters to be varied in this work are the laser power PL and the process speed vP, since both 
parameters have an influence on the particle or substrate temperature in bulk deposition [44]. In 
addition, the powder mass flow 𝑚̇𝑃 is varied to investigate its influence on the formation of the 
microstructure and to explore the possibility of accelerating sample production by increasing the 
volume build-up rate. The relative density as well as the average cell size are selected as assessment 
parameters. For this purpose, a full factorial DoE analysis with three levels and two variable 
parameters, laser power and process speed, is performed. In addition, the powder mass flow is varied 
at an otherwise fixed parameter combination. 

All tests are carried out with a laser beam diameter dL of 1,2 mm, a conveying gas volume flow 𝑉̇CG 
of 10 l/min and a shielding gas volume flow 𝑉̇SG of 6 l/min. All samples are manufactured with the 
same scan strategy (circular reversal, 14 tracks, 40 layers). The standard powder mass flow used is 
33 g/min. The sample name contains the parameters used, e.g. sample V35P2240 is manufactured at 
a process speed of 35 m/min and a laser power of 2240 W. 

Sample production using the 3D-EHLA process is carried out on a pE3D system by ponticon GmbH. 
316L (1.4404) is used as a filler material. The MetcoAdd 316L-A powder used has a grain fraction 
of -45+15 µm, and a Metcotwin 150 is used as the powder feeder. Furthermore, an ILT COAX 40 
powder nozzle and a TruDisk 4002 laser are used. 

Construction steel substrate plates are used. The samples are cut parallelly to the build-up direction 
and perpendicularly to the process direction. Relative density is determined by light microscopy using 
a Keyence VHX-6000. The areas of high porosity within each sample are chosen, which is why the 
relative density values measured are to be understood as the lower limit. The polished samples are 
then etched using V2A etchant for 2,5 min. Finally, a cell size determination is carried out on the 
etched samples, with the average cell size determined over 30 cells. Preferably, round cells are 
measured, while in the case of stretched cells, the smallest dimension is measured. The cell size is 
measured in the middle of the upper half of the sample for all samples to level out the cooling 
influence of the substrate. 

 



6. RESULTS 

After the production of sample V65P4000, process build-up was found on the powder nozzle, which 
is attributed to the maximum laser power of 4000 W. In order not to damage the nozzle, the samples 
V35P4000 and V50P4000 are not manufactured. 

The relative densities of the individual samples are listed in Table 1. 

Table 1: Relative densities of the samples 

  Laser power 

  2240 W 3200 W 4000 W 
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35 m/min 99,5% 99,9% - 

50 m/min 99,8% 99,8% - 

65 m/min 98,7% 99,7% 99,6% 
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 50 m/min & 23,1 g/min - 99,3% - 

50 m/min & 42,9 g/min - 99,6% - 

 

Except for sample V65P2240 and V50P3200M23,1, all samples have a relative density of ≥ 99,5% 
in the area measured. 

In the following figures, microsections of individual samples are shown. 

 
Fig. 2: sample V50P3200, etched, 2000x 

magnification 

 
Fig. 3: sample V35P3200, etched, 2000x 

magnification 

 

The cells of sample V35P3200 are visibly larger than the cells of sample V50P3200.  

The average cell sizes determined from the microsections are used to determine the influence of the 
parameters laser power, process speed and powder mass flow on the cell size. The relationships are 
shown in the following diagrams. 

globular 
dendrites 

columnar 
dendrites 



 

Fig. 4: Influence of a) process speed, b) laser power and c) powder mass flow on cell size 

The process speed shows a negative correlation with the cell size, while the laser power and the 
powder mass flow show a positive correlation. The measured values of the sample V65P4000 deviate 
from these relationships. This is also the only sample that was produced with the maximum laser 
power of 4 kW and where process buildup was observed on the powder nozzle. The error bar in the 
measured cell sizes corresponds to the standard deviation of the 30 values measured. 

 

7. DISCUSSION 

The relative densities (Table 1) differ between the individual samples. A possible reason for a reduced 
relative density is an undersized melt pool, which can cause adhesion problems in the sample. The 
line energy density 𝐸𝐿 is used as a suitable comparison parameter for the melt pool size. 

𝐸𝐿 =
𝑃𝐿

𝑣𝑃
 (1) 

The greater the line energy density, the larger the melt pool. For the samples examined (see Table 1), 
a positive correlation between relative density and line energy density is present. Sample V65P2240, 
which has the lowest relative density, also has the lowest line energy density at 2068 J/m. Sample 
V35P3200 has both the highest relative density and the highest line energy density at 5486 J/m. This 
positive correlation between line energy density and relative density is consistent with the findings 
of SUN et al. for LPBF [53] and GONG et al. for LMD [54]. However, it should be noted that above a 



threshold value, the relative density decreases with increasing the line energy density due to the 
formation of gas pores [49]. Since the line energy density shows a positive correlation with the 
relative density in the samples examined, it is assumed that gas pores only form above 5486 J/m in 
the 3D-EHLA process. The reduced relative densities at low line energy densities can be attributed 
to adhesion errors [49]. 

The microstructure depicted in Fig. 2 features a globular dendritic microstructure on the left side of 
the image, while the microstructure on the right side is mainly columnar dendritic. However, it is also 
possible that the same solidification morphology occurs in both areas, while the visual difference 
between the structures is due to the cutting plane. If a columnar dendrite is cut perpendicular to the 
direction of growth, the structure appears globulitic. In general, there is mainly a columnar dendritic 
growth present in LMD-like processes [55]. A mainly columnar dendritic microstructure also is the 
norm with LPBF, where cooling rates similar to 3D-EHLA are present [56,57]. In such AM processes, 
the columnar dendrites are created by epitaxial growth on the grains/cells of the melted substrate [58]. 
Therefore, the texture of the adjacent layer has an influence on the growth of the deposited layer. The 
morphology of the layers is generally influenced by the quotient of temperature gradient G [K/m] and 
solidification rate R [m/s] [59]. The microstructure figure of the other sample (Fig. 3) mainly shows 
a columnar dendritic structure. 

Increasing the process speed leads to a reduced cell size in the samples examined (Fig. 4a).  In general, 
the cell size decreases when the cooling rate � [K/s] increases due to increased nucleation [60]. This 
means that � increases with an increase of the process speed. The cooling rate can be expressed as 
the product of G and R at the solidification front. The solidification rate increases with increasing 
process speed and can at most be equal to it. The temperature gradient also increases with increased 
process speed due to the reduced melt pool size [61–63]. Since both G and R increase with increasing 
process speed, � increases with increasing process speed and the cell size is reduced. 

Increasing the laser power leads to an increase in cell size in the samples examined (Fig. 4b). Therefore, 
� must decrease by increasing the laser power. In previous studies done by BOLD et al. however, the 
influence of the laser power was found to not be significant in single tracks of 316L manufactured by 
EHLA [52]. This was attributed to the prevalent cooling influence of the substrate and the 
comparatively low energy input of manufacturing single tracks. Since the size of the melt pool 
increases with increased laser power, G decreases [62,64,65]. R also decreases with increasing laser 
power [62,66], since the increased heat input reduces the ratio of melt pool surface to volume and 
thus the heat transfer. Thus, both G and R are reduced with increasing laser power, which leads to a 
reduced � and an increased cell size [67,68]. 

An increase in the powder mass flow leads to an increase in cell size in the samples examined (Fig. 

4c). This requires a reduced � when increasing the powder mass flow. An increase in the powder 
mass flow increases the cross-sectional area of the melt pool [69]. In addition, the maximum 
temperature at the melt pool surface is reduced [64]. Therefore, increasing the powder mass flow 
leads to a reduction in G. In the literature, an increased powder mass flow also leads to a reduced � 
[70,71], while there is no clear correlation between the powder mass flow and R [62]. 

 

 

 

 



8. SUMMARY & OUTLOOK 

Within this work, the scientific research status in the areas of AM and RAD is first determined. Based 
on this, the need for accelerated alloy development is illustrated by the largely unexplored phase 
space of new materials such as HEAs and the lack of processability of these using conventional 
manufacturing processes. After characterizing the challenges posed in the EHLA process, the novel 
3D-EHLA process is established, which enables additive manufacturing using EHLA technology. 
Subsequently, the available tools and parameters of the 3D-EHLA process are presented and their 
individual influence on the alloy development is worked out. Furthermore, the suitability of the 3D-
EHLA process for the application of the RAD is assessed. 

Advantages of the 3D-EHLA process include the adaptability of the alloy composition in situ by 
varying the powder mass flow and the variation of the cooling rate by adjusting process parameters. 
Challenges of the 3D-EHLA process are heterogeneous evaporation due to different melting points 
of the metal powders used and ensuring an adhesion to the substrate that is sufficient for a low-defect 
bond. Also, the correlation between process parameters and solidification conditions are still under 
investigation, which is why the influence of laser power, process speed and powder mass flow on the 
formation of the microstructure are experimentally determined. The process speed shows a negative 
correlation to the cell size, while the laser power and the powder mass flow show a positive 
correlation. 

Accelerated alloy development and the materials developed as a result can contribute to overcoming 
technological hurdles caused by material influences. The implications presented in this work for the 
RAD using the 3D-EHLA process are by no means complete, but they do represent a basis for further 
investigations. The following topics, among others, come into question: 

 

 Influence of other process parameters such as the conveying gas volume flow on the 
composition and microstructure 

 Building of a public database in which alloy-specific specialist knowledge is bundled, thus 
accelerating alloy development worldwide 

 Scaling the manufacturing process used for the RAD to produce fully functional components 
using the same process 

 Possibilities of overcoming the limitations of the 3D-EHLA process (e.g. heterogeneous 
evaporation, adhesion errors) 

 Evaluation of possible uses of machine learning-supported test planning and evaluation to 
further reduce the required number of samples 
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