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ABSTRACT

Laser-based direct energy deposition (L-DED) with blown powder enables the simultaneous or sequential processing of different powder
materials within one component and, thus, offers the possibility of additive multimaterial manufacturing. Therefore, the process allows a
spatially resolved material allocation and fabrication of sharp or even graded material transitions. Within this contribution, the latest results
from two major research fields in multimaterial L-DED—(I) automation and (II) rapid alloy development of high entropy alloys (HEAs) by
in situ synthesis—shall be presented. First, an automated multimaterial deposition process was developed, which enables the automated
manufacturing of three-dimensionally graded specimens. For this, a characterization of the deposition system regarding powder feeding
dynamics and resulting powder mixtures in the process zone was conducted. The obtained system characteristics were used to achieve a
three-dimensional deposition of specified powder mixtures. The fabricated specimens were analyzed by energy-dispersive x-ray spectro-
scopy, scanning electron microscopy, and micro hardness measurement. The research demonstrates the increasing readiness of L-DED for
the fabrication of multimaterial components. Second, the latest results from rapid alloy development for HEAs by DED are presented. By
the simultaneous usage of up to four powder feeders, a vast range of alloy compositions within the Al–Ti–Co–Cr–Fe–Ni HEA system was
investigated. For this, tailored measurement systems such as an in-house developed powder sensor were beneficially used. The study shows
the influence of a variation of Al on the phase formation and resulting mechanical properties and demonstrates the potential of L-DED for
reducing development times for new alloys.

Key words: additive manufacturing, multimaterial, direct energy deposition, high entropy alloys, in situ alloying
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I. INTRODUCTION

A. Multimaterial laser-based direct energy deposition

Laser-based direct energy deposition (L-DED) with blown
powder, also referred to as laser metal deposition (LMD) or laser
engineered net shaping, has emerged as one of the major additive
manufacturing techniques for metallic parts within the last few
years.1 Not only the good scalability of the process and the well
adjustable thermal boundary conditions, but also the possibilities

to sequentially or simultaneously process different powder materi-
als and, thus, fabricated multimaterial metallic components have
broadened the spectrum of applications for this process.2–4

The basic principle of in situ powder mixing in L-DED with
blown powder is shown in Fig. 1. The powders are fed indepen-
dently by a carrier gas into a mixing chamber, where a homoge-
neous blending of the powders shall be achieved. By adapting the
powder feeding rates, the composition of the powder blend can be
controlled. After homogenization, the powder blend is finally
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injected into the process zone, where it is preheated by the laser
beam and eventually absorbed by the laser-induced melt pool.2

Brueckner et al. showed how manufacturing capabilities can
be enhanced by fabricating sharp and graded material transitions,
composites, or complex in situ formed alloys by means of multima-
terial L-DED (Fig. 2).2

Various researchers have applied sharp and graded material
transitions for overcoming metallurgical and thermophysical chal-
lenges in multimaterial manufacturing using a broad range of
materials, e.g., titanium, iron, and nickel based alloys.5–9

In order to overcome metallurgical challenges in multimaterial
L-DED of stainless steel 316L and TiAl6V4, such as embrittlement
of the transition zone due to the formation of intermetallic phases,
Li et al.5 used the tailored multimaterial transition TiAl6V4/V/Cr/
Fe/316L. Hardness testing and scanning electron microscopy
(SEM) showed that an excessive increase in hardness due to inter-
metallic phases could be avoided. Hence, the brittleness of the
material transition is expected to be reduced significantly.

Reichardt et al.6 and Bobbio et al.7 investigated functionally
graded transitions between different stainless steels and TiAl6V4.
Reichardt et al.6 tried to achieve a ductile material transition by a
layer-wise adjustment of the vanadium content. However, in con-
trast to the results from Li et al.,5 electron backscatter diffraction
(EBSD) and energy-dispersive x-ray spectroscopy (EDS) revealed
the formation of intermetallic phases such as FeTi and σ-FeV,
causing an embrittlement. Microstructure analysis and thermody-
namic calculation from Bobbio et al.7 confirmed these results.
Similar studies were conducted in Refs. 8 and 9 focusing on graded
material transitions from TiAl6V4 to the Ni-based superalloys
Inconel 625 and Inconel 718. SEM and XRD investigations revealed
cracking in the transition region presumably due to the formation
of the intermetallic phases Ni3Ti and NiTi2.

Furthermore, recently the in situ alloying of complex
advanced materials such as intermetallics and high entropy alloys
has gained much attention.10–13 Gasper et al.10 combined powder
and wire fed L-DED for in situ alloying of TiAl48Cr2Nb2.

FIG. 1. Functional principle of laser-based multimaterial L-DED with blown
powder (Ref. 2).

FIG. 2. Overview of multimaterial manufacturing approaches enabled by L-DED.
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SEM investigations showed the formation of the desired α2 + γ
microstructure and underline the potential of multimaterial L-DED
for in situ formation of complex intermetallic alloys.

Moreover, the work presented in Refs. 11–13 deals with in situ
formation of several high entropy alloys such as AlxCoCrFeNi,
TiZrNbHfTa, and MoNbTaW. Kuczyk et al. showed that by adjust-
ing the Al content in AlxCoCrFeNi the amount of occurring phases
(fcc-A1, bcc-A2, and bcc-B2) and resulting hardness can be con-
trolled.11 The investigations in Refs. 12 and 13 reveal that homoge-
neous in situ mixing of different elemental and pre-alloyed
powders with greatly different melting temperatures can be
achieved by introducing remelting steps during deposition.
Moreover, by spatially resolved powder feeding rates, a tailoring of
the emerging microstructure was accomplished. Hardness testing
indicates the successful local tailoring of the deposited materials
mechanical properties.13

Even though a wide range of different materials have already
been used for multimaterial L-DED, the material transitions were
mostly achieved by an adaption of the powder feeding rates in a
layer-wise manner. Due to various challenges regarding multimate-
rial CAD/CAM programming and complex powder feeding
dynamics, the fabrication of three-dimensionally graded specimens
has barely been investigated.

A further reason is the limitation of the current research activ-
ities to the simultaneous processing of only two powders or the
processing of single powder blends so far. Thus, within this contri-
bution, the latest research results regarding the aspects “automated
fabrication of three-dimensionally graded specimens” and “high
throughput alloy screening within the HEA system Al–Ti–Co–Cr–
Fe–Ni with three powder feeders” will be presented.

B. Challenges in automated multimaterial L-DED

The automated industrial L-DED of components exhibiting
multimaterial designs is associated with a variety of challenges.
These include the material-dependent powder conveying behavior,
the dynamics of the powder conveying system, and CAD/CAM
integration.

Powder materials have different flow properties due to differ-
ent size distributions, powder morphologies, and densities. Heavy
powder particles with a high density, for example, are more difficult
to convey than light particles. Particle shape, particle size, and
surface texture also have a significant influence on the flow behav-
ior of the powders. Spherically shaped particles lead to better flow
behavior and, thus, to a more homogeneous material transport.14

Powder materials with very small particle sizes, on the other hand,
tend to agglomerate and, also like rough particle surfaces, lead to
poorer powder flow.12

In addition to the different powder materials, the different
conveying systems also affect the transportation behavior. For
powder feeding, disc, vibratory, and brush conveyors are established
in the industrial sector. It should be noted that all powder convey-
ing systems exhibit specific characteristics with respect to their
dynamic response and, thus, have an effect on the powder feed rate
dynamics and stability. In the context of automated, locally
resolved material placement, it is essential to take the dynamic
behavior of the conveyor systems into account. Another challenge

is the integration of automated locally resolved multimaterial pro-
cessing into CAD/CAM software. The currently available software
solutions are used for path planning. However, in addition to the
process parameters, only static powder parameters are taken into
account. CAD/CAM software for automated multimaterial process-
ing with dynamic powder allocation is not yet state of the art.

For a successful industrial implementation of automated
locally resolved material placement in the future, it is necessary to
characterize the powder conveying system and derive a model for
integration in CAD/CAM software.

II. MATERIALS AND METHODS

Within this contribution, two studies on the topics “auto-
mated multimaterial L-DED” and “high throughput alloy screening
for HEA development” are presented. Hence, Sec. II is divided into
two sections separately describing the applied materials and
methods for each study.

A. Automated material allocation

The first part of the presented work targets the fully auto-
mated manufacturing of a diagonally graded cuboid specimen with
a graded transition from the austenitic chromium-nickel steel AISI
316L to the nickel based superalloy Inconel 718. For this, a model
describing the powder feeding dynamics shall be developed and
implemented into a machine code. In the following, the equipment,
the approach for the powder feed characterization, and the sample
manufacturing and characterization are described in detail.

1. Experimental details

As feedstock material, AISI 316L and Inconel 718 powder,
both with a Gaussian particle size distribution between 50 and
150 μm and supplied by the company Eckart TLS GmbH, were
used. Due to its excellent weldability, the austenitic chromium-
nickel steel AISI 304 (1.4301) was used as the substrate material.
For material deposition, the coaxial nozzle COAX14 (Fraunhofer
IWS, Germany) and a 2 kW LDF 2000-40 diode laser (Laserline
GmbH, Germany) were chosen. The powder feeding has been real-
ized by using a PF 2/2 powder feeder with two powder hoppers
(GTV Verschleißschutz GmbH, Germany).

Due to the basic principle of the disk powder feeding, a delay
between the target and actual powder mass flow occurs when the
plate speed is changed due to the response behavior of the powder
feeder, the conveyor line, and the time for powder stabilization.
The measurement of this delay time is the prerequisite for an exact
and automated material placement during the ongoing welding
process.

Based on the described time components, the following math-
ematical description of the total delay results. Thereby, the start-up
behavior and the powder stabilization are summarized [Eq. (1)],

ttotal ¼ tdelay þ tstabilization: (1)

In order to acquire these values, the measurement setup
shown in Fig. 3 was developed. For this purpose, the motor signal
of the respective dosing unit was recorded as well as the powder
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mass flows with the help of optical Flow Watch sensors (Medicoat
AG, Switzerland). By using this experimental setup, the characteri-
zation of the powder feeding behavior with respect to occurring
delay and stabilization times shall be accomplished. Additionally,
the influence of changes in process boundary conditions such as
the carrier gas flow or the conveyor line length was investigated.
These measured values are then used for the development of a
powder feeding dynamics model that can be implemented into a
CNC code.

2. Sample manufacturing and characterization

For demonstrating the usage of a powder feeding dynamics
model in order to automatically manufacture graded components,
a diagonally graded specimen was fabricated. This specimen exhib-
its four regions with a stepwise adjustment of the chemical compo-
sition (Table I). For the fabrication of the demonstrator, the

experimentally obtained process parameters (Table I) and the
model of the powder feed are implemented in a CNC program.
The powder mass rates were determined prior to manufacturing by
measuring the mass of powder conveyed to a calibrated scale
system in a specific period of time for different powder feeding
configurations. The individual welding layers are built up in a
meandering pattern (Fig. 4) and optionally enclosed by one or two
contour runs.

TABLE I. Process parameters and composition within the marked areas.

Area 1 2 3 4
Power (W) 700 500 550 700
Feed (mm/min) 600 600 550 600
Fraction 316L (%) 100 70 30 0
Fraction Inconel 718 (%) 0 30 70 100

FIG. 4. Meandering track strategy for two exemplary welding layers with alter-
nating starting point (red) after each layer and contour run.

FIG. 3. Measuring setup for characterizing the powder conveying behavior.
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To investigate the locally resolved material composition, the
formed microstructure and occurring defects, EDS, and SEM analy-
sis and micro hardness measurement (HV 0.3) were performed.

B. In situ synthesis of AlXTi3(Co1.5CrFeNi1.5)100-3-X
alloys

The second part of this work presents the latest results on
using multimaterial L-DED for a high throughput screening within
the AlXTi3(Co1.5CrFeNi1.5)100-3-X system. AlXCoCrFeNi alloys
have recently been of high interest due to their high strength and
excellent corrosion resistance.15 As described by Kao et al.,16 the
microstructure can be adjusted by modifying the Al content chang-
ing from a pure fcc A1 structure to a dual phase A2 + B2 bcc struc-
ture. Hereafter, the general approach and the used equipment are
thoroughly described.

1. Experimental details

In this study, a layer-wise in situ adaption of the chemical
composition of deposited material was used for a screening in the

system AlXTi3(Co1.5CrFeNi1.5)100-3-X regarding the influence of
the aluminum content on the microstructure and hardness in
as-built condition.

Elemental titanium and aluminum powders (Al: d10 = 50 μm,
d90op = 100 μm, Ti: d10 = 90 μm, d90 = 125 μm) provided by Eckart
TLS GmbH as well as a pre-alloyed Co1.5CrFeNi1.5 (d10 = 45 μm,
d90 = 90 μm) powder provided by Nanoval GmbH & Co. KG were
mixed in situ to achieve different AlXTi3(Co1.5CrFeNi1.5)100-3-X
compositions. The welding process used three independent GTV
PF 2/2 disk powder feeders (GTV Verschleißschutz GmbH,
Germany).

By changing the powder feeding rates of Al in five definite
steps, a compositionally graded specimen containing 3–11 at. % Al
and hence actually containing five different alloys with different
aluminum content should be obtained. The powder mass rates
were again determined as described for the manufacturing of the
three-dimensionally graded specimen. Due to the layer-wise change
in composition interlayer waiting times were applied to compensate
the stabilization time caused by the adaption of powder feeding
rates. The targeted composition of the alloys is listed in Table II.
The used substrate material was again AISI 304 steel.

For the deposition, a COAXshield process head (Fraunhofer
IWS, Germany) and a 4 kW diode laser LDF 4000-30 (Laserline
GmbH, Germany) were used (Fig. 5). The COAXshield is designed
to supply the process with an additional shielding gas for ensuring
an oxygen content within the process zone below 100 ppm.

Additionally, the deposition process was carried out in a
shielding gas tub in order to increase safety during the processing
of elemental reactive powders such as titanium and aluminum.
Throughout the deposition, the process parameters, which are
listed in Table III, were maintained constant. For process

TABLE II. Overview of the change in chemical composition within the manufactured
specimen in at. %.

Layer Al Ti Co1.5CrFeNi1.5

0–4 3 3 94
5–9 5 3 92
10–14 6 3 91
15–19 8 3 91
20–24 11 3 86

FIG. 5. Experimental L-DED set-up for sample manufacturing.
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calibration, a customized powder particle sensor was used to
measure the three different powder streams. During the deposition
process, the different particle streams are first combined in a parti-
cle mixing chamber before they are supplied to the coaxial deposi-
tion nozzle to achieve a homogeneous mixing of the powders.

Prior to the manufacturing of the graded wall specimen
(Fig. 6), the layer height was determined by the optical measure-
ment of the single track height (Fig. 7) using a Keyence VHX-1000
(Keyence GmbH, Japan).

The manufactured wall specimen was characterized with
respect to porosity and defects by computed tomography (CT) and
light optical microscopy using an Yxlon FF 35 (YXLON
International GmbH, Germany) with a voxel size of approximately
10 μm and OLYMPUS GX51 (Olympus, Japan). For microstruc-
tural characterization, SEM and EDS analysis was conducted using
a JSM-7800F (Jeol, Japan) and Oxford X-Max EDS Detector
(Oxford Instruments, UK). Hardness HV0.1 measurements took
place using a LECO AMH-43 (LECO, USA).

III. RESULTS

A. Automated material allocation

In this section, the major results with respect to the automated
material allocation are presented. These include findings related to

powder feeding behavior as well as results regarding the automated
fabrication of the three-dimensionally graded specimen.

1. Powder feeding dynamics

First, the delay time and its sensitivity with respect to changes in
the boundary conditions were measured and analyzed. For this, the
boundary conditions carrier gas flow rate, conveyor line length, step
size and direction of powder feeding rate adaption, and the drive char-
acteristics of the powder feeder unit were taken into consideration.

The investigations of the delay time showed that the conveying
line length and the gas flow rate are the major influences
(Figs. 8 and 9). The size and direction of the switching step of the
powder feeder as well as the start-up behavior of the drive unit had
only a minor effect on the delay time. Due to the small impact of
the latter, the data are not shown in Figs. 8 and 9. Due to the
reduced delay time, a conveyor line length of 4 m was chosen for
sample manufacturing.

Second, the stabilization time was investigated in the same
manner for same changes in boundary conditions. This revealed that
the jump width is the only major impact on the stabilization time. In
Fig. 10, the influence of selected jump widths is shown as an example.

Based on the results of the powder measurements, a simplified
block diagram was derived to characterize the conveying behavior,
consisting of a PT1 delay element with the proportional coefficient
of the conveying distance KPS and the time constant T1 as well as a
delay element with the delay time Tt.

The following standardized equations for characterizing powder
stabilization result from the conveying behavior describe above
[Eqs. (2) and (3)],

ca(t) ¼ KPS � 1� e
�t
T1

� �� �
, (2)

ca(t) ¼ KPS � e
�t
T1

� �
: (3)

Based on this mathematical description and the determination
of the delay time for the conveyor section, the powder conveying
behavior can be characterized and implemented in CAD/CAM.

FIG. 7. Visualization of the profile of a fabricated single track specimen showing
a single track height of approx. 640 μm.

TABLE III. Process parameters for sample manufacturing.

Parameter Value

Laser power 500W
Travel speed 400 mm/min
Laser spot diameter 1.6 mm
Shielding and feeding gas Ar
Powder feeding rate Al 0.06–0.29 g

Ti 0.11 g
CoCr1.5FeNi1.5 4.79 g

FIG. 6. Illustration of the manufacturing approach showing the gradient of alumi-
num in build-up direction within the graded wall specimen.
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2. Sample manufacturing characterization

Based on the process parameters shown in Table I and
the obtained model for the powder feeding behavior, a
three-dimensionally cuboid specimen was fabricated (Fig. 11).
Due to the reduced delay time, a conveyor line length of 4 m was
chosen for sample manufacturing.

The EDS analysis (Fig. 12) shows that the targeted stepwise
adjustment of composition was reached.

The hardness measurement (Fig. 12) reveals also a stepwise
increase in hardness from approximately 200 HV 0.3 up to 275 HV
0.3 as the composition changes from 316L to Inconel 718.

The different compositional sections of the gradient specimen
were examined by SEM (Fig. 13). The images show the characteris-
tic change of the microstructure going from 316L [Fig. 13(a)] to
Inconel 718 [Fig. 13(d)]. Whereas 316L exhibits a fully fcc A1
structure, the addition of Inconel 718 leads to a micro-dendritic
structure mainly consisting of fcc A1 phase and some minor
amount of Nb- and Mo-rich phases in the interdendritic regions,

FIG. 9. Effects of feeding gas flow on the delay time. FIG. 11. Three-dimensionally graded cuboid demonstrator after machining.

FIG. 8. Effects of different conveyor line lengths on the delay time. FIG. 10. Effects of different switching steps of the powder feeder on the stabili-
zation time.
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which are very likely C14 type Laves phase.17 Increasing the
amount of Inconel in the sample also leads to an increased amount
of Laves phase in L-DED as-built condition. Further, SEM, EDS,
and EBSD analysis are planned in order to reveal the complete
microstructural features of the transition regions.

B. In situ synthesis of AlXTi3(Co1.5CrFeNi1.5)100-3-X alloys

The major results of the conducted in situ alloying of
AlXTi3(Co1.5CrFeNi1.5)100-3-X alloys are presented in this section.
These include findings with respect to porosity and defects, the
chemical composition as well as the microstructural evolution with
increasing Al content.

The fabricated graded specimen was investigated by CT and
optical microscopy with respect to defects and porosity. No
cracks could be detected neither by CT (Fig. 14) nor by optical
microscopy of a cross section perpendicular to the welding direc-
tion [Fig. 17(a)]. Measurement of the porosity delivered 0.7%
porosity by optical microscopy and 0.1% by CT. Despite the
overall low porosity, some larger pores with spherical shape can
be seen in Fig. 17(a). The investigation of pore size by CT

FIG. 12. Hardness profile and element distribution of nickel, iron, chromium,
and niobium within the measuring plane.

FIG. 13. SEM images of the different gradation ranges, (a) transition zone from 100% 316L to 70% 316L/30% Inconel 718, (b) 70% 316L/30% Inconel 718, (c) 30% 316L/
70% Inconel 718, and (d) 100% Inconel 718.
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showed that there is one pore with a diameter bigger than
1000 μm and 224 pores with a diameter above 100 μm. The
image of the cross section confirms the presence of a significant
number of large pores.

The cross section shown in Fig. 17(a) was further analyzed by
EDS with respect to the samples chemical composition. For this, a
line scan was created in the center of the specimen along the
build-up direction. The resulting chemical profile is depicted in
Fig. 17(b) and the mean composition in at. % and standard devia-
tion values for each region are listed in Table IV.

The mean values are based on at least 80 measurements along
the build-up direction with a distance of 30 μm between each mea-
surement. These measurements show that especially within the first
region (layers 1–5) a high amount of Fe from the 304 steel substrate
material and the corresponding decreased amount of all other ele-
ments can be found (Table IV).

Additionally, the Fe content in the first region exhibits a steep
gradient along the build-up direction and, thus, shows a high stan-
dard deviation. However, starting in layer 6 the measured values
are in good agreement with the targeted compositions. Generally,
due to the small powder feeding rates of titanium and aluminum,
the measured values of both elements are subjected to a higher rel-
ative standard deviation compared to the absolute. Accompanying

FIG. 15. SEM images of the different regions with varying chemical composition within the graded specimen.

FIG. 14. CT side view of the fabricated graded specimen with the marked
region of interest for porosity analyses.
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the EDS line scan, hardness HV 0.1 measurement was conducted
along the build-up direction (Table V). After a slight hardness drop
from the 304 substrate to HEA layers 1–5, the hardness continu-
ously increases with increasing aluminum content [Fig. 17(c)].

The structural analysis by means of SEM and EDS mapping
shows the influence of the increasing aluminum content on the
microstructure. In layers 1–5 with an aluminum and titanium
content of approx. 3 at. %, a single phase fcc A1 structure forms

FIG. 16. EDS mapping of the fabricated sample showing formation of an aluminum and titanium rich phase.

Journal of
Laser Applications ARTICLE scitation.org/journal/jla

J. Laser Appl. 35, 012006 (2023); doi: 10.2351/7.0000788 35, 012006-10

© Author(s) 2022

https://lia.scitation.org/journal/jla


[Fig. 15(a)]. Starting in layer 6 with a mean aluminum content
of 4.5%, the formation of a second phase is observed.

Based on the findings from Kuzcyk et al.,11 this phase is very
likely to exhibit an ordered bcc B2 structure. With increasing alu-
minum content, the amount of this B2 phase increases. A mapping
of the elemental distribution in layers 21–25 shows the spatial allo-
cation of the different elements (Fig. 16). The fcc A1 matrix is
enriched in chromium, iron, and cobalt. In contrast, the second
phase is enriched in aluminum, titanium, and nickel and strongly
depleted in iron and chromium and, hence, confirming that this
phase is an ordered bcc B2.

IV. DISCUSSION

A. Automated multimaterial allocation

As could be shown by the work presented, an in-depth charac-
terization of the powder conveying behavior and the identification
of major influencing factors could be realized.

The delay time is primarily influenced by the length of the
powder conveying channels and the applied gas flow. Hence,
powder conveying channels should be designed as short as possible.
Additionally, high feeding gas flows also result in a reduction of the
delay time since a higher acceleration of the powder particles takes
place. However, if the powder particles exceed a critical velocity
when entering the process zone insufficient preheating and lack of
fusion might occur. Hence, depending on the thermophysical prop-
erties of the used material as well as the particle size and morphol-
ogy, the feeding gas stream has to be precisely adjusted to achieve a
stable multimaterial L-DED process. Of course, also the flowability
of the powder material has an influence on the delay time.
However, this effect was not evident in the tests carried out due to
the almost identical densities and morphological properties of the
powder materials 316L and Inconel 718 used. For this reason,
powder materials with similar densities and morphological proper-
ties can be assumed to have the same conveying behavior.

FIG. 17. (a) Light optical microscopy image of a cross section perpendicular to the welding direction; (b) EDS line scan along the build-up direction; (c) hardness measure-
ment along the build-up direction.

TABLE IV. Mean chemical composition and standard deviation for the different
in situ alloyed regions in at. %.

Measured by EDS

Layer Al Ti Cr Fe Co Ni

1–5 2.24 2.06 17.71 34.36 20.69 22.94
6–10 4.49 2.77 16.16 16.87 29.93 29.78
11–15 6.17 3.42 15.62 15.48 29.82 29.49
16–20 8.48 3.73 15.22 14.99 28.93 28.66
21–25 11.31 3.81 14.67 14.48 28.05 27.69

Standard deviation of EDS measurement

1–5 0.91 0.78 1.17 15.43 8.58 6.35
6–10 0.51 0.16 0.24 0.75 0.32 0.41
11–15 0.27 0.20 0.23 0.27 0.36 0.44
16–20 0.47 0.16 0.25 0.30 0.41 0.41
20–24 0.54 0.18 0.26 0.25 0.41 0.44

TABLE V. Mean hardness HV 0.1 for different phase fraction of bcc B2 phase.

Al (at. %) Phase fraction bcc HV 0.1 σHV0.1

2.2 0 223.9 13.3
4.5 2.4 256.7 19.8
6.2 10.4 274.2 12.8
8.5 12.2 306.0 12.1
11.3 27.0 325.9 20.9
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The major impact on the stabilization time is the system char-
acteristic of the used powder feed and its dynamic response to
changes in the rotational speed of the disc feeder. This shows the
properties of the powder feeding system need to be measured and
implemented into the program in order to take stabilization time
into account during the deposition process.

The results of the EDS investigations (Fig. 12) show that the
intended grading design could be implemented and the developed
model describing delay and stabilization time corresponds well
with the experimental data. Even though a maximum total time of
5 s, consisting of delay and stabilization time, occurs during the
adaption of the powder feeding rates, the EDS measurement
showed that a precise adjustment of the chemical composition is
feasible. Hence, the process related delay times are not detrimental
to the multimaterial deposition process.

Within the specimen, three transition zones can be identified
between the individual grading zones. These transition zones are
characterized by a strong increase or decrease in the elements iron
and nickel. Within the transition areas, an undefined material com-
position occurs for a short time due to the powder mass flow
adjustment. In addition, homogenization takes place through the
remelting of consecutive tracks.

Furthermore, an increase in hardness can be seen in the gra-
dation process. This presumably results from the precipitation of
intermetallic phases. However, neither isolated hardness peaks nor
cracking could be observed within the sample, indicating that no
embrittlement has occurred. Even though the fabricated sample
exhibits a low porosity, no cracking, and a continuous increase in
hardness with no hardness peaks, the mechanical properties need
to be investigated in further studies. These studies will reveal if the
fabricated transition also shows sufficient mechanical strength and
ductility for industrial applications.

Overall, it can be stated that the automated, locally resolved
material placement could be successfully implemented, which
shows the potential of this approach for automated multimaterial
L-DED.

B. In situ synthesis of AlXTi3(Co1.5CrFeNi1.5)100-3-X
alloys

In the following, the results with respect to porosity, alloying
accuracy, microstructure, and hardness of the in situ alloyed graded
specimen shall be discussed.

The fabricated specimen exhibits an increased porosity and
numerous pores with a diameter above 200 μm. There are two
major influences that might have contributed to the increased
porosity. First, due to the basic principle of in situ alloying, three
powder feeding channels were used. Hence, the amount of powder
carrier gas is three times higher compared to the conventional
process. This additional gas could potentially get entrapped in the
melt pool. Second, internal porosity of the processed powder that
gets entrapped in the melt pool could be another reason for a part
of the observed pores. However, the absence of cracking indicates
that all compositions exhibit a sufficient weldability for a good pro-
cessability by LMD.

The chemical analysis by EDS [Fig. 17(b)] shows that, in
general, the targeted alloy compositions could be reached. However,

a high remelting depth of consecutive layers causes large transition
zones between the regions with different compositions exhibiting a
linear change in chemical compositions. These zones primarily con-
tribute to the deviation between targeted and measured chemical
composition as well as to the high standard deviation of the obtained
values. Especially, within the layers 1–5, the severe remelting of the
304 substrate caused a high dilution of iron into the built-up
material.

The SEM images show the formation of a single phase struc-
ture in layers 1–5, which contain approximately 2.24 at. % alumi-
num. Exceeding this amount of aluminum, a second phase starts to
form starting in the layers 6–10 with an aluminum content of
approximately 4.49 at. %. Based on the previous work from Kuczyk
et al.11 and on the obtained composition, the first phase is expected
to be a solid solution fcc A1 and the second phase an ordered
bcc B2.

The conducted hardness measurement confirms a clear corre-
lation between hardness and microstructure. The transition from
the stainless steel 304L substrate to the deposited material exhibits
a slight drop in hardness from approximately 275 HV 0.1 to 224
HV 0.1. This drop is caused by the formation of a single phase
solid solution fcc A1 microstructure in the first layers with a low
aluminum content. With increasing aluminum content and subse-
quently rising fraction of the bcc B2 phase, the hardness step wise
increases up to approximately 326 HV 0.1.

V. SUMMARY

This work presents how multimaterial L-DED can be used for
an automated fabrication of graded components as well as for an
accelerated rapid alloy development. Furthermore, potentials and
challenges are described and analyzed.

First, the results regarding process automation show how
boundary conditions such as the setup of the powder feeding
system as well as the changes in powder mass rates affect the
process and how they can be characterized. An implantation of the
system characteristics into the CNC code enables an automated
placement of different materials not only in a layer-wise manner
but also within single layers. Hence, this is the basic requirement
for the production of complex three-dimensionally graded compo-
nents. Additionally, the results show that for applying locally
resolved compositions, spatially resolved process parameters are
mandatory to ensure a constant material deposition.

Second, the HEA alloy screening using the
AlXTi3(Co1.5CrFeNi1.5)100-3-X alloy system as an example showed
that by in situ alloying the influence of single elements on the
microstructure and hardness can be investigated efficiently without
the need for manufacturing a large number of samples and without
the necessity to use costly and difficult to obtain pre-alloyed
powders, thus paving the way for a multimaterial approach “the
right material at the right place.” In the as-built state, the synthe-
sized and analyzed HEA compositions exhibit a dual phase micro-
structure consisting of a fine scaled arrangement of fcc A1 and bcc
B2 phases. An increasing aluminum content results in a rising
amount of bcc B2 phase leading to higher hardness. Finally, the
presented L-DED screening approach will be applied for the devel-
opment of further promising high performance materials.
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