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Abstract
Alloy 400 is a corrosion-resistant, NiCu-based material which is used in numerous industrial applications, especially in 
marine environments and the high-temperature chemical industry. As conventional manufacturing limits geometrical com-
plexity, additive manufacturing (AM) of the present alloy system promises great potential. For this purpose, a robust process 
chain, consisting of powder production via gas atomization and a design of experiment (DoE) approach for laser powder 
bed fusion (LPBF), was developed. With a narrow particle size distribution, powders were found to be spherical, flowable, 
consistent in chemical composition, and, hence, generally applicable to the LPBF process. Copper segregations at grain 
boundaries were clearly detected in powders. For printed parts instead, low-intensity micro-segregations at cell walls were 
discovered, being correlated with the iterative thermal stress applied to solidified melt-pool-near grains during layer-by-layer 
manufacturing. For the production of nearly defect-free LPBF structures, DoE suggested a single optimum parameter set 
instead of a broad energy density range. The latter key figure was found to be misleading in terms of part densities, making 
it an outdated tool in modern, software-based process parameter optimization. On the microscale, printed parts showed an 
orientation of melt pools along the build direction with a slight crystallographic [101] texture. Micro-dendritic structures 
were detected on the nanoscale being intersected by a high number of dislocations. Checked against hot-extruded reference 
material, the LPBF variant performed better in terms of strength while lacking in ductility, being attributed to a finer grain 
structure and residual porosity, respectively.

Keywords Alloy 400 · Monel · Gas atomization · Additive manufacturing · Laser powder bed fusion · Design of 
experiments

1 Introduction

Alloy 400 is a NiCu-based alloy, consisting mainly of two-
thirds nickel and one-third copper, respectively. Both, nickel 
and copper, crystallize in a face-centered cubic (fcc) struc-
ture and form a solid solution [1–3]. Thus, Alloy 400, also 
known as Monel 400, consists of one phase only and shows 
isomorphic characteristics [2, 4, 5]. Further alloying ele-
ments with marginal proportions are iron, silicon, manga-
nese, aluminum, and carbon.

The alloy shows excellent corrosion resistance in vari-
ous media, such as acids, bases, and sea water [1, 4, 6–8]. 
It finds its application in steam generator tubes as well as 
in gas- and liquid-carrying pipelines for power plants. In 
the field of shipbuilding and marine technology, impel-
lers, pump shafts, and splash zone claddings on offshore 
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platforms are made of Alloy 400. In pump construction, 
components are facing a combined stress resulting from 
abrasion, erosion, corrosion, and chemical resistance, 
which is why Alloy 400 can be considered indispensable 
within this field [9]. Generally speaking, products being 
manufactured out of Monel alloys are very long-lasting 
due to their long-term resistance to the environment [8]. 
Further benefits of Alloy 400 are its good ductility and 
easy cold formability, which opens up a wide variety of 
engineering systems [10]. It behaves ductile at tempera-
tures below 0 °C, meaning that it does not show brittle 
properties in a cold state [5].

With nickel being the base material, the alloy has great 
potential in high-temperature environments as well [11]. 
Also, due to the high copper content within Alloy 400, heat 
exchangers for combustion engines can be considered a 
further area of application [12]. Most importantly, critical 
component failure due to metal dusting, as present in the 
aggressive environments of power plants, can be addressed 
by NiCu-based alloys. Caused by a combination of tempera-
tures around 450–800 °C, a high carbon activity ac > 1, and 
a low oxygen partial pressure  pO2, coke deposits both at the 
surface and inside the structure, eventually leading to the 
destruction of the entire component [13, 14]. Monel alloys 
can counter this effect as a Cu content of at least 30% cata-
lytically inhibits the sedimentation of C, and thus, no coke 
layer is formed [13, 15].

Monel alloys have already been manufactured via con-
ventional fabrication processes for more than a century [8]. 
But besides tool-bound technologies, additive manufactur-
ing paves the way for products that cannot be manufactured 
in a classical manner and that allow complex undercuts 
as in extremely fine ribbed heat exchangers for instance. 
In contrast to conventional manufacturing processes, AM 
shows good applicability when it comes to low quantity but 
high complexity issues. Considering the physical state of 
the input material, AM technologies can generally be split 
up into the three different categories of powders, liquids, 
and solids, and against the background of metal materials, 
powder-based applications are of main interest [16, 17]. 
According to DIN EN ISO/ASTM 52900, as one of seven 
process categories for additive manufacturing, powder bed 
fusion processes locally introduce thermal energy in order 
to fully melt loose powder particles. Thus, after rapid solid-
ification of the melt, highly dense structures are created. 
Since a wide range of metal alloys show repeatable good 
processability, laser powder bed fusion, also known as selec-
tive laser melting (SLM), can be considered a promising 
technology for AM of Alloy 400 [18]. In this iterative pro-
cess, a layer of powder is applied to a build plate and partly 
melted by a laser beam, resulting in complex structures with 
a higher degree of geometrical freedom than in conventional 
manufacturing.

For LPBF to be a powder bed–based process, suitable 
material has to be provided. Here, the atomization of bulk 
Alloy 400 to fine powder plays an essential part in the pro-
cess route. There are existing several atomization processes 
within the field of metal additive manufacturing such as 
water atomization, electrode induction gas atomization 
(EIGA), the plasma rotating electrode process (PREP), 
plasma atomization (PA), and vacuum inert gas atomiza-
tion (VIGA). Among these processes, VIGA leads to a high 
homogeneity of the melt and the alloying system, respec-
tively. Vacuum and inert gas, such as argon, both prevent 
the melt from forming oxides with the ambient air, leading 
to very low oxygen contents of only a few ppm in the alloy. 
Moreover, an ideal particle size distribution (PSD) for LPBF 
such as high flowabilities and bulk densities of the powder 
can be achieved. Also, VIGA is well known for the process-
ing of nonreactive metal alloys which is why, in summary, 
this atomization process is suited best for the production of 
Alloy 400 powders [19, 20].

During atomization, when it comes to the exact place 
of the inert gas introduction, two different set-ups may be 
applied: free-fall atomization (FFA) or close-coupled atomi-
zation (CCA). The former method gives the melt a chance 
of falling out of the crucible nozzle into the atomization 
chamber. After a defined distance, the gas stream hits the 
melt stream, atomizing the alloy to spherical powder that 
reveals a log-normal PSD [21]. During the latter method, the 
powder is atomized just as it exits the crucible nozzle. The 
gas stream rapidly cools down the melt, resulting in a local 
low-pressure area that further increases the melt volume rate 
(MVR; MVR =  cm3/10 min). High homogeneities and puri-
ties can be reached by application of CCA [21, 22].

When setting up an experiment, there are several meth-
ods that can be applied. A classic approach would be the 
one-factor-at-a-time (OFAT) strategy. This approach, which 
dates back more than a century, is still used frequently in 
modern science although not being the most promising one 
as it is very time-consuming and only varies one param-
eter at a time. In contrast, a design of experiments approach 
has the ability to vary several parameters simultaneously, 
resulting in a more detailed overview of parameter interde-
pendencies in less time. Here, on the basis of multiple input 
variables, a prediction of the system response can be car-
ried out [23]. In general, DoE requires fewer resources, the 
prediction for a single parameter is more accurate, intercon-
nections in between parameters cannot be determined with 
OFAT, and the optimal response of a system is located more 
precisely [24]. There are many DoE techniques that can be 
applied to different optimization cases, but they all require 
a design space as an input, which indicates the spectrum of 
the variability of one parameter. Conclusions from this input 
may explain alterations in the output data [25]. The full fac-
torial method is a widely known one with the big advantage 
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that it can clearly differentiate between single parameters, 
and therefore, clear conclusions of the respective effect of a 
parameter on the whole system can be drawn [25–27].

Developing usable material for AM in general and for 
LPBF in particular comes with some difficulties; the desired 
state and shape of the feedstock material have to be produc-
ible, key properties such as sufficient flowability and bulk 
density need to be ensured, and the chemical composition 
must be consistent and free of any impurities [28]. Moreover, 
defect formation of powders, e.g., in terms of satellite forma-
tion or lack of sphericity, has to be avoided as it negatively 
affects absorptivity and recoatability during printing [29]. 
Hence, finding a consistent procedure in powder and mate-
rial development for any alloy to be used for LPBF is essen-
tial for the adaptation of the technology. Although numerous 
processes for gas atomization and laser powder bed fusion of 
metals are already known, there is no holistic approach for 
Alloy 400 at this point. The complexity of the atomization of 
high-melting alloys and the challenges associated with LPBF 
processing of conductive materials are the main reasons for 
this. Hence, this study aims to establish such an AM process 
routine to serve as a standard reference for the present alloy 
system. This includes material supply via gas atomization, 
parameter definition according to a design of experiments, 
and LPBF production of components. Throughout the whole 
process, powders and parts were analyzed on their micro-
scale, including grain structure and chemical composition. 
Mechanical properties in terms of indentation hardness and 
tensile strength were quantified. Not least due to its wide 
applicability in industrial applications, there is an exigent 
need to qualify this alloy for the LPBF process. By putting 
a special focus on reproducibility and unambiguous com-
parability to hot-extruded reference material (provided by 
Cunova GmbH), this demand is intended to be satisfied. In 
order to reach this goal, an emphasis was put on the follow-
ing novelties:

– Development of a well-adjusted atomization routine, 
including extensive powder investigations for Alloy 400

– Elaboration of a DoE approach tailored to the Alloy 400 
LPBF process, reaching for the highest densities possible

– First-time identification of material characteristics of the 
additively manufactured Alloy 400 and comparison to 
conventional fabrication

2  Experimental procedure

2.1  Gas atomization

For the production of metal powder prior to the AM process, 
an Indutherm Blue Power AU3000 gas atomizer was uti-
lized. Due to its high atomization temperature of ~ 1600 °C 

(liquidus temperature: ~ 1350 °C), Alloy 400 can only be 
atomized using a high-temperature (HT) equipment setup; 
the bulk material got loaded into a ceramic crucible which 
itself was applied to a graphite susceptor as displayed in 
Fig. 1. The heating was done via induction, and a close-
coupled atomization setup was used with argon as inert gas. 
The CCA setup causes the formation of a low-pressure area 
beneath the nozzle and in combination with the low vis-
cosity of the melt, achieved by considerable overheating, 
and high gas stream velocity; this leads to the formation 
of relatively fine particles [30]. During atomization, the Ar 
pressure was set to ~ 8 bar, and the gas flow was ~ 215  m3/h. 
In literature, the hereby resulting cooling rates vary from 
 102 to  108 K/s [30, 31]. For a powder fraction from 20 to 
63 µm, which matches approximately the desired range in 
this work, more precise cooling rates of  103 to  104 K/s are 
stated [32, 33]. In order not to freeze the nozzle with Ar 
gas and to ensure a sufficient discharge of the liquid, the 
gas stream was activated with a delay of 1.5 s post to the 
release of the melt. To further homogenize the material, the 
liquid Alloy 400 was held at its atomization temperature for 
15 min before releasing the melt into the atomization tower. 
Moreover, low viscosity and, thus, more effective mixing of 
the melt were ensured by overheating the system by ~ 250 °C 
above its liquidus temperature. This way, 10 kg of bulk mate-
rial was atomized to powder during approx. 2 min.

Considering LPBF fabrication capability, the powder 
being too coarse was sieved out, and particles being too fine 
were air-separated from the final fraction of 15–63 µm by 
using an automated sieve (EOS/Russell) and an AC1000 air 

Fig. 1  High-temperature close-coupled atomization setup according 
to [34]
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classifier (Indutherm Blue Power), respectively. The final 
powder was analyzed by a Zeiss Auriga scanning electron 
microscope (SEM) in terms of particle size, microstructure, 
and porosity. By application of a focused ion beam (FIB), 
cross-sections of particles were analyzed for their grain 
structure, utilizing  Ga+ as the respective liquid metal ion 
source. Moreover, the existing elements were classified in 
greater detail via the application of energy-dispersive X-ray 
spectroscopy (EDS), using Aztec software (Oxford Instru-
ments) for evaluation. The chemical composition of the pow-
der used for LPBF was double-checked by wet chemical 
analysis (WCA, Agilent 5800 ICP-OES) and compared to 
the initial composition of the bulk material. Hall flow testing 
was performed in order to verify the flowability (DIN EN 
ISO 4490) and bulk density (DIN EN ISO 3923–1) of the 
powder. The measurements were extended by powder rhe-
ology investigations using a FT4 universal powder rheom-
eter (Freeman Technology) according to ASTM D 7981 at 
the Research Institutes of Sweden (RISE). These shear cell 
investigations consisted of flow function, cohesion, Hausner 
ratio, and surface area. To quantify the particle size distribu-
tion with dynamic image analysis (ISO 13322–2), a Cam-
sizer X2 (Retsch) was used.

2.2  Laser powder bed fusion

Throughout the whole laser powder bed fusion fabrication 
and optimization process, an EOS AMCM M290 custom-
ized machine was used. Special features of this machine are 
a heatable build plate (up to 500 °C), a reduced build space 
(diameter 100 mm, height 100 mm) for small batch inves-
tigations, and a green laser source (wavelength 532 nm). A 
brush was used as a recoater, and the build chamber was 
pressured with Ar inert gas. One layer had a thickness 
of 20 µm, the build plate was pre-heated at 80 °C, and a 
rotating scanning strategy of 67° was applied. Moreover, 
the travel of the laser was always directed against the inert 
gas stream. This way, ejections from the melt pool onto the 
unmolten powder bed, due to acceleration caused by the 
gas flow, were prevented. As a test geometry, cubes with an 
edge length of 8 × 8 × 8  mm3 (1.5 mm of support beneath) 
were examined. In total, 24 cubes were fabricated within one 
build job. Support structures beneath the cubes allowed heat 
transferability from the part to the build plate and vice versa, 
as well as easy removal from the build plate by either band 
sawing or wire electrical discharge machining. The build 
plate was made of 1.0050 (E295) plain carbon steel and had 
a round shape with a diameter of 100 mm.

The resulting relative densities were obtained via buoy-
ancy according to Archimedes and optically via light optical 
microscopy (LOM), respectively, as per VDI 3405–2. As 
stated in this standard, the first method leads to a quite accu-
rate overview of the overall density of a part, while optical 

investigations provide more meaningful insights into the 
arrangement and form of pores in one specific layer. For 
this reason, densities measured according to both procedures 
were considered: buoyancy for a fast, approximate value and 
optical microscopy evaluations for the more accurate final 
value. Five areas of a single layer of DoE cubes were con-
sidered for the calculation of the average relative density 
within one specimen. Images of cross-sections parallel and 
perpendicular to the build plane were taken and compared. 
They showed no significant difference in terms of density 
in between each other, and thus, parallel preparation was 
chosen for the evaluation of optical density due to faster 
preparation. LOM images were taken by a digital micro-
scope (Keyence), and the ImageJ software was used for the 
determination of density. Also, specimens were etched with 
ferric chloride in order to make visible the melt pool propa-
gation in the build direction under the LOM.

For examinations via SEM, cubes were cut in half per-
pendicular to the build plane by a linear precision saw 
IsoMet 4000 (Buehler) and fixed in a conductive-filled 
phenolic mounting compound, using a warm embedding 
device SimpliMet 1000 (Buehler). Afterwards, parts were 
ground (down to 2500 grit SiC paper) and polished (down 
to 0.02 µm colloidal silica suspension) by an EcoMet 300 
(Buehler). Chemical analysis was carried out by wet chemi-
cal analysis and double-checked by application of EDS. The 
grain structure was investigated by electron backscattered 
diffraction (EBSD). For more in-depth characterization of 
the nanoscale, a transmission electron microscope (TEM) 
JEOL JEM-2100F working at 200 kV was used. It was oper-
ated at the Institute of Physics of Materials, Brno, and it is 
equipped with a bright-field detector allowing observation 
in scanning mode (STEM) as well as an Oxford XMAX80 
EDS detector for analysis of the local chemical composition.

2.3  Material properties

In order to obtain the mechanical properties of the LPBF-
fabricated alloy, tensile tests according to VDI 3405–2 
were performed. A universal electromechanical Zwick 
Z050 tensile testing machine was used with a strain rate of 
8.0 ×  10−3/s. The elongation was detected via sensor arm 
extensometers. Cylinders for tensile testing had a diameter of 
10 mm and were reworked by machining, resulting in type B 
specimens as per DIN 50125 (diameter 6 mm, gauge length 
30 mm). As recommended in the standard, blanks were built 
in three different orientations:

– In a polar angle Θ of 90° to the build direction (horizon-
tal orientation in build space)

– In a polar angle Θ of 45° to the build direction (diagonal 
orientation in build space)
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– In a polar angle Θ of 0° to the build direction (vertical 
orientation in build space)

All blanks revealed an azimuth angle φ of 45° to the 
coater brush. This angle was chosen in order to ensure 
proper coverage of the melt pool with every new layer of 
powder. For hardness measurements, 8 × 8 × 8  mm3 cubes 
were manufactured and ground on the test surfaces (parallel 
as well as perpendicular to the building plane). Hardness 
was then obtained according to Vickers as per DIN EN ISO 
6507–1.

Tensile tests were also carried out at elevated tempera-
tures at the Institute of Physics of Materials, Brno, in order 
to further investigate the behavior of the alloy in possible 
high-temperature fields of application. For this purpose, 
small cylindrical specimens (3 mm in diameter, 9 mm in 
gauge length) were used. The specimens were fabricated 
from a material block prepared by additive manufactur-
ing; the specimen axis was perpendicular to the building 
direction (Θ = 90°). A universal electromechanical Zwick 
Z050 system was used in the regime of constant traverse 
speed (1 mm/min, which corresponds to a strain rate of 
1.6 ×  10−3/s). The ductility was measured by a clip-on 
extensometer with ceramic rods (MayTec), touching the 
specimen. The furnace was equipped with 3 thermocouples 
for controlling the temperature stability and keeping a low 
thermal gradient. Tests were performed in laboratory air.

2.4  Design of experiments

To be able to find a LPBF parameter set that exceeds high 
densities of 99.5%, a DoE approach using Minitab software 
was carried out and applied to the optical density data taken 
from cross-sections of specimens. As parameters, laser 
power pL in (W), scanning speed sS in (mm/s), and hatch 
distance dH in (µm) were investigated. They all affect the 
final density of the part in a significant way, and their inter-
dependency can be described by a cube, consisting of a dark 
blue center point, orange corner points, and light blue star 
points (Fig. 2). The center point describes the input data, 
taken from previous studies and/or iterations. With the help 
of corner points, a space is built up around the center point 
which is likely to contain a better response in terms of den-
sity. Several combinations of input variables fluctuate in a 
positive and negative manner around the starting values of 
the center point. Ultimately, star points are reaching out of 
the cube, representing extreme values of one parameter only, 
while the other two stay at their center point levels. Single-
parameter influences can be derived from this.

Three DoE iterations were carried out to narrow down 
further the parameter ranges needed to reach the goal of 
high density. However, before processing the first DoE 
iteration, the program needed initial information about the 

input–output interdependence. Therefore, the very first print 
job was carried out without the use of software but based on 
parameter sets that showed good processability for different 
yet comparable alloys, such as Alloy K500. By finding the 
correlations between parameter combinations and result-
ing densities, the computational simulation was filled with 
data. As a result, new parameter settings were calculated 
and interpreted, leading to higher densities throughout the 
first DoE iteration. The maximum attainable density rose 
from one iteration to another, but ultimately, the optimiza-
tion would stagnate, revealing no significant improvement 
of a new parameter set when compared to the previous one. 
This indicated the end of the procedure.

3  Results

3.1  Powder production and characterization

The chemical composition was determined for gas-atomized 
powders, LPBF-fabricated parts, and hot-extruded reference 
samples by wet chemical analysis and EDS, respectively. 
Results and face values according to DIN 17743 (material 
no. 2.4360, NiCu30Fe) are given in Table 1. For carbon 
being a light element with a very low proportion in the pre-
sent alloy, measurements were excluded due to unreliable 
detectability.

With respect to the chemical requirements of Alloy 400, 
no significant deviations were detected for LPBF-fabricated 
parts throughout the whole process. Moreover, when com-
paring powders and LPBF specimens, only small varia-
tions were measured. Due to this analytical evidence, the 

Fig. 2  Laser power, scanning speed, and hatch distance within the 
design space
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processing of gas-atomized powder was considered to fulfill 
the specification. Analyses on reference samples were to a 
great extent in line with the standard as well.

Further SEM investigations of the powder were car-
ried out with a secondary electrons secondary ions (SESI) 
detector, and results are displayed in Fig. 3a. Gas-atomized 
Alloy 400 reveals mostly spherical particles with only spo-
radic occurrence of satellites or coarse agglomerates, which 
would negatively influence powder processing properties, in 
particular its flowability [35, 36]. The images clearly indi-
cate the rapid cooling of the particles during atomization, 
resulting in very fine, dendritic grain growth and grain sizes 
of approx. 1 to 9 µm (mean 5.2 ± 3.2 µm). Small powder 
particles tend to evolve small grains of a few micrometers 
only, and larger particles show coarser grains of up to 15 µm. 
Figure 3b shows a single powder particle that was cut with a 
focused Gallium ion beam. Having a more detailed look at 
single grains and grain boundaries with the in-lens detector, 
no precipitates of the associated elements were detected, 
being in line with the assumption of this alloy being a solid 
solution [1]. Nevertheless, having a closer look at EDS data, 

a special property of Alloy 400 was detected; the concentra-
tion of copper is higher at the grain boundaries than within 
the grains and vice versa, and the concentration of nickel is 
lower at the grain boundaries than within the grains. These 
local differences in concentration were classified as segre-
gations, which are typical for NiCu-based alloys [37–39]. 
Segregations concerning the remaining five elements were 
not detected. Furthermore, no gas porosity or impurity was 
detected within the particles. Such defect-free particles with 
fine grains are considered favorable for production as stated 
in [31, 40]. In general, the chemical distribution of elements 
can be described as homogeneous, both on the surface of and 
inside the particles, respectively.

On average, the volumetric sphericity measured by 
dynamic image analysis reached a normalized value of 
 spht3 = 0.766 (1.000 being perfectly spherical). Even though 
most particles appear spherical in SEM, a lower  spht3 was 
attributed to the few attached satellites, as documented in 
[41]. Volumetric symmetry  (symm3 = 0.916) and volumetric 
aspect ratio of width to length (w/l3 = 0.821) correspond to 
this observation. This indicates that the powder is probably 

Table 1  Intervention limits 
of Alloy 400 and measured 
compositions according to 
application of wet chemical 
analysis and energy-dispersive 
X-ray spectroscopy in different 
states (in wt. %)

Chem. element Ni Cu Fe Si Mn Al

Nominal composition  ≥ 63.0 28.0–34.0 1.0–2.5  ≤ 0.5  ≤ 2.0  ≤ 0.5
Reference (WCA) 62.5 31.4 2.2 0.2 1.3 0.1
Reference (EDS) 62.3 29.7 2.0 0.3 1.1 0.2
Powder (WCA) 63.2 31.6 1.9 0.2 1.0 0.2
Powder (EDS) 63.2 28.6 2.1 0.3 1.1 0.3
LPBF (WCA) 64.1 31.0 2.4 0.2 1.3 0.2
LPBF (EDS) 63.4 30.1 2.1 0.4 1.1 0.3

Fig. 3  a SEM micrograph of gas-atomized powder (overview and detail); b a FIB cross-section of a single particle, illustrating grain growth and, 
via application of EDS, Cu segregations at grain boundaries
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processable as key values close to 1.000 are linked to a high 
flowability of the powder and great energy absorption of the 
laser into the particles [42, 43]. Powder being too coarse 
was sieved out by a sieve with a mesh size of 63 µm. The 
remaining fraction was then air-separated in order to remove 
particles being finer than 15 µm. This way and as displayed 
in Fig. 4, the particle size distribution could be narrowed 
down to a  Q3 (10%) of 28.9 µm and a  Q3 (90%) of 61.5 µm; 
the  Q3 (50%) was 42.3 µm and in line with the qualitative 
findings via SEM. The bulk density of the final powder 
fraction was ρb = 4.38 g/cm3, indicating a relative density of 
ρrel =  ~ 50% when compared to the nominal density of Alloy 
400 (ρn = 8.80 g/cm3) [7]. With a Hall flowability of 15.22 s 
per 50 g powder, the particles showed a good mass flow; rat-
holing phenomena were not observed, and the standard fun-
nel did not have to be knocked at in order to initiate the flow. 
A good flowability was attributed to the high sphericity of 
the particles [44]. Shear cell investigations were performed 
after conditioning the powder with a pressure of 9 kPa. By 
twisting one layer of powder relative to another one, a flow 
function FF = σM/σC was calculated with σM being the major 
principal stress and σC the unconfined yield strength. A nor-
malized flow function value of approx. 15 was detected, with 
values above 10 being considered as flowing well according 
to the specifications of the device manufacturer (Freeman 
Technology, 2023). This is underlined by the low degree of 
cohesion of ~ 0.25 kPa of the powder when being sheared. 
Moreover, the Hausner ratio as an indicator for the attrition 
in between particles was 1.09 for the present Alloy 400, 
which is desired in terms of processability [45–47]. On aver-
age, the surface area of the coarse powder measured 0.034 
 m2/g.

The above results led to the conclusion that the powder 
should behave as expected during LPBF, which meant that 

it could be applied properly to the powder bed and that pro-
cessability was generally ensured.

3.2  Laser powder bed fusion and design 
of experiments

3.2.1  Parameter optimization

Throughout the LPBF process parameter optimization, the 
parameters were varied as follows:

– Laser power pL: 60–120 W.
– Scanning speed sS: 250–1350 mm/s.
– Hatch distance dH: 30–120 µm.

Considering a single DoE iteration, the simulation needed 
to be interpreted against the background of input–output cor-
relations, exemplary as displayed in Fig. 5. This figure can 
be considered as a two-dimensional cut through the cube 
presented in Fig. 2. The parameter setting revealed a con-
stant value for the hatching distance (80 µm) and variations 
in the other two: scanning speed (600–1300 mm/s) and laser 
power (60–110 W), respectively. On the basis of density 
measurements and allocation to the set parameters (black 
dots), calculations were performed that predicted the occur-
rence of different, pre-defined density ranges (shades of 
green). In this particular case, no densities above 99.5% were 
predicted for a constant hatch distance of 80 µm, regardless 
of how much the other two parameters were adjusted. A 
hatching of 80 µm is therefore generally considered unsuit-
able in order to reach high densities. Hence, the investigated 
process window did not show sufficient measuring points 
at this stage and needed to be investigated for other hatch 
distances.

Fig. 4  Particle size distribution of the final powder fraction used for 
LPBF printing

Fig. 5  DoE contour diagram for varying laser powers and scanning 
speeds at a constant hatching distance of 80  µm, expected density 
ranges in shades of green
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With density being the output variable of the regression 
equation, a Pareto diagram of standardized effects as in 
Fig. 6 was drawn from the parameters. For A being the laser 
power, B being the scanning speed, and C being the hatch 
distance, the diagram clearly indicates statistical signifi-
cance for A and B as they cross the reference line of 2.228 
in whatever combination (A, B, AA, AB, BB). The refer-
ence value varies from one iteration to another as it results 
from the respective regression equation of one iteration. The 
value is affected by the linear term, the quadratic term, the 
two-factor interaction, and the error term. The linear term 
illustrates the effect of a single parameter only, while the 
quadratic term acts as a balancing calculation (a more accu-
rate replica of the answer term). For variable C, hatching, 
no statistically significant term was found with respect to the 
parameter combinations displayed in Fig. 5. This underlines 
the need for further testing and evaluation of the influence 
of the hatch distance. The factors are statistically significant 
at the α = 0.05 level, which meant that the probability of the 
displayed results being not due to the investigated relation-
ships is below 5%.

According to [48, 49], the nominal energy introduced into 
the part (neglecting reflection) can be described by

with eV being the volume energy density in (J/mm3) and 
tL the thickness of a layer in (µm) with a constant value of 
20 µm. In total, 72 parameter combinations were examined 
during three DoE iterations. Figure 7 gives an overview 
of the absolute positioning in the design space consisting 
of laser power, scanning speed, and hatch distance as well 

eV = pL∕(sS ∗ dH ∗ tL)

as relative positioning in between various parameter sets. 
While Fig 7a indicates the resulting volume energy density, 
Fig 7b shows the resulting optical relative density (ORD). 
Parameters leading to similar volume energy densities are 
colored equally with an eV of 210 J/mm3 being the maximum 
tested one. It can clearly be observed that border areas like 
0 to 55 J/mm3 and 85 to 210 J/mm3 are distributed widely 
throughout the design space, while an energy density of 60 
to 80 J/mm3 leads to a rather marginal distribution around 
the common core of the examined parameter sets. There are 
only two parameter combinations belonging to the category 
of 80 to 85 J/mm3, indicated by two green stars. The lower 
left star represents an eV of 80.95 J/mm3, originating from 
pL = 85 W, sS = 1050 mm/s, and dH = 50 µm. For the upper 
right star, pL = 100 W, sS = 600 mm/s, and dH = 100 µm were 
the parameters, resulting in an eV of 83.33 J/mm3. Both stars 
are highlighted concerning their ORD as well, once as a blue 
star with an ORD of 99.94% and once as a red star with an 
ORD of 97.26%.

Fig. 6  Pareto diagram of standardized effects revealing the statistical 
significance of the parameters laser power (A), scanning speed (B), 
hatch distance (C), and their combinations

Fig. 7  a Parameter combinations within the design space, color-
coded according to their resulting volume energy density in (J/mm3); 
b same parameter combinations but in turn, color-coded according to 
their resulting optical relative density in (%)
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3.2.2  Optical density

Representing the above-mentioned “red star,” Fig. 8 shows 
a cross-section perpendicular to the build direction. Since 
the parameters were not coordinated with each other, high 
porosity occurred, leading to multiple defect formation. 
According to [50, 51], present defects were described as 
a profound lack of fusion and unmolten powder particles, 
both originating from low energy density, and fine keyhole 
formation, originating from high energy density.

For Fig. 9 instead, representing the “blue star,” very little 
pore formation occurred during LPBF. The existing pores 
were considered keyholes, resulting from fine shielding 
gas inclusions during re-solidification of the material and 
vaporization of the melt [50–52]. Comparing both the “red 

star” and the “blue star,” it was observed that highly similar 
volume energy densities led to highly different optical rela-
tive densities.

3.3  Part characterization

3.3.1  Microstructural analysis

Following the parameter optimization process, samples with 
the highest achievable densities were selected to be investi-
gated for their microstructure, and comparisons to conven-
tional materials were drawn. Having a look at the polished 
xy-plane of the LPBF specimen (view from the top, per-
pendicularly to the build direction) by operation of a back-
scattered electron detector (BSD), as displayed in Fig 10a, 
small cellular grains with a maximum length of 50 µm were 
detected, while most of the grains were even finer (~ 16.5 µm 
on average). This particular layer revealed an orientation of 
the laser travel paths (yellow lines) of ~ 35° tilted against 
the nominal of the plane. Nevertheless, as a rotating scan-
ning strategy was applied to other layers, different rotation 
angles have been found. The orientation within one single 
xy-layer varies along the z-axis throughout the whole part. 
When investigating the parts in parallel to the build direction 
(Fig 10b), fan-shell-shaped melt pools directed along the 
z-axis became observable, resulting from the iterative (re-)
melting and solidification during LPBF in between layers, 
as described in [53]. An orientation along the build direction 
is a common phenomenon of LPBF-built parts that can be 
explained by the extreme temperature gradients occurring 
during fabrication and the resulting directed solidification 
[54, 55]. Moreover, the width of the laser beam focus of 
approx. 50 µm was detected (yellow lines). The shell shape 
of single melt pools and the solidification orientated in the 
build direction were confirmed by an EBSD mapping (Fig 
10c). It also revealed a slight crystallographic < 101 > texture 
of the fcc unit cell parallel to the build direction. The cor-
responding inverse pole figure for the build direction (IPF 
Z) underlines this finding as the [101]-orientation is high-
lighted in red with a standardized maximum of 1.77. IPF 
Z was retrieved in the associated < 100 > pole figure (PF), 
highlighting the respective [101] texture uniformly around 
the [100] center at approximately 45°. In contrast to this, 
the texture of grains perpendicular to the build direction is 
randomly and evenly distributed; a clearly preferred orienta-
tion for IPF Z was not observed in the IPF X (Fig 10d) and 
IPF Y (Fig 10e) mappings.

In comparison, the grain structure of the hot-extruded, 
recrystallized material was substantially coarser and reached 
grain sizes of up to 200 µm (Fig. 11). No directed solidifica-
tion could be observed, and grains appeared in an equiaxed 
state. Hence, by a factor of approximately 10, LPBF-fabri-
cated parts revealed a much finer grain structure.

Fig. 8  Non-adjusted parameter set “red star,” leading to pronounced 
pore formation

Fig. 9  DoE-adjusted parameter set “blue star,” revealing a significant 
increase in part density



3442 The International Journal of Advanced Manufacturing Technology (2024) 134:3433–3452

Micro-dendritic structures as well as high disloca-
tion densities are a common, well-studied phenomenon 
of LPBF-produced parts in as-built conditions, resulting 
from the high cooling-melting ratio [56–62]. Accordingly, 
these internal structures were also detected in this work as 
shown in Fig. 12. Micro-dendritic cell structures, revealing 

a cell size of approx. 250–500 nm, accumulate in between 
grain and sub-grain boundaries and are intersected by a 
wide variety of dislocations. The dislocations, which to 
some extent compensate for the immense internal stresses 
due to rapid temperature changes during production, are 

Fig. 10   a BSD of LPBF-printed specimen perpendicular to the build direction; b BSD parallel to the build direction; c Z EBSD mapping, IPF 
Z, PF for the build direction, color intensity bar and color code triangle; d X EBSD mapping and IPF X; e Y EBSD mapping and IPF Y
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mainly focused on the cell walls and to a lesser extent are 
also present inside these cells.

3.3.2  Mechanical properties

In order to quantify the mechanical properties of additively 
manufactured Alloy 400, tensile tests at room temperature 
were carried out on specimens that had been printed in dif-
ferent polar angles according to the DoE-optimized param-
eter set: perpendicular (90°), diagonal (45°), and parallel 

(0°) to the build direction. Tensile test specimens revealed 
an ORD of 99.56% on average. As displayed in Fig 13a, for 
parts that were printed in horizontal orientation, ultimate 
tensile strength Rm and yield strength Rp 0.2 showed maxi-
mum values of 615 MPa and 556 MPa, respectively. Tensile 
specimens with a polar angle of 0° showed minimum values 
instead (Rm = 592 MPa and Rp 0.2 = 519 MPa, respectively). 
Therefore, tensile strength and yield strength decreased 
when the specimen axis approached the build direction 
(upright specimens). Young’s modulus E revealed a clear 
maximum of 159 GPa for 45° built geometries and lower 
values for the other two orientations (90°, 133 GPa; 0°, 135 
GPa). In Fig 13b, elongation at break A5, uniform elongation 
Ag, and fracture necking Z are displayed. Ag showed a certain 
tendency, the smaller the polar angle, the stronger the elon-
gation (90°, 3.0%; 45°, 3.6%; 0°, 3.7%). Also, A5 = 11.7% 
and Z = 28.9% had their minima at 90°, respectively, leading 
to the observation that the ductility of the alloy increased 
with parts being printed more upright/vertically in the build 
space. These findings are in line with the above-described 
decline of Rm and Rp 0.2 from 90 to 0° oriented parts; the 
smaller the polar angle (speaking the more upright the part 
is orientated in the build space), the lower the strength and 
the higher the ductility within the part. 

Further tensile testing on specimens fabricated perpen-
dicularly to the build direction was carried out at elevated 
temperatures, and a comparison to conventionally fabricated 

Fig. 11  Recrystallized reference material revealing a coarse, equiaxed 
grain structure, detected by SESI

Fig. 12  Bright-field STEM micrographs revealing grain and sub-grain boundaries and internal micro-dendritic structures with high dislocation 
density in wall segments and dislocation-free center
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Alloy 400 was drawn. The resulting tensile curves are shown 
in Fig 14a. LPBF parts were tested at room temperature, 
400 °C, 550 °C, 650 °C, and 750 °C (red lines). For the hot-
extruded, bulk parts, room temperature, 530 °C, and 936 °C 
were applied (blue lines). Fig 14b shows the dependence of 

the yield strength on the testing temperature. The tensile 
strength and yield strength of the LPBF part were similar 
or higher in comparison to the bulk variant. However, the 
elongation at fracture of the LPBF variant was substantially 
lower with a tendency to decrease with rising temperature. 

Concerning hardness, cubes were evaluated in parallel 
and perpendicular to the build direction; no difference was 
observed here. Moreover, results for micro- and macro-hard-
ness were identical. On average, the samples showed a hard-
ness according to Vickers of 194 HV1 and HV10, respec-
tively. For conventionally fabricated material (annealed 
condition), a hardness of ~ 107–147 HV1 was stated, while 
hot-rolled and hot-finished parts may reach similar hardness 
values as the LPBF variant [1, 7]. Hot-extruded material, 
as used throughout this study, shows an HBW 2.5/62.5 of 
115–121. Higher hardness in the LPBF variant was traced 
back to the finer grain structure, as discussed in [2].

4  Discussion

4.1  Powder suitability for LPBF

The atomization process window was considered suitable 
in terms of an effective operation of the low-pressure area, 
leading to the desired rapid undercooling of the melt. Fine 
powders resulted, porosities and impurities were not detected 
which would be detrimental for the LPBF process [63, 64]. 
It was possible to create spherical particles showing only 
a small number of satellites, resulting in high flowabilities 

Fig. 13  a Stress and Young’s modulus for LPBF Alloy 400, printed in 
different orientations; b strain and necking

Fig. 14  a Stress–strain-diagram for bulk (blue curves) and LPBF (red curves) Alloy 400 at various temperatures; b yield strength as a function 
of applied temperature
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and bulk densities needed for successful AM [64, 65]. As 
a consequence, this eventually leads to higher build quality 
during LPBF [63–65]. The resulting fractal nature of the 
powder bed in the LPBF process was introduced by Estrada-
Díaz et al., i.e., as per the fractal dimensions and lacunarity, 
accurately correlating both homogeneity and morphology 
with a sustainable, low-defect LPBF process [66, 67]. No 
precipitates were found within the particles, which is in line 
with the assumption of this alloy being a one-phase solid 
solution [1–3]. Besides, Cu segregations were expected and 
also detected on grain boundaries [37–39]. A consistent 
chemical composition was found in both, powders and parts, 
and thus, the generated powder was generally considered 
appropriate for LPBF.

4.2  Melt pool geometry and resulting 
microstructure

NiCu-based Alloy 400 is a fcc alloy, and thus, it is expected 
that the preferred dendrite growth direction is along the 
[001] crystal direction [68–71]. In the case of LPBF, the 
thermal gradients are pointed normally to the melt pool 
boundary, and thus, grains with [001] directions parallel 
to the thermal gradients will preferentially grow from the 
melt pool boundary. Attributed to the Gaussian profile of 
the laser source, the core of the melt pool eventually exhibits 
higher temperatures than the border areas [68, 71–73]. As 
frequently observed in other works like [55, 71, 74, 75], due 
to the geometry of the melt pool, boundary-near grains grow 
transversely to the direction of the introduced laser power 
and build direction, respectively. In turn, nucleation near the 
melt pool core experiences undirected undercooling, leading 
to the formation of more equiaxed grains. Figure 15 shows 
the ideal melt pool that would result under these circum-
stances, consisting of dendrites near the melt pool boundary 
and of cross-sections of elongated grains resulting from the 
laser beam travel (here, out of the figure plane). The result-
ing growth mechanism gives reason for the [101] orientation 
with respect to the build direction that has been found for the 
present alloy and manufacturing routine, respectively; den-
drites do not only grow along the build direction but deviate 
into the build plane as well. This type of process-induced 
deflection of grain growth toward < 011 > orientations was 
also found for a Ni-based IN718 by Pant et al. and for a NiTi-
based alloy by Safaei et al. [71, 76].

Nevertheless, the texture was described as marginal 
only (Fig 10). This was found to be due to a wide variety of 
geometries, sizes, and growth directions of the grains, result-
ing in a very heterogeneous microstructure. In other words, 
the above-described ideal melt pool was hardly detected 
within the present LPBF manufactured parts as illustrated 
in Fig. 16. Melt pool boundaries could be tracked down 
partially only, and equiaxed and columnar grains appeared 

randomly distributed over the cross-section. This can be 
related to the rotating scanning strategy; as stated by Ser-
rano-Munoz et al., a rotation of 67° in between layers allows 
for the formation of both elongated grains along build direc-
tion and epitaxial growth [77]. According to Qin et al., this 
type of rotation lowers the overall texture [55].

Etched with ferric chloride, the melt pool propagation 
in the build direction (z-axis) was revealed in greater detail 
(Fig. 17). The pre-described fan-shell shape became even 
more observable, resulting from an overlapping of melt 
pools from one layer to another. The ratio of melt pool depth 
and layer height shows an effect here; with a width of 50 µm, 
approximately 80 µm was found to be the maximum melt 
pool depth, while the applied layer height measured 20 µm 
only. Hence, a melt pool of a considered level reached four 
layers deep into the part, meaning that the original melt 
pool geometry of one respective layer was dissolved by the 

Fig. 15  Schematic of an ideal melt pool, denoting different types of 
directed grain nucleation

Fig. 16  SEM closeup of the melt pool intersections in between sev-
eral layers
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impacts of further melt pools from overlying layers. This, in 
turn, results in a quadruple (re-)melting and solidification 
of the material with the heat-affected zone (HAZ) reach-
ing even deeper. The HAZ may further significantly alter 
the microstructure [78, 79]. These findings serve as another 
explanation for the above-found very different grain struc-
tures and nucleation mechanisms. Apart from that, a few 
remaining pores were observed on the etched samples, being 
classified as keyholes.

Copper segregations on grain boundaries were clearly 
visible for the as-atomized powders (Fig 3). In contrast, 
using TEM for as-built LPBF parts, chemical micro-Cu-seg-
regations became visible on the nanoscale, revealing a very 
low intensity at cell walls (Fig. 18). According to Bertsch 
et al., the occurrence of these micro-segregations can, in 
some cases, be correlated with the previously mentioned 
dislocations as these can act as traps for some elements 
[80]. Sabzi et al. showed that high cell-wall-near disloca-
tion densities significantly enhance the strength perfor-
mance of the respective alloy, while Kong et al. stated that 

high dislocation densities go along with nanosized cellular 
structures which, in turn, enable superior performance in 
comparison to conventional manufacturing [59, 60]. These 
nanocell structures, revealing high dislocation occurrence, 
have been found for the present LPBF Alloy 400 as well as 
previously displayed in Fig. 12.

Compared to the one-time rapid undercooling of the melt 
during powder atomization, the thermal impact on LPBF 
parts is more complex and caused by an entire sequence 
of iterative laser melting and subsequent very high cooling 
rates [68, 81]. As illustrated above (Fig. 18), the respec-
tive part layers experience several iterations of melting and 
solidifying before being additionally exposed to the HAZ 
during the fabrication of further layers. Also, non-molten 
powders aside may keep the heat locally concentrated near 
the melt pool [82]. Hence, an in situ, process-related heat 
treatment during manufacturing caused by the succession of 
several layers can be noted, inevitably benefitting diffusion 
processes based on a temperature gradient. From one layer 
to another, this eventually results in a decrease of locally 

Fig. 17  Light optical image 
of an etched slice parallel to 
the build direction, illustrating 
overlapping melt pools

Fig. 18  Bright-field STEM micrograph and micro-segregation of Cu and Ni on the nanoscale as detected by EDS analysis in STEM
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different chemical concentrations, and ultimately, inho-
mogeneities almost dissolve completely into the preferred 
homogeneous solid solution. This serves as a further expla-
nation for the copper segregations being only detectable on 
the nanoscale via TEM within LPBF parts compared to the 
strongly pronounced segregations in powders.

4.3  Building strategy and consequential material 
properties

Even though chemical imbalances are eliminated within 
the parts, structural irregularities do remain. Not only that 
no significant texture was found for the xy-plane but solely 
along the build direction, but there are also differences in 
mechanical properties concerning the orientations of fabri-
cated specimens. As observed, the ultimate tensile strength 
and yield strength of tensile test specimens decrease with a 
falling polar angle from 90 to 0° to the build direction (Fig 
13a). In other words, the more upright the cylinders were 
manufactured during LPBF, the less strength they showed. 
Keeping in mind the directed grain growth along the build 
direction, this leads to the assumption that the lateral over-
lap of melt pools (horizontally in the build space, primarily 
present in 90° oriented samples) results in a higher strength 
performance than the overlap of melt pools on top of each 
other (vertically in the build space, primarily present in 
0° oriented samples). Here, the 45° oriented samples are 
equivalent to a combination of both, vertical and horizontal 
overlap, resulting in mechanical properties between them. 
The samples that were tested perpendicular to the build 
direction showed the lowest levels of elongation (Fig 13b). 
Accordingly, higher ductility in the build direction was 
found by Wilson-Heid et al. for a Ti-6Al-4 V alloy, being 
correlated to the columnar grain growth along the z-axis 
and a consequent damage accumulation in the horizontal 
direction [83]. Also, Yu et al. found a higher ductility for 
upright-oriented Hastelloy X samples, mainly attributed to 
a considerable extent of texture and grain rotation in this 
direction [84]. These results are consistent with those shown 
here that the strength is inversely correlated with ductility. 
This is further underlined by the low fracture necking for 
90° oriented samples. Thus, strength and ductility are evolv-
ing contrarily with the Young’s modulus being the high-
est for the diagonally oriented specimens. This anisotropic 
behavior of Young’s modulus in LPBF with accompany-
ing varying stiffness values depending on the orientation 
of the specimen has been frequently discussed in literature 
like [84–86]. Ultimately, anisotropy along the z-axis was 
found, while for single xy-planes, isotropic behavior is pre-
sent since it is not possible to differentiate between direc-
tions x and y. Still, due to the application of the rotating 
scanning strategy, anisotropy in build direction was kept at 
a comparably low level; for an IN718 alloy, Serrano-Munoz 

et al. demonstrated that the texture index can approx. be 
reduced by half when a 67° rotation is applied instead of 
a 90° alternating xy-scanning scheme as a columnar grain 
growth with preferred < 001 > orientation over several lay-
ers is inhibited [77]. Accordingly, as stated by Safaei et al. 
for NiTi alloys, suppressing the grain orientation leads to a 
decline in anisotropy [71].

Further mechanical testing revealed differences in 
between bulk and LPBF material. An in situ heat treatment 
was assumed for the LPBF parts above. Still, the resulting 
microstructure did not reveal coarse and equiaxed grains as 
in hot-extruded parts but a finer, ten times smaller, and elon-
gated shaping. The fact that LPBF produces a finer and non-
equiaxed grain structure as present in conventional manufac-
turing processes has already been shown frequently in the 
literature for many alloy systems, including several Ni-based 
ones [2, 87–89]. This grain refinement in AM parts leads 
inevitably to a hardening of the structure, resulting in the 
superior mechanical properties found for yield strength and 
ultimate tensile strength up to 530 °C. Still, slight residual 
keyhole porosity was found for the additively manufactured 
parts by Chlupová et al., facilitating crack initiation and 
resulting in a more brittle material failure type than in the 
reference parts [90]. This gives reason for the overall lower 
ductility.

4.4  Reconsideration of the volume energy density 
as key performance indicator

As identified throughout the DoE studies, hatching of 80 µm 
was generally found to be unsuitable in order to reach high 
densities (Fig.  5). With a laser focus of approximately 
50 µm, the resulting porosity can be correlated to residual 
lack of fusion in between scanning lines. This evidence 
exemplifies precisely the problem of utilizing the volume 
energy density as the main target figure of parameter opti-
mizations in laser powder bed fusion processes; no matter 
how the residual parameters (among others, laser power, 
scanning speed, layer height, etc.) are adapted for a constant 
hatch distance, the resulting part density may not be raised 
to a satisfactory high value. Complete melting of the entire 
powder bed is not achievable for hatch distances being too 
broad, independently from an energy increase through, e.g., 
a higher laser power or a slower scanning velocity. Anyway, 
in modern LPBF parameter development, it is considered 
a general agreement to search for the optimum eV range. 
Although similar volume energy densities may consist of 
completely different parameter combinations, this approach 
is widely used as applied and discussed in [48, 91, 92]. In 
other words, as stated in the results section, equal volume 
energy densities are likely to result in very different optical 
relative densities, which is why the eV can only be consulted 
as an approximate orientation (Fig 7a). This issue has been 
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addressed by Scipioni Bertoli et al. in stating that eV does not 
adequately describe the melt pool dynamics and must there-
fore be used very cautiously in LPBF parameter optimization 
[49]. Estrada-Díaz et al. further supported this finding by 
stating that the LPBF process can only be described partially 
with the help of VED as it lacks information on powder ejec-
tion and sublimation [93]. Single process parameters must be 
interpreted against the background of their interaction with 
other process parameters. DoE instead consists of smooth 
continuous parameter functions which map single param-
eters adequately. As the regression equation consists of the 
three target values of laser power, scanning speed, and hatch 
distance, the found parameter set fits accurately into this sys-
tem. Moreover, as identified above for uncoordinated param-
eter sets, several kinds of defects can be found for a single 
layer (Fig. 8). High energy input would result in keyhole 
porosity, while lack of fusion and unmolten particles can 
be correlated with low energy introduced into the layer [51, 
94]. Hence, the energy density is not distributed equally over 
one layer, further proof that optimum fabrication is attribut-
able to process parameters instead of eV. The approach of 
focusing on the process parameters revealed a high potential 
for the present Alloy 400 as high densities were achievable. 
While this work focused on the correlation of pL, sS, and dH 
(input variables) with the resulting density (output variable) 
reduced by keyhole porosity, unmolten particles, and lack of 
fusion, further potential outputs such as distortion, balling, 
or cracking as a function of several input parameters could 
be investigated as well to overcome the uncoordinated nature 
of single process parameters. Here, applying Buckingham’s 
π-theorem, setting the focus on the most significant physical 
interactions occurring, and dimensional analysis, describing 
a process as the sum of dimensionless products, counteract 
poorly adjusted parameter sets as well [95].

5  Conclusion

In this study, a holistic AM process route for Alloy 400 was 
established, reaching from application and alloy design 
according to standard specifications over in-house pow-
der generation and characterization to a DoE-assisted laser 
powder bed fusion process, resulting in part microstructure 
analysis and comparison to conventionally fabricated mate-
rial. The concrete results were then discussed and put into 
perspective, resulting in the following notable findings and 
overall conclusions of this work:

• The usable powder can be generated via the application 
of a close-coupled gas atomization setup using a high-
temperature ceramic crucible. The final particle size 
distribution of 15 to 63 µm was adjusted by sieving and 
air-separation post-processing, resulting in spherical and 

flowable particles which provided the basis for successful 
LPBF fabrication.

• The standard target chemical composition was in line 
with powders, LPBF parts, and hot-extruded reference 
Alloy 400, allowing us to conclude the chemical purity 
and consistency of the applied processes. Hence, a com-
parison in between the various states was enabled and 
carried out.

• At grain boundaries in powders, Cu segregations were 
clearly detectable and verified via SEM on the micro-
scale as expected for this alloy type. Still, within printed 
parts, only slight micro-segregations were detected via 
TEM. Heat-induced diffusion processes, resulting from 
the iterative sequence of the LPBF process, give reason 
for this phenomenon as chemical imbalances may almost 
dissolve completely into the solid solution.

• As typical for LPBF-produced parts, a wide range of 
dislocations was found to be present, primarily along 
cell walls and occasionally inside cells. These cells were 
classified as micro-dendritic structures within the super-
ordinate grains.

• The design of experiments approach for LPBF param-
eter development led to a final parameter set that ena-
bled the fabrication of highly dense parts, consisting of 
pL = 85 W, sS = 1050 mm/s, dH = 50 µm, and tL = 20 µm, 
resulting in an eV = 80.95 J/mm3. A rotating scanning 
strategy of 67° in between layers, a green laser with a 
wavelength of 532 nm, and a pre-heating of the build 
plate of 80 °C completed the parameter setup. In any case 
and beforehand, the basic requirement for AM material 
development is the identification of key parameters and 
resulting defect formation that prevent the production of 
high-density parts.

• The DoE-based approach revealed the high importance of 
the interdependency of single process parameters. Based 
on the finding that similar or even the same volume 
energy densities may result in very different part densi-
ties, the search for a single parameter set was found to be 
most expedient. Hence, for process parameter develop-
ment of LPBF processes, this work greatly encourages 
to shift in the focus from a broad energy density range to 
a more integrated course of action of identifying a sin-
gle optimum parameter combination. DoE does not only 
increase the efficiency of AM process parameter develop-
ment, but the smaller number of parameter sets that need 
to be tested also results in overall fewer resources such as 
the number of build jobs, energy consumption, powder 
demand, and man hours.

• Mechanical properties of LPBF parts being manufac-
tured in an upright orientation within the build space 
showed lower strength but higher ductility than parts 
being manufactured perpendicularly to the build direc-
tion. This finding was correlated with changing melt 
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pool formation, preferred texture, and varying anisot-
ropy along building direction for different specimen 
orientations.

• At room temperature and at 530 °C, the fine-grained 
LPBF variant of Alloy 400 performed equally or bet-
ter in terms of strength when compared to the hot-
extruded, bulk reference material, revealing compa-
rably coarse grains. At higher temperatures instead, 
the conventional material performed better as slight 
residual keyhole porosity in AM parts amplified crack 
initiation, compensating its beneficial microstructure.

• For elongation, the AM parts did not reach the perfor-
mance of the conventional ones, which is also due to 
porosity acting as a fracture trigger and causing a more 
brittle failure mode. Moreover, this is connected to the 
inverted relationship between strength (which is higher 
in AM parts) and elongation.

• The hardness of LPBF-built parts was significantly 
higher compared to conventionally fabricated material 
being correlated to the coarser grain size of the hot-
extruded material.
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