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ABSTRACT
As a relatively young additive manufacturing tech-
nology, Electron Beam Powder Bed Fusion (EB-PBF) 
attracts increasing attention in academics and indus-
try. Especially, the last five years have seen an explo-
sion in machine and process development as well as 
material research for EB-PBF. Compared to other addi-
tive manufacturing approaches, e.g., the more widely 
used laser powder bed fusion, EB-PBF shows various 
unique features and advantages for processing 
high-performance metallic components. In this article, 
recent advancements in the realm of EB-PBF over the 
past five years are reviewed.

1. Introduction

We are now living in an era, where the world is undergoing a great 
digital industrial revolution (Haleem & Javaid, 2019). One of the most 
important fundamental elements of this revolution is Additive 
Manufacturing (AM) that enables us to produce components with cus-
tomized and precise geometries based on digital model data and lay-
er-upon-layer fabrication principle (Khajavi, Partanen, & Holmström, 
2014). Among all AM technologies, Powder Bed Fusion (PBF), during 
which powder layers are selectively melted using a high-energy heat 
source (e.g., highly focused laser beam or electron beam), is one of the 
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most promising approaches to produce high-performance materials with 
almost unlimited geometrical freedom. The most common beam source 
is infrared Nd:YAG laser with a wavelength of ∼1 µm for Laser Powder 
Bed Fusion (L-PBF) (Lee et al., 2017). Compared to L-PBF, Electron 
Beam Powder Bed Fusion (EB-PBF) uses a high-power electron beam 
(Ackelid & Additive, 2009; Körner, 2016) instead of a laser beam as a 
heat source to fuse metallic powder feedstock, layer-by-layer, into bulk 
components (Azam, Rani, Altaf, Rao, & Zaharin, 2018; Gokuldoss, Kolla, 
& Eckert, 2017; Murr et al., 2012).

During EB-PBF, electrons are emitted by heating a tungsten filament 
or a lanthanum hexaboride (LaB6) cathode and are accelerated to about 
half of the speed of light using an electric voltage of 60 kV (Sigl, 
Lutzmann, & Zäh, 2006; Zhong et al., 2017). In order to reduce the 
possible collision between the fast-moving electrons and air molecules, 
EB-PBF takes place under vacuum or controlled vacuum conditions with 
a low helium pressure of less than 1 Pa (Ackelid, 2017; Pasang et al., 
2019; Scharowsky, Bauereiß, & Körner, 2017). Thus, contamination and 
oxidization of metallic powders with a high affinity to ambient gases 
(e.g., oxygen and nitrogen) are minimized. With the help of electromag-
netic lenses, the electron beam is focused and moved with an ultra-high 
deflection speed of up to 10 km/s, which allows innovative heating and 
melting strategies, such as quasi-multibeam scanning (Körner, 2016). 
After the electron bombardment of the powder bed, most of the kinetic 
energy of electrons is converted into heat, which enables local selective 
sintering or melting (Sigl et al., 2006). Since the absorption and reflection 
mechanisms of electrons are different from those of photons, EB-PBF 
usually shows much higher energy absorbance than L-PBF (especially 
for some materials with high optical reflectivity, such as copper) (Cosslett 
& Thomas, 1965). Compared to the laser, the electron beam can penetrate 
significantly deeper into powder particles. The typical penetration depth 
in the case of EB-PBF is of the order of 101–102 µm depending on the 
atomic number of the material and the speed of electrons (i.e., acceler-
ating voltage). While laser beam can only reach a penetration depth of 
several tens of nanometers causing relatively high surface temperature 
and strong evaporation (Klassen, 2018; Klassen, Bauereiß, & Körner, 2014).

As the first step of EB-PBF, a metal blade consisting of several pieces 
of thin metal scrapers spreads a powder layer with defined thickness 
onto a preheated metal start plate placed in the build tank. Typically, 
powders with good flowability, low oxygen content and spherical particle 
morphology produced by means of inert gas atomization or Plasma 
Rotating Electrode Process (PREP) are used for EB-PBF (Dawes, 
Bowerman, & Trepleton, 2015; Vock et al., 2019). Second, a defocused 
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electron beam scans the entire surface of this powder layer several times 
to reach a desired preheating temperature. During the preheating process, 
the formation of sintering necks between the particles takes place. 
Depending on different powder materials, the preheating temperature 
ranging between ∼400 °C (for pure copper (Lodes, Guschlbauer, & Körner, 
2015; Guschlbauer, Osmanlic, & Körner, 2017)) and ∼1000 °C  
(for nickel-based alloys (Körner et al., 2018; Chandra et al., 2018)) can  
be applied. Without this preheating process, the loosely packed particles 
could be negatively charged, causing high repulsive forces greater than 
the weight of individual particles. Thus, a so-called “smoke effect” could 
take place, which leads to an explosion-like powder spreading in the 
whole process chamber and to the termination of the entire EB-PBF 
process (Galati & Iuliano, 2018; Körner, 2016; Milberg & Sigl, 2008). 
Owing to this smoke phenomenon, coarse metallic powders with a par-
ticle size distribution between ∼40 µm and ∼150 µm showing a relatively 
high weight of individual particles and low electrical resistance are mainly 
used for EB-PBF; while finer powders with an average particle size d50 
of ∼30 µm are utilized for L-PBF (Bhavar et al., 2014; Guschlbauer, 
Momeni, Osmanlic, & Körner, 2018; Tiberto, Klotz, Held, & Wolf, 2019; 
Vayssette, Saintier, Brugger, Elmay, & Pessard, 2018). Although coarse 
powders exhibit better flowability for the powder feeding process and 
the productivity can be enhanced when using coarse powders as well as 
higher layer thickness, the EB-PBF-processed components generally show 
much higher roughness of lateral surfaces (Ra of ∼25 µm) than that of 
laser-produced parts (Ra of ∼10 µm) (Bhavar et al., 2014; Eschey, 
Lutzmann, & Zaeh, 2009; Rausch, Markl, & Körner, 2018; Triantaphyllou 
et al., 2015; Vayssette et al., 2018). After preheating, the slightly sintered 
powder layer exhibits sufficient electrical conductivity and mechanical 
stability to prevent the “smoke effect” (Markl, Lodes, Franke, & Körner, 
2017). Owing to the high preheating temperature, components fabricated 
through EB-PBF show a low level of residual stress (Mladenov, Koleva, 
Koleva, & Dzharov, 2016; Sochalski-Kolbus et al., 2015). Thus, less geo-
metric distortion and crack formation are observed in the EB-PBF-
produced components compared to the L-PBF-processed parts 
(Sochalski-Kolbus et al., 2015). Furthermore, due to the high process 
temperature, an in situ heat treatment occurs during EB-PBF, affecting 
the final properties of printed parts (Sames et al., 2017). After preheating, 
the sintered powder layer is selectively melted using a focused electron 
beam. In this selective melting phase, the peak temperatures of the melt 
pool can easily reach more than 3000 K due to high beam power and 
good energy absorbance (Klassen, Forster, Juechter, & Körner, 2017). 
Under vacuum conditions during EB-PBF, the boiling point of a substance 
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significantly decreases according to the Clausius-Clapeyron law (Clapeyron, 
1834; Clausius, 1850). In order to protect the build chamber from metal 
vapor condensation, heat shield sets should be used (Figure 1c and d). 
In addition, heat shields surrounding the powder bed also ensure a 
homogeneous temperature distribution during EB-PBF via reflecting heat 
radiation back into the confined build area (Boone, Zhu, Smith, Todd, 
& Willmott, 2018). Subsequent to the selective melting and solidification, 
the build platform is lowered down by a single layer thickness, and the 
above-mentioned process cycle is repeated until all layers are completed. 
Lastly, the cooling process is carried out after EB-PBF by flooding the 
process chamber with inert gas. After EB-PBF, the non-melted but slightly 
sintered powder is removed by blasting process using the identical powder 
particles, which can be reused for the next EB-PBF jobs. A detailed 
description of the EB-PBF process steps is given in the authors’ previous 
review article published in 2016 (Körner, 2016). Owing to the fast control 
of the beam position, high energy absorbance, low oxidation and con-
tamination risk, in situ heat-treatment as well as low thermal stress and 
distortion resulting from the high preheating temperature, EB-PBF is 

Figure 1. S chematic design of EB-PBF systems: Triode vs. diode. (a) and (c): Typical 
Arcam machine equipped with a triode electron beam gun and powder hoppers as 
powder feeder in the vacuum chamber. (b) and (d): Typical Freemelt ONE machine 
with a diode electron beam gun and two liftable powder tanks for build and powder 
feed in the vacuum chamber.
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thought to be one of the most promising AM technologies for near net 
shape fabrication of fully dense metallic objects with high productivity.

In the last decade, research activities in the realm of EB-PBF have 
vastly grown, and great progress has been achieved. In this review article, 
the main focus lies on recapping recent research results (especially in 
the last five years) concerning the development of EB-PBF machines 
(Section 2), new process monitoring technologies (Section 3), under-
standing of interactions between various physical and chemical effects 
during EB-PBF (Sections 4 and 5) as well as new materials for EB-PBF 
(Section 6).

2. Commercial EB-PBF systems

The first commercial EB-PBF machine for AM was launched in 2002 
by Arcam AB in Sweden. For many years, Arcam AB was the single 
EB-PBF machine provider worldwide. Currently, in the realm of EB-PBF, 
Arcam AB (GE) is still a dominant company providing mature industrial 
machines (Kowen, 2020). In the last two decades, Arcam has released 
various machine types for different applications: A-series with optional 
new open-source software for high-temperature materials, Q-series with 
high printing accuracy (using single-crystalline LaB6 cathode) for metal 
orthopedic implants and Spectra-series for large parts. In 2016, Arcam 
AB was taken over by GE (General Electric, USA). Since the acquisition, 
many new companies have entered the EB-PBF market. In 2017, a 
Chinese company, QuickBeam, has released its first commercial open-
source EB-PBF device. In the same year, Freemelt AB was founded in 
Sweden by a team with a wealth of experience in AM of metallic 
components and electron beam gun design (Almeida & Vasco, 2019; 
Kowen, 2020). In 2019, Freemelt AB has developed and sold its first 
open-source Freemelt ONE EB-PBF system with a little vacuum chamber 
and small build tanks especially for the purpose of material and process 
development in a cost-efficient way. In 2021, Wayland Additive located 
in UK and Jeol Ltd. based in Japan also entered the EB-PBF market. 
In May 2021, Wayland Additive has announced its first sale of an 
industry-scaled Calibur3 system equipped with an innovative in-process 
monitoring module. At the same time, Jeol Ltd. has brought its JAM-
5200EBM to the EB-PBF market. Table 1 briefly summarizes commercial 
machines available on the EB-PBF market and their specifications.

As one of the most important key elements of an EB-PBF device, a 
thermionic electron beam gun is used in all EB-PBF machines (Negi 
et al., 2019). Electrons are generated by direct heating (e.g., resistive 
heating) or indirect heating (e.g., laser heating) of the cathode composed 
of tungsten or LaB6 with a V-shaped tip. Compared to the tungsten 
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Table 1.  Comparison of different EB-PBF machines available on the market.
Arcam (GE) Freemelt Jeol QuickBeam Wayland

Vacuum 
chamber 
(provided by 
device 
producers)

 (Markl, 2015)

 

Reprinted with 
permission from 
(Liu et al., 2020)

Country Sweden Sweden Japan China UK
Machine 
type

A-, Q- and 
Spectra-series

Freemelt One JAM-5200EBM Med200, Lab150 and 
Aero200/Aero350

Calibur3

Build volume A2X: 20 × 20 ×  
38 cm³; 
Q10plus: 
20 × 20 × 18 cm³; 
Spectra L: 35 cm 
× 43 cm (Ø×H)

12.6 cm × 20 cm 
(Ø×H)

25 cm × 40 cm 
(Ø×H)

Lab150: 15 × 15 ×  
18 cm³; 
Med200: 
20 × 20 × 22 cm³; 
Aero350: 
35 × 35 × 50 cm³

30 × 30 × 45 cm³; 
10 × 10 × 15 cm³ 
(optional 
material 
development 
kit)

Type of 
thermionic 
electron 
beam gun

Triode electron 
gun (three 
electrodes: 
cathode, anode 
and Wehnelt 
cylinder)

Diode electron 
gun (two 
electrodes: 
cathode and 
anode) Without 
arc trip problem

Triode electron 
gun

Triode electron gun Triode electron 
gun

Control of 
beam power

Bias voltage 
between  
cathode and 
Wehnelt cap

Temperature of 
the cathode  
(laser power)

Bias voltage 
between  
cathode and 
Wehnelt

Bias voltage 
between  
cathode and 
Wehnelt

Bias voltage 
between  
cathode and 
Wehnelt cap

Heating of 
cathode

Joule heating Laser heating Joule heating Joule heating Joule heating

Max. beam 
power

3 kW (A- and 
Q-series);  
6 kW (Spectra H)

6 kW 6 kW 3 kW (Lab150 and 
Med200); 
6 kW (Aero-series)

5 kW

Acceleration 
voltage

60 kV Adjustable 
between 30 and 
60 kV

60 kV 60 kV 60 kV

Material of 
cathode

Tungsten 
filament 
(A-series); 
single-crystalline 
LaB6 (Q- and 
spectra-series)

Poly-crystalline 
LaB6 
with a long 
lifetime and low 
price

Single-crystalline 
LaB6

Tungsten filament 
(Lab150); 
single-crystalline 
LaB6 (Med- and 
Aero-series)

LaB6 or tungsten 
filament

Powder feed 
principle

Powder hoppers 
(gravity-fed)

Additional 
powder feed 
tank

Powder hopper 
(gravity-fed)

Active powder 
supply  
(roller under 
powder hoppers)

Movable powder 
hopper 
(gravity-fed)

Online 
monitoring 
module

Optical camera ELectron-Optical 
(ELO)  
imaging module 
located at the 
top side of the 
build chamber

•	 Optical 
camera;

•	 Remote 
monitoring 
system

•	 ELO module 
(detectors located 
on the heat 
shield);

•	 Optical camera

•	 High-speed 
IR-camera;

•	 Structured 
light scanning 
for surface 
topography

Software Arcam beam 
control software

Open-source Freely definable 
scan 
parameters; 
selectable scan 
patterns

Open-source Freely 
programmable

Beam size 
(full width 
half power)

>200 µm 
(tungsten 
filament); 
∼100 µm (LaB6 
cathode)

∼200 µm (at full 
beam power)

Not disclosed >200 µm (Lab150); 
∼150 µm (Med- and 
Aero-series)

>150 µm 
(tungsten 
filament); 
∼100 µm (LaB6 
cathode)

(Continued)
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filament, the LaB6 cathode shows a significantly higher current density 
per unit surface area owing to its much lower work function and oper-
ating temperature (Fomenko, 2012; Knudsen, 2001; Richardson, 1929). 
The electron beam produced using LaB6 is characterized by higher sta-
bility. The diameter of a 60 kV beam generated using a tungsten filament 
may significantly increase with beam power. In contrast, the spot size 
of the electron beam emitted from LaB6 only slightly increases with beam 
power. In addition, the price and lifetime of single-crystalline LaB6 are 
higher than those of tungsten filament. The common lifetime values of 
tungsten and LaB6 cathodes are ∼80 h and ∼800 h, respectively. Figure 
1a and b compare the typical designs of electron beam guns installed 
in Arcam and Freemelt machines. In all Arcam EB-PBF systems, the 
cathode (tungsten or single-crystalline LaB6) is directly heated based on 
resistive effects; while the poly-crystalline LaB6 cathode in the Freemelt 
ONE systems is indirectly heated using a laser. Figure 1a shows a typical 
triode electron thermionic gun with three electrodes (cathode, Wehnelt 
cylinder and anode) installed in Arcam EB-PBF systems; while Figure 
1b illustrates a diode design (two electrodes: cathode and anode) of the 
electron beam gun applied in the Freemelt ONE systems. Via using the 
Wehnelt cylinder in the triode design (Figure 1a), the beam current can 
be immediately regulated by setting the bias voltage between the Wehnelt 
cylinder and the cathode. The function of the Wehnelt electrode is to 
create a potential threshold, leading to an accumulation of electrons 
between the Wehnelt cylinder and the cathode (Ziegler, Graafsma, Zhang, 
& Frenken, 2014). The electrons can only be emitted and accelerated 
towards the anode, when the potential threshold is overcome (Ziegler 
et al., 2014). This potential threshold is controllable by varying the 
Wehnelt voltage, so that the emitted electron current can be defined 

Special 
advantages

•	 Most widely 
used mature 
industrial 
EB-PBF 
systems;

•	 Fast change in 
beam power;

•	 Various 
predefined 
automatic 
functions for 
beam control;

•	 Helium (< 1 Pa) 
as process gas 
to prevent 
smoke event

•	 Small build 
tank (less 
powder 
needed for 
material 
development);

•	 Constant beam 
shape and spot 
size for different 
beam currents 
as well as no 
arc trip problem 
due to diode 
electron gun 
design;

•	 Freely 
adjustable 
scan 
parameters

•	 Automatic 
beam 
correction; 
high 
reproducibility 
of print 
quality;

•	 Extra-long life 
cathode 
(∼1500 h);

•	 “e-Shield” 
module to 
suppress 
powder 
smoking 
during EB-PBF; 
process gas 
unnecessary 
(helium-free)

•	 Freely definable 
process 
parameters;

•	 Automatic beam 
calibration;

•	 Various process 
monitoring 
modules

•	 Electron beam 
neutralization 
system to 
suppress 
smoke;

•	 AM of large 
parts;

•	 Light to no 
sinter cake

Table 1. Continued
Arcam (GE) Freemelt Jeol QuickBeam Wayland
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(Ul-Hamid, 2018; Ziegler et al., 2014). In addition, using the Wehnelt 
cylinder, the electron emission from the lateral surfaces of the cathode 
could be suppressed; i.e., the Wehnelt electrode also serves as an elec-
tron-optical lens that shapes the electron beam (Ul-Hamid, 2018). 
Nevertheless, owing to the electron accumulation between the Wehnelt 
and the cathode, an undesired arc trip problem could take place during 
EB-PBF, interrupting the electron beam and the melting process (Taylor, 
Manzo, & Flansburg, 2016). For the diode electron beam gun in the 
Freemelt ONE systems (Figure 1b), the beam current is controlled by 
the temperature of the cathode (i.e., by laser power); thus, the regulation 
of the beam current is not as fast as in the triode electron beam gun 
with the Wehnelt electrode. During preheating on the Freemelt ONE 
systems, the beam current is ramped up to reach target values, which 
might require several hundreds of milliseconds. In addition, in order to 
keep the cathode warm during the whole EB-PBF process, a so-called 
“idle scan strategy” was developed by Freemelt; i.e., the cathode always 
emits electrons during the whole EB-PBF process even outside of the 
preheating and the melting period. According to the default setting of 
the “idle scan”, the electron beam that is highly defocused scans a certain 
area with a low beam current (e.g., 0.2 mA) and a high scan speed, 
outside of the preheating and melting period. However, scan speed, beam 
focus, beam current, position and scan pattern are freely definable during 
the “idle scan”; e.g., the idle scan pattern could be identical to the pre-
heating pattern, or the idle scan position could also be a predefined 
parking position outside the preheating area. The general idea of the 
idle scan is to have a perpetually warm cathode that emits electrons. 
Owing to the absence of the Wehnelt that controls the beam current 
and affects the beam shape, the shape and the diameter of the electron 
beam generated by means of the diode electron gun barely change, when 
varying the beam power during EB-PBF. Additionally, by using the “idle 
scan strategy”, the electron accumulation in front of the cathode, which 
results from the Wehnelt voltage in the triode gun, does not take place 
in the Freemelt ONE systems. Thus, the arc trip problem observed in 
the triode gun design will not occur in the case of the diode electron 
gun. For both diode and triode configurations, the electrons emitted 
from the cathode are accelerated to ∼45% of the speed of light in a 
vacuum using a high voltage (e.g., 60 kV) between cathode and anode 
(Sigl et al., 2006). The accelerated electron beam passes then through a 
series of electromagnetic coils (lenses). Deflection coils are responsible 
for quick control of the beam position and the scan speed. However, 
after the beam deflection, the circularity of the electron beam varies for 
different incident locations; the astigmatism coils can correct the shape 
of the incident beam at different positions. In addition, focus coils are 
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used to define the intensity distribution of the electron beam (e.g., defo-
cused beam for preheating).

In the vacuum chamber beneath the electron beam column, powder 
feeding and raking as well as selective melting take place. In the vast 
majority of industry-scaled EB-PBF systems (e.g., Arcam, QuickBeam, 
Jeol and Wayland machines), the powder is gravity-delivered from hoppers 
(see Figure 1c and insets in Table 1). Thus, good powder flowability 
(e.g., coarse powders with a spherical particle shape) is required. In 
addition, this gravity powder feed method is not optimal for processing 
powder blends composed of particles with different levels of size and 
specific weight; e.g., finer and heavier particles tend to sediment resulting 
in a possible demixing effect. Freemelt ONE with a small vacuum chamber 
uses an additional powder feed tank fully filled with powder (Figure 1d), 
which is mechanically lifted in the height direction after each layerwise 
printing process. During the raking process, the powder bed in the build 
tank is dropped down by a single layer thickness; simultaneously, powder 
particles are raked from the feed tank to the build tank (Figure 1d). 
Based on this powder feed principle, fine powders with poorer flowability 
and even powder blends can also be easily fed and raked. Owing to the 
small build chamber, the Freemelt ONE can be quickly cleaned within 
several hours, if powder should be changed. During EB-PBF, different 
sensors and detectors in the vacuum chamber are used to monitor the 
printing process; e.g., the chamber pressure and the gas composition 
resulting from material evaporation can be measured using pressure 
sensors and mass spectrometer, respectively. In addition, based on dif-
ferent imaging modules integrated with the EB-PBF machines, online 
process monitoring is achievable for in situ control of print quality (see 
Section 3).

3. Process monitoring for EB-PBF

So far, various online process monitoring approaches have been developed 
to ensure high process stability and good print quality during EB-PBF 
(Grasso, Remani, Dickins, Colosimo, & Leach, 2021). Currently, high-
speed imaging in the visible range is being widely implemented to inves-
tigate melt pool phenomena (Hankwitz, Ledford, Rock, O’Dell, & Horn, 
2021; Ledford et al., 2019; Scharowsky, Bauereiß, Singer, & Körner, 2012; 
Scharowsky, Osmanlic, Singer, & Körner, 2014) (e.g., melt pool formation, 
gas evaporation, balling effects etc.), powder smoking (Eschey et al., 2009; 
Zäh & Kahnert, 2006) and spatter effect (Hankwitz et al., 2021) during 
EB-PBF. In Arcam commercial systems, a LayerQam™ imaging module 
based on a high-resolution optical camera is used to evaluate print 
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accuracy and defects in each layer being printed (Boone et al., 2018; 
Everton, Hirsch, Stravroulakis, Leach, & Clare, 2016). In addition, during 
EB-PBF, it is very important to control and monitor the thermal history 
that significantly affects the microstructural properties of the final printed 
components. In common EB-PBF machines, powder bed temperature is 
displayed by determining the temperature of the bottom side of the start 
plate using a single thermocouple (Wolf et al., 2020). However, the surface 
temperatures are much higher than the displayed process temperature. 
The monitoring of the temperature (gradient) of the layer being fabricated 
can be achieved employing InfraRed (IR) thermography using thermal 
cameras, allowing for recording thermal videos of the whole build process 
(Boone et al., 2018; Raplee et al., 2017; Ridwan, Mireles, Gaytan, Espalin, 
& Wicker, 2014). By evaluating the temperature distribution and thermal 
inhomogeneities of each molten layer, it was successful to in situ detect 
defects (e.g., pores and surface warping) being in good accordance with 
those inside the final samples (Grasso et al., 2021; Raplee et al., 2017). 
Via the detection of IR radiation, thermal gradients of a given surface 
can be easily measured; however, an estimation of absolute temperatures 
is difficult, which requires the knowledge of the emissivity of the heated 
surface (Grasso et al., 2021; Hankwitz et al., 2021). For instance, a change 
in thermal radiation signals can clearly be observed during EB-PBF, 
when a transition takes place from powder to melt and to solidified 
dense or porous material showing different emissivity values (Grasso 
et al., 2021). Nevertheless, the determination of the absolute actual tem-
perature is difficult. In order to measure emissivity-independent true 
temperature, pyrometers were successfully used to record surface tem-
peratures during the EB-PBF process at a fixed point (Cordero, Mireles, 
Ridwan, & Wicker, 2017). Based on the above-mentioned online moni-
toring approaches using conventional and IR cameras, it is easy to derive 
2D information of the layer being printed. Recently, another very inter-
esting method based on structured light scanning using a fringe projec-
tion system available on commercial Wayland EB-PBF systems (Calibur3) 
has been applied to gain 3D surface topography during the fabrication 
process. A fringe projection system consists of a projector as well as 
camera(s) and shows high accuracy in the vertical z-direction allowing 
for evaluating powder bed defects (e.g., excessive powder delivery and 
lack of powder) after the raking process and the surface topography of 
the layer being printed (Liu et al., 2020). For conventional and thermal 
cameras as well as fringe projection systems, protection against heat, 
metal vapor condensation and harmful x-ray radiation resulting from 
interactions between the incident electron beam and material is necessary. 
To prevent heat and x-ray damage, cameras are usually located outside 
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the vacuum chamber behind a leaded glass window. However, during 
EB-PBF, the glass window can be metalized, reducing its optical trans-
mission. Thus, to minimize metal vapor condensation on the observation 
window, a rolling Kapton film exhibiting good IR transmission is often 
utilized as a sacrificial barrier (Grasso et al., 2021). Nevertheless, owing 
to thermal radiation and high temperature during EB-PBF, the Kapton 
film could be melted. Thus, an alternative approach to protect the glass 
window from metallization is to use a mechanical shutter only allowing 
for image acquisition within a short time interval (not suitable for long-
time exposure).

All previously mentioned process monitoring methods are also being 
extensively used in L-PBF machines (Grasso et al., 2021). In contrast, 
owing to the specific process environment (e.g., metallization and x-ray 
radiation) during EB-PBF, the camera systems used in EB-PBF machines 
need additional protection requiring extra development effort and costs. 
However, these aforementioned protective measures are not necessary 
for ELectron-Optical (ELO) imaging (Arnold, Böhm, & Körner, 2020; 
Arnold, Pobel, Osmanlic, & Körner, 2018; Arnold & Körner, 2021; Wong 
et al., 2019; Zhao & Lin, 2021). During EB-PBF, after injection of the 
incident electron beam into a small spot of the powder bed, low-energy 
Secondary Electrons (SE) and high-energy Back Scattered Electrons 
(BSE) as by-products are emitted from this spot. A part of these emitted 
SE and BSE can reach the detectors located above the powder bed 
generating a current signal. When moving the incident electron beam 
to scan an area of interest, an intensity map (i.e., ELO image) can be 
derived based on the detection of SE and BSE generated from the 
scanned spots. That is, during EB-PBF, the electron beam, which heats 
and melts the powder layer, can also be used for process monitoring in 
a way comparable to Scanning Electron Microscopy (SEM) (Arnold 
et al., 2018; Pobel, Arnold, Osmanlic, Fu, & Körner, 2019). The signal 
intensity of SE and BSE (brightness in ELO images) depends on the 
atomic number of the specimen and surface topography. Thus, ELO 
imaging is optimal to detect defects and surface bulging in the layer 
being printed. In comparison to other optical monitoring systems, the 
ELO imaging process is not affected by any temperature effects and is 
not sensitive to metal vaporization during EB-PBF. ELO imaging has 
been utilized in the realm of electron beam welding since about 50 years 
for in situ weld seam monitoring and beam diagnostics (Gillespie, 1974). 
Nevertheless, the first academic experimental test concerning ELO mon-
itoring for EB-PBF was implemented in 2018 by Arnold et al. (Arnold 
et al., 2018) using a retrofitted Arcam S12 device equipped with a new 
powerful electron beam welding gun and BSE & SE detectors located 
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at the top side of the build chamber. In 2019, the first commercial 
EB-PBF machine (Freemelt ONE) equipped with an ELO monitoring 
module was released by Freemelt (Table 1). Figure 2a shows a typical 
process cycle for EB-PBF including ELO scanning of a single layer. 
Generally, the step of ELO image acquisition is carried out after the 
selective melting phase by raster scanning the entire final molten surface. 
The resolution of the derived ELO images depends on the scan line 
distance, the beam diameter, the scan speed and the sampling rate of 
the measuring device (Arnold et al., 2020).

ELO imaging can also be applied for the rapid development of pro-
cessing windows (Pobel, Arnold, et al., 2019). Figure 2b shows an exemplary 
ELO image of a molten layer for in situ characterization of the surface 
topography and defects. Based on ELO images, a complete processing 
window can be determined within a single EB-PBF process (Figure 2c) 

Figure 2.  ELectron-Optical (ELO) process monitoring for EB-PBF (reprinted with per-
mission from (Pobel, Arnold, et al., 2019). Copyright Elsevier). (a): Individual steps for 
EB-PBF and ELO scanning. (b): Representative ELO image for sample quality evaluation 
and for processing window development on a retrofit Arcam S12 system (Pobel, 
Arnold, et al., 2019). (c): Processing window generated according to ELO images. The 
green area in (c) indicates a stable process region for EB-PBF of dense Ti-6Al-4V 
samples with an even surface, while the yellow area corresponds to the process 
parameters depicted in (b) (Pobel, Arnold, et al., 2019).
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(Pobel, Arnold, et al., 2019). Combining with machine learning, the ELO 
system as a computer vision has the potential to replace the device 
operator and to achieve automatic development of process parameters 
or process control (Le Roux et al., 2021). In addition, by stacking the 
ELO images layerwise upon each other, a 3D reconstruction of EB-PBF-
processed samples was gained and showed good qualitative accordance 
with the Computed Tomography (CT) results derived by analyzing the 
printed parts (Arnold et al., 2018). Since the ELO imaging step requires 
additional time after selective melting (Figure 2a), Arnold et al. demon-
strated that BSE and SE acquired during the melting step could also be 
used for “in operando” ELO imaging to detect pores and surface warping 
in the layer being fabricated (Arnold et al., 2020). The signal intensity 
maps derived through the in operando ELO imaging showed good accor-
dance with the final topography of the printed samples (Arnold et al., 
2020). Compared to the ELO detectors installed in the retrofitted Arcam 
S12 (Arnold et al., 2018; Pobel, Arnold, et al., 2019) and in the commer-
cial Freemelt ONE systems, which are positioned relatively far away from 
the powder bed (i.e., at the top side of the build chamber), Wong et al. 
(Wong et al., 2019) and Zhao et al. (Zhao & Lin, 2021) integrated ELO 
detectors composed of electronically conductive materials (e.g., copper) 
into heat shields. These detectors are located close to the powder bed, 
so that a part of low-energy SE can also be collected and more topo-
graphic information of the powder layer can be gained during EB-PBF. 
So far, ELO imaging showing high resolution and stability to depict 
surface information is considered to be one of the most promising in 
situ monitoring approaches, especially for EB-PBF.

In Table 2, an overview of different process monitoring methods for 
EB-PBF and their strengths is provided.

4. Powder smoking during EB-PBF

As mentioned in Section 1, EB-PBF shows various advantages over the 
more widely used L-PBF approach. However, the industrial application 
of EB-PBF is still restricted owing to the limited understanding of inter-
actions between the electron beam and materials. Under certain condi-
tions, an undesired “smoke phenomenon” can take place during EB-PBF 
leading to the termination of the entire print process (Cordero, Mireles, 
et al., 2017; Sigl et al., 2006). If smoke occurs, the entire vacuum chamber 
has to be cleaned. Simultaneously, the cathode could be contaminated 
and should be changed, requiring substantial effort and costs. Figure 3 
shows a typical powder smoking event (recorded by means of an optical 
high-speed camera), which generally occurs within a very short time 
(less than 1 s) (Zäh & Kahnert, 2006).
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In the last decade, great progress has been achieved in terms of machine 
and process as well as new material development for EB-PBF (Körner, 
2016). Nevertheless, the origin of powder smoking is still not deeply 
understood. Sigl et al. (Sigl et al., 2006) and Milberg et al. (Milberg & Sigl, 
2008) discussed different physical effects, which can result in smoke: (i) 
residual water (not chemically bonded) adsorbed on the powder surface; 
(ii) momentum transfer from fast-moving electrons to power particles and 
(iii) repulsive forces caused by electrostatic charge between particles. As 
a conclusion of their works, electrostatic forces were thought to be the 
main reason giving rise to smoke (Milberg & Sigl, 2008; Sigl et al., 2006). 
After the electron beam injection into the powder bed, the loosely packed 

Table 2.  Comparison of different online monitoring methods for EB-PBF.

Optical camera in 
visible range

(Near-)infrared 
thermography

Fringe projection 
approach

Electron-optical (ELO) 
observation system

Exemplary 
image

Reprinted with 
permission from 
(Wong et al., 2019). 
Copyright Elsevier

Adapted from 
(Boone et al., 2018) 
under a CC BY 4.0 
license

Reprinted with 
permission from 
(Liu et al., 2020). 
Copyright Elsevier

(D. Gage and  
J. Renner, 2020)

Resolution Several tens to 
hundreds of 
micrometers per 
pixel in the print 
cross-section 
(depending on 
camera resolution)

Several hundreds of 
micrometers per 
pixel (in the print 
cross-section)

<20 µm/pixel 
in the vertical 
z-direction

Several tens of micrometers 
per pixel 
in print cross-section

Advantages •	 Easy to install;
•	 Low price of 

standard optical 
cameras;

•	 Acquisition of 
high-speed video 
possible

•	 2D temperature 
(gradient) map 
and thermal 
history;

•	 Identification of 
defects according 
to thermal 
inhomogeneities 
and different 
emissivity of 
different materials

•	 3D height map of 
a powder bed to 
evaluate the 
raking process;

•	 Surface 
topography of 
printed layer;

•	 Good resolution 
and accuracy in 
the vertical build 
direction

•	 High image quality and 
resolution (depending on 
scan line spacing during 
ELO scanning);

•	 In situ determination of 
small defects, surface 
topography (image 
contrast), geometric 
accuracy;

•	 No influence of temperature 
on image quality;

•	 Additional measures to 
protect detectors not 
necessary;

•	 3D reconstruction of 
printed parts

References (Eschey et al., 2009; 
Grasso, Valsecchi, & 
Colosimo, 2020; 
Scharowsky et al., 
2012; Wong et al., 
2019)

(Boone et al., 2018; 
Cordero, Mireles, 
et al., 2017; Raplee 
et al., 2017; Yoder 
et al., 2019)

(Liu et al., 2020) (Ledford et al., 2020; Pobel, 
Arnold, et al., 2019; Wong 
et al., 2019)
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particles are negatively charged, resulting in high Coulomb repulsion forces 
greater than the weight of individual particles. Qi et al. (Qi, Yan, Lin, W, 
& Zhang, 2006) and Eschey et al. (Eschey et al., 2009) claimed that using 
gas-atomized powder with a spherical particle morphology, smoke could 
be more often observed during EB-PBF than using water-atomized powder 
with an irregular particle shape. Moreover, based on experimental obser-
vations, the powder becomes more resistant to smoking with increasing 
particle size and electrical conductivity. Thus, EB-PBF is up to now limited 
to processing coarse metallic powders owing to the smoke effect. As a 
consequence, the spatial resolution and the surface finish of EB-PBF-
processed parts are inferior to those of L-PBF-fabricated objects (Bhavar 
et al., 2014; Triantaphyllou et al., 2015; Vayssette et al., 2018).

Methods to prevent smoke events are mainly based on trial-and-error 
optimization and empirical rules. An efficient method to suppress pow-
der smoking during EB-PBF is to preheat the start plate and the raked 
powder layer utilizing a highly defocused electron beam, prior to the 
selective melting step (Cordero, Mireles, et al., 2017; Eschey et al., 2009; 
Zäh & Kahnert, 2006). Without preheating the start plate (i.e., if the 
powder layer was directly spread onto the cold start plate), a smoke 
event would easily be observed by heating the cold powder layer using 
a defocused electron beam (Sigl et al., 2006). After preheating, the sin-
tered powder layer with high electrical conductivity and mechanical 
stability is less susceptible to smoking (Cordero, Mireles, et al., 2017).

Figure 3. S moking of a single powder layer during EB-PBF (adapted from (Zäh & 
Kahnert, 2006) under a CC BY 4.0 license).
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Furthermore, it is well known that metal powders are commonly 
covered by dielectric oxide and hydroxide surface layers with a thickness 
of several nanometers, whose electrical conductivity increases with tem-
perature according to the Arrhenius law (Di Paola, 1989; Phambu, 2003; 
Pollack & Morris, 1965; Shim & Kim, 2004; Shkolnikov, Shaitura, & 
Vlaskin, 2013; Simmons, 1965). Thus, with increasing process temperature 
and electrical conductivity of the powder layer, the electrostatic charge 
can be immediately conducted to neighboring particles after the electron 
injection. Nevertheless, owing to sintering effects during preheating, 
powder particles within small cavities can be hardly removed after 
EB-PBF (Pobel, Arnold, et al., 2019). Therefore, EB-PBF of objects with 
hollow channels (e.g., copper inductor) is still a big challenge. So far, 
different methods have been developed to fabricate components with 
hollow structures (Franke & Eichler, 2019; Karlen et al., 2019; Pobel, 
Arnold, et al., 2019; Stephansen, 2021; Wildheim & Stephansen, 2021).

Recently, Edinger from CANMORA TECH Inc. (Richmond, Canada) 
published a patent and claimed that EB-PBF of non-sintered Ti-6Al-4V 
powders could be achieved at low build temperatures via powder con-
ditioning (e.g., heat treatment and mechanical vibration) prior to powder 
raking; i.e., before the raking step, the powdered feedstock is heated in 
an external storage container and fed under the action of gravity and a 
vibration system (Edinger, 2021; Sinclair, Edinger, Sparling, Molavi-
Kakhki, & Labrecque, 2021). The powder temperature in the external 
container could be significantly lower than the sintering temperature 
(Edinger, 2021). Edinger considered that the dielectric surface layers 
could be broken after the powder conditioning, making the powdered 
feedstock more conductive; and the good conductivity can remain under 
vacuum conditions (Edinger, 2021). Similar powder conditioning effects 
were also observed by Chiba et al. (Chiba, Daino, Aoyagi, & Yamanaka, 
2021; Chiba, Daino, et al., 2021). After ball milling of Inconel 718 powder 
in the air, the dendritic structure on the powder surface was flattened 
(Figure 4a and b) (Chiba, Daino, et al., 2021; 2021). Simultaneously, 
Chiba et al. considered that ball milling could introduce plastic strain 
into the oxide skin layers, leading to an insulator-metal transition (Chiba, 
Daino, et al., 2021). At low temperatures, the virgin Inconel 718 powder 
showed high electrical resistivity (∼104 Ω·m) owing to insulating  
oxide skin films and pointed contact areas between particles while the 
ball-milled powder exhibited significantly lower electrical resistivity  
(∼10-3 Ω·m) (Chiba, Daino, et al., 2021). As depicted in Figure 4c, with 
increasing temperature up to 800 °C, the electrical resistivity of the virgin 
and the ball-milled powders drops to a similar low level of ∼10-4 Ω·m 
(Chiba, Daino, et al., 2021; 2021). This low level of electrical resistivity 
remained even after cooling down to room temperature (Figure 4c), 
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indicating the low stability of the oxide and hydroxide surface layers 
against thermal treatments (Chiba, Daino, et al., 2021). According to 
Chiba et al., after heat treatments or mechanical stimulation, the capacitive 
reactance component of the oxide and hydroxide surface layers could be 
eliminated, leading to a low dielectric relaxation time and to the sup-
pression of the charge of the powder (Chiba, Daino, et al., 2021). Using 
ball-milled Inconel 718 powder, Chiba et al. successfully demonstrated 
that preheating was not required for smoke-less EB-PBF (Chiba, Daino, 
et al., 2021). In addition, Freemelt AB patented a device as an optional 
module for Freemelt ONE systems, which is positioned over the powder 
bed and emits electromagnetic radiation (with high frequencies) onto 
the powder layer to reduce its electrostatic charge (Ljungblad, 2021). 
Under the action of the emitted electromagnetic radiation, electrons of 
the oxide and hydroxide surface layers can be excited from the valence 
band to the conduction band, leading to the high electrical conductivity 
of the powder layer being printed (Ljungblad, 2021). Another approach 
to suppress the powder smoke is the so-called “ProHeat” patented by 
Freemelt AB (Stephansen, Nilsson, Ljungblad, & Ackelid, 2020); i.e., 
during EB-PBF a movable refractory plate is heated by the electron beam 
and transfers the absorbed heat to the powder bed for conditioning or 
preheating the raked powder layer. An alternative method to minimize 
the smoke phenomenon is to use a process gas. In all Arcam systems, 
EB-PBF is carried out in a controlled vacuum atmosphere (i.e., helium 
as a process gas with a low partial pressure of less than 1 Pa (Körner, 
2016; Ackelid, 2017; Markl et al., 2017; Ackelid, 2015)). The exact effect 
of helium on powder smoking is not yet clear. One assumption is that 

Figure 4.  Ball milling and heat treatments to suppress powder smoking during 
EB-PBF (adapted from (Chiba, Daino, et al., 2021; Chiba, Daino, et al., 2021) under a 
CC BY 4.0 license). (a) and (b): Particle shape and surface morphology of virgin and 
milled Inconel 718 powders. (c): Electrical resistivity of virgin and ball-milled Inconel 
718 powder during heat treatments and cool-down procedure Chiba et al., 2021; 
Chiba et al., 2021).
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gaseous helium particles with a relatively high electrical conductivity 
(Nighan, 1969) fills the cavities between powder particles and enhances 
the electrical conductivity of the whole powder bed. Thus, the dissipation 
time of the electrostatic charge after the injection of the electron beam 
can be significantly reduced. The “NeuBeam” module of the Wayland 
EB-PBF systems uses an active stream of ions generated inside the cham-
ber with Argon gas, so that the negatively charged electron beam and 
the powder bed can be neutralized (Van Den Berg, Hussey, Richardson, 
& Laidler, 2020). In addition, to prevent powder smoking, Jeol developed 
a so-called "e-Shield" system, whose working principle has been so far 
not disclosed. The above-mentioned methods to suppress and avoid the 
smoke phenomenon during EB-PBF are summarized in Table 3.

In order to predict the smoking effect depending on different powder 
properties and process parameters, Cordero et al. proposed a simple ana-
lytical model of powder bed charging, assuming each spherical metal 
particle is covered by a thin dielectric oxide layer (Cordero, Mireles, et al., 
2017). The smoke event occurs, when the maximum electrostatic force is 
larger than the weight of a single particle (Cordero, Mireles, et al., 2017). 
Nevertheless, in the analytical model proposed by Cordero et al. (Cordero, 
Mireles, et al., 2017), the effect of recoil pressure resulting from material 
evaporation was not considered, which could be a key factor leading to 
smoking. According to the model proposed by Cordero et al. (Cordero, 
Mireles, et al., 2017), powder smoking can be suppressed by reducing the 
beam diameter, when using a highly focused electron beam during pre-
heating; i.e., with increasing beam spot size, the electron beam needs more 
time to span a single particle, and the particles “retain their charge longer 
after the beam has passed over them”. Nevertheless, in view of experimental 
observations in the literature, a defocused electron beam was beneficial 
in avoiding the smoke event (Eschey et al., 2009; Zhong et al., 2017). 
According to the authors’ idea, the contradiction between the analytical 
calculation (Cordero, Mireles, et al., 2017) and the experimental observa-
tion (Eschey et al., 2009; Zhong et al., 2017) is mainly attributed to the 
fact that the evaporation effect is not taken into account during the 
physical modeling. Figure 5 shows a schematic of smoke initiation. A 
highly focused electron beam induces high local temperature (Figure 5a) 
and eventually gives rise to strong material vaporization (Figure 5b), which 
is according to the authors’ consideration the first stage of the smoke 
event. During this first stage, primary powder particles are lifted to the 
atmosphere due to the evaporation pressure. This assumption is supported 
by the observation of the movement of powder particles during L-PBF at 
different pressures (Bidare, Bitharas, Ward, Attallah, & Moore, 2018; 
Matthews et al., 2016). At atmospheric pressure (i.e., in an Ar atmosphere 
with a pressure of 105 Pa), the laser plume produces a flow in the ambient 
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atmosphere that entrains particles toward the melt pool (Bidare et al., 
2018). However, with decreasing ambient pressure, particles are repelled 
away from the melt pool (Bidare et al., 2018). At low pressures, the out-
ward expulsion of nearby particles away from the laser spot is thought 
to be caused by the vapor pressure p (Matthews et al., 2016).

Figure 5b shows how powder particles are transported from their 
original position into the vacuum owing due to the recoil pressure. As 

Table 3.  Methods to suppress powder smoking during EB-PBF.
Short description Mechanism References

Conventional 
preheating

Defocused electron beam 
raster scans the start plate 
as well as the powder bed 
composed of coarse 
particles

•	 Sintering effects result in high electrical 
conductivity and mechanical stability of 
the raked powder layer;

•	 Reduction of electrical resistance of the 
dielectric oxide and hydroxide skin 
layers on the metal powder surface at 
high temperatures

Widely known 
and used 
method (Körner, 
2016)

Powder 
conditioning

Prior to the raking step, 
powder particles are 
pre-warmed in an external 
container to a temperature 
significantly lower than 
the sintering temperature 
and fed by a vibration 
system

The powder conditioning step enhances 
the electrical conductivity of powder 
particles, which can remain under vacuum 
conditions

(Edinger, 2021; 
Sinclair et al., 
2021)

Heat 
treatments 
and 
mechanical 
stimulation

Ball-milled or heat-treated 
Inconel 718 powders show 
low electrical resistivity 
and are less susceptibility 
to powder smoking

•	 Ball milling can flatten the powder 
surface with dendritic structure and 
increase the contract area between 
particles;

•	 Ball milling can introduce plastic strain 
into the oxide and hydroxide surface 
layers leading to an insulator-metal 
transition;

•	 Low stability of the thin dielectric skin 
layers against mechanical and thermal 
treatments;

•	 Elimination of the capacitive reactance 
component of the oxide and hydroxide 
surface layers via heat treatments or 
mechanical stimulation

(Chiba, Daino, 
et al., 2021; 
2021)

Electro-
magnetic 
radiation

Electromagnetic radiation 
(with high frequencies) 
generated from a radiation 
source over the powder 
bed is directed onto the 
powder layer to reduce 
electrostatic charge

Electromagnetic radiation can increase the 
electrical conductivity of the oxide and 
hydroxide surface layers by exciting 
electrons from the valence band to the 
conduction band

(Ljungblad, 
2021)

“ProHeat” The energy of the electron 
beam is transferred by a 
refractory plate to the 
powder bed

Indirect preheating or conditioning of the 
powder bed

(Stephansen 
et al., 2020)

Process gas 
(He)

EB-PBF in a controlled 
vacuum atmosphere 
(helium as process gas 
with low partial pressure)

Assumption: helium gas with high 
electrical conductivity fills the cavities 
between powder particles and enhances 
the electrical conductivity of the powder 
bed

(Ackelid, 2015; 
2017)

NeuBeam An active stream of ions 
generated inside the 
chamber with Argon gas is 
used during EB-PBF

The negatively charged electron beam and 
the powder bed can be neutralized by the 
positively charged ions

(Van Den Berg 
et al., 2020)
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Figure 5. S moke initiation model EB-PBF. (a): Heating phase: No charge accumulation 
since conductivity is high enough. (b): Primary powder particles are lifted into the 
atmosphere due to evaporation pressure. This is also observed during L-PBF (Matthews 
et al., 2016). (c): Evolution of secondary particles due to Coulomb repulsion of primary 
particles loaded by negative charge.

a consequence, these lifted primary particles lose their electrical contact 
and are strongly charged by the electron beam, see Figure 5c. These 
primary particles get more and more charged and the resultant Coulomb 
force drives the particles apart from each other. Some of these particles 
will move in the direction of the powder bed. When these primary 
particles impinge into the powder bed, secondary particles are lifted into 
the atmosphere resulting in an avalanche effect and a catastrophic smoke 
event. In summary, the smoke phenomenon is thought to be a conse-
quence of the competition between local sintering /melting and gas release 
effects as well as interparticle electrostatic forces.

Compared to EB-PBF, the evaporation effect during L-PBF under 
vacuum conditions is more significant, since the penetration depth of 
the laser beam is typically three orders of magnitude smaller than that 
of the electron beam (Klassen, 2018). Thus, the high surface temperature 
of powder particles leads to strong evaporation during L-PBF under 
vacuum conditions. Currently, all commercially available EB-PBF machines 
are equipped with an electron gun with a maximum accelerating voltage 
of 60 kV (Table 1). From the authors’ point of view, using an electron 
beam gun with a higher accelerating voltage, even larger beam penetration 
depth can be achieved, leading to a more homogenous heat distribution 
during EB-PBF and less material evaporation, so that the smoke phe-
nomenon could be further minimized. In addition, beam power during 
EB-PBF is the product of the accelerating voltage and the beam current; 
i.e., with increasing accelerating voltage, fewer electrons are emitted to 
reach the defined beam power. Therefore, when using high acceleration 
voltage, the local accumulation of emitted electrons as well as the powder 
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smoking can be suppressed. The above hypothesis should be evaluated 
by future experimental investigations.

5. EB-PBF powders and their aging behavior

The characteristics of the powder feedstock play a crucial role in EB-PBF 
process stability and the final properties of the printed components 
(Clayton, Millington-Smith, & Armstrong, 2015; Spierings, Voegtlin, 
Bauer, & Wegener, 2016; Vock et al., 2019). As stated in Section 1, in 
order to minimize the smoke effect, coarse powders with a particle size 
ranging from ∼40 µm to ∼150 µm are typically used for EB-PBF at the 
expense of reducing the surface quality of printed parts. In the majority 
of EB-PBF systems, the powder feedstock is gravity-fed from powder 
hoppers and raked using a doctor blade (Table 1). Thus, EB-PBF usually 
requires gas-atomized powders with a spherical particle shape and good 
flowability. Although water-atomized powders are significantly cheaper, 
the thick oxide layers on the powder surface formed during water atom-
ization result in an irregular particle shape and in reduction of flowability 
(i.e., water-atomized powders are not optimal for the gravity powder feed 
method). Nevertheless, using a cheap, irregularly shaped and broadly 
sized water-atomized Fe-Ni powder with high oxygen content and poor 
flowability, single layer EB-PBF trials have been recently successfully 
performed with the help of a vibratory powder feeding system (Sinclair 
et al., 2021); instead of using powder raking, the layer thickness of the 
water-atomized powder was controlled by vibration amplitude and fre-
quency of the feeder. Although water-atomized powders are less suscep-
tible to powder smoking, undesired balling and spatter effects were often 
induced when using water-atomized powders (Qi et al., 2006). Compared 
to water-atomized powders, gas-atomized powders as a common feedstock 
for EB-PBF show significantly lower oxygen content, less contamination, 
much smoother particle surface, higher sphericity and better flow ability 
as well as higher price (Dawes et al., 2015). Recently, it is reported that 
powders produced by means of Plasma Rotating Electrode Process (PREP) 
might be more suitable for EB-PBF (Zhao, Aoyagi, Daino, Yamanaka, & 
Chiba, 2020). PREP powders show even higher sphericity and less to no 
tiny satellite particles than gas-atomized powders (Figure 6a and b) (Zhao 
et al., 2020). With increasing sphericity of powder particles, better flow-
ability, higher packing density and homogeneity of the raked powder 
layer were observed (Muñiz-Lerma, Nommeots-Nomm, Waters, & Brochu, 
2018). In addition, gas-atomized powders often show internal gas pores 
(Figure 6a), which could be a source of defects in the final printed sam-
ples; while PREP powder particles show an almost perfectly round, sound 
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and dense cross-section (Figure 6b) (Zhao et al., 2020). Zhao et al. com-
pared the quality of EB-PBF-built Inconel 718 components printed using 
gas-atomized and PREP powders with a similar particle size distribution 
(Figure 6c and d) (Zhao et al., 2020). The EB-PBF processing window 
derived by using the PREP Inconel 718 powder is broader (Zhao et al., 
2020). In addition, even after optimizing process parameters, the samples 
built using the gas-atomized powder show more microstructural defects 
than those printed using the PREP powder, which might be explained 
by the trapped gas pores inside the gas-atomized powder particles as 
shown in Figure 6c and d (Zhao et al., 2020). However, owing to their 
high price, PREP powders are currently not widely used for EB-PBF. In 
addition, gas-atomized powders comprising numerous smaller particles 
show a higher thermal conductivity than PREP powders (Vock et al., 
2019); further research efforts are required to figure out whether these 
small particles and satellites in gas-atomized powders are beneficial for 
suppressing powder smoking during EB-PBF.

In the course of EB-PBF, only a small fraction of powder is melted 
and consolidated. As a consequence of the high preheating temperature, 
the printed parts are surrounded by slightly sintered powder particles. 
After EB-PBF, the surrounding sintered powder particles have to be 
removed by means of a powder blasting process using the build powder 
itself as abrasive media (Hung, 2021). Owing to the high feedstock 
material cost, powder reuse from previous build cycles is an essential 

Figure 6. I nconel 718 powders produced by means of Plasma Rotating Electrode 
Process (PREP) and gas atomization for EB-PBF. The particle size distributions of both 
powders are comparable (reprinted with permission from (Zhao et al., 2020). Copyright 
Elsevier). (a) and (b): Particle morphology and cross-section of Inconel 718 powders 
produced by means of different approaches. (c) and (d): Microstructure of EB-PBF-
fabricated Inconel 718 parts built under optimal processing conditions and using 
different powders.
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step in the whole EB-PBF process chain. After the blasting process, the 
non-melted but slightly sintered powder particles are sieved to remove 
agglomerates and reused for the next build jobs. However, during EB-PBF 
and recycling process (blasting and sieving), the powder undergoes 
changes in chemical and physical properties owing to thermal and 
mechanical impact (Shanbhag & Vlasea, 2021). It is well known that 
the oxygen content of powders increased after each EB-PBF and recycling 
process (Montelione et al., 2020; Sun, Aindow, & Hebert, 2018; Tang 
et al., 2015). On the one hand, the surface oxidation of the reused 
powders could be attributed to the trace amount of residual oxygen and 
humidity in the vacuum chamber. On the other hand, the formation of 
surface oxides and hydroxides can take place during blasting and sieving 
as well as storage, when the powder is exposed to the ambient air at 
room temperature (Gruber, 2019).

During EB-PBF of pure copper, samples produced using powders with 
a high oxygen level of ∼500 ppm exhibited cracks along grain boundaries 
and poor mechanical properties (low tensile strength and fracture elon-
gation); while good mechanical performance and crack-free microstruc-
tures were observed, when using pure copper powders with a low oxygen 
content of ∼200 ppm for EB-PBF (Guschlbauer, Burkhardt, Fu, & Körner, 
2020; Guschlbauer et al., 2018). Ledford et al. used three different copper 
powders with various oxygen contents (Ledford et al., 2019): with increas-
ing oxygen amount, the true (skeletal) density of the powders decreased 
(Figure 7a); simultaneously, more submicron oxides and hydroxides were 
observed on the powder surface. Moreover, during the melting process 
of EB-PBF, a significant increase in the partial pressure of H2O vapor 

Figure 7.  (a): Three different copper powders with different oxygen amounts and 
skeletal densities for EB-PBF (adapted from (Ledford et al., 2019) under a CC BY 4.0 
license). (b): Residual gas analysis of the copper powders with different oxygen 
amounts during EB-PBF (Ledford et al., 2019). (c): According to TGA under flowing 
nitrogen, with increasing oxygen amount in copper powders, higher weight loss is 
observed due to the gas expulsion effect caused by thermal degradation of hydrox-
ides (Ledford et al., 2019).
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was detected, when the oxygen content in the copper powders increased 
(Figure 7b) (Ledford et al., 2019). The release of the chemically bonded 
water at high temperatures is attributed to the thermal degradation of 
hydroxides trapped in copper powders, according to the following chem-
ical reaction (Binnewies & Milke, 1999; Malcolm, 1998; Shim & 
Kim, 2004):

Cu(OH)2 = CuO + H2O (g)	 ΔrG (at 200 °C, 1 atm) = –5.28 kJ/mol
				    ΔrH (at 200 °C, 1 atm) = 51.62 kJ/mol
				    ΔrG (at 400 °C, 1 atm) = –28.96 kJ/mol
				    ΔrH (at 400 °C, 1 atm) = 49.61 kJ/mol

This gas expulsion effect during heating of copper powders was verified 
utilizing ThermoGravimetric Analysis (TGA) below the melting point 
(Figure 7c) (Ledford et al., 2019). According to TGA results, with increas-
ing oxygen amount in copper powders, a slight increase in weight loss 
at high temperatures was detected (Ledford et al., 2019). The gas release 
effect during EB-PBF induced high melt pool instability, spatter and 
defects in printed copper parts.

In similarity with the aging effects of copper powders, Gruber et al. 
observed the formation of Al-rich oxide particulates and a thin oxide/
hydroxide layer on the surface of reused Inconel 718 powders, while the 
virgin Inconel 718 powder showed a clean surface with dendritic structure 
free of oxide particulates (Figure 8a) (Gruber, 2019; Gruber, Karimi, 
Hryha, & Nyborg, 2018; Gruber, Luchian, Hryha, & Nyborg, 2020). 
Owing to the long-term exposure to high temperatures (e.g., preheating 
temperature for Inconel 718 is ∼1000 °C) in the build chamber, selective 
oxidation of aluminum takes place during EB-PBF, resulting in the for-
mation of Al-rich oxide particulates (Gruber et al., 2020). At the same 
time, with increasing reuse times, the oxygen content in the Inconel 718 
powder and in printed objects is significantly enhanced (Figure 8b). It 
is considered that the oxides and hydroxides on the surface of the reused 
powders are the sources of non-metallic oxide inclusions inside the 
EB-PBF-fabricated samples (Figure 8c). These non-metallic inclusions are 
thought to have negative effects on the mechanical properties of Ni-based 
superalloys (Gruber, 2019). Nevertheless, Guo et al. (Guo, Chen, Wang, 
& Liu, 2021) reported that although a significant increase in oxygen 
content of reused tantalum powders was observed, the yield and tensile 
strength values of EB-PBF-built tantalum fabricated using fresh and aged 
powders are comparable. For the case of EB-PBF of Ti-6Al-4V, oxygen 
content, elastic modulus, yield and tensile strength of built parts rose 
lineally with reuse cycle number, while the fracture elongation dropped 
(Schur et al., 2021; Shanbhag & Vlasea, 2020; Sun et al., 2018; Tang et al., 
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2015); i.e., high oxygen content contributes to enhancing the strength 
and brittleness of EB-PBF-processed titanium alloys. As reported by 
Pauzon et al. (Pauzon et al., 2021), for the case of titanium-based alloys, 
the increase in mechanical strength and brittleness with increasing oxygen 
content can be explained by the high solubility of oxygen in α-Ti 

Figure 8. A ging effects of Inconel 718 powder after EB-PBF process cycles (adapted 
from (Gruber, 2019; Gruber et al., 2018; Gruber et al., 2020) under a CC BY 4.0 license). 
(a): Particle shape and surface morphology of virgin and reused Inconel 718 powders; 
and schematic illustration of the formation of oxide particulates on the powder 
surface after reuse. (b): Oxygen level in reused powders and in as-built parts printed 
using different aged powders. (c): Network of Al-rich oxides and defects observed 
in EB-PBF Inconel 718 parts printed using a 30 times reused powder.
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(interstitial atom, oxygen solubility up to 33 at.%), providing solid solu-
tion strengthening of titanium alloys. In addition, aged Ti-6Al-4V pow-
ders showed a less spherical particle shape, a narrower particle size 
distribution and fewer satellite particles as well as better flowability after 
several EB-PBF process cycles (Tang et al., 2015).

6. EB-PBF materials

In the authors’ previous review article published in 2016, several EB-PBF 
material systems have been introduced (Körner, 2016). In the last five 
years, remarkable growth and significant achievements have been witnessed 
in the research and development of new EB-PBF materials. The most 
common materials used for EB-PBF are weldable. However, EB-PBF can 
make non-weldable material processable, owing to the high powder bed 
temperature (e.g., higher than the brittle to ductile transition temperature 
of the material) reducing thermal stress and risk of crack. As a conse-
quence of the high cooling rates, the microstructures and the mechanical 
performance of the EB-PBF-derived components could be different from 
those produced by means of conventional processing methods.

In the following sections, the recent research activities in developing 
new EB-PBF materials (e.g., Section 6.1 for intermetallics, Section 6.2 
for nickel-based alloys, Section 6.3 for multi-materials, Section 6.4 for 
refractors, Section 6.5 for high entropy alloys, Section 6.6 for Copper-
based alloys, Section 6.7 for aluminum-based alloys and Section 6.8 for 
magnetic materials) and their properties after EB-PBF as well as after 
post treatments are introduced. A brief overview is summarized in  
Table 4. Since new developments in the realm of EB-PBF never cease 
and are taking place each passing day, not all EB-PBF materials are listed 
in Table 4 and in the following sections (e.g., Iron- and Co-based alloys, 
which have been detailed in the authors’ previous review article, are not 
involved).

6.1. Intermetallics

Intermetallic compounds consisting of two or more metal elements 
show unique properties that are different from those of the constituent 
elements (Gschneidner et al., 2003; Nakamura, 1995). Compared to 
conventional metal alloys based on solid solutions, in which the atom 
position of the constituent elements is randomly distributed in a crystal 
lattice and the atoms are bonded by relatively weak metallic bonds, 
intermetallics are characterized by strong covalent and ionic bonds and 
by long-range-ordered crystal structures with a fixed distribution of 
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Table 4.  Overview of recently studied material for EB-PBF.
Material 
systems Alloy composition Applications Properties References

In
te

rm
et

al
lic

s

Ti-Al High-temperature 
applications in the 
automotive and 
aerospace industry

Microstructure, aluminum 
evaporation, mechanical 
properties at room 
temperature and elevated 
temperatures

(Bieske et al., 2020; Cakmak 
et al., 2019; Chen, Tong, et al., 
2018; Cho et al., 2021; Juechter 
et al., 2018; Kan et al., 2019; 
Kim, Youn, Kim, Hong, & Lee, 
2019; Lin, Chen, Yang, F, & Z, 
2020; Reith et al., 2020; Zhou, 
Li, et al., 2019; Youn et al., 
2020; Wimler et al., 2021; Yue, 
Peng, Li, et al., 2021; 2021)

Fe-Al (Adler et al., 2020)
Ni-Ti Bioimplants and in 

microelectro-
mechanical systems 
due to shape 
memory effect and 
superelasticity

Microstructure, mechanical 
properties, superelasticity

(Hayat et al., 2018; Wang, Tan, 
et al., 2019; Zhou, Li, et al., 
2019; Dutkiewicz et al., 2020)

N
ic

ke
l b

as
e

Inconel 718, 738, 
 625, 690; 
Rene 142; Hastelloy X

High-temperature 
applications in 
aerospace industries 
(e.g., as turbine 
blades), in chemical 
industries (e.g., as 
reaction vessels) and 
in power plants (e.g., 
as bolts)

Microstructure (grain 
structure), heat treatments, 
mechanical properties

(Helmer et al., 2016; Kirka, 
Greeley, et al., 2017; Karimi 
et al., 2021; Dehoff et al., 
2015; Haghdadi et al., 2020; 
Gao & Zhou, 2018; Segura 
et al., 2019; Murr et al., 2013; 
Kuner, Romedenne, 
Fernandez-Zelaia, & 
Dryepondt, 2020; Deng et al., 
2018; Li et al., 2021)

Haynes 282; MarM-247; 
Nimonic 105; CMSX-4; 
Inconel 718, 738

Single crystal, texture, 
mechanical properties, creep 
resistance, heat treatments, 
crack mechanism

(Körner et al., 2018; 
Fernandez-Zelaia, Kirka, et al., 
2021; Chauvet, Kontis, et al., 
2018)

M
ul

ti-
m

at
er

ia
ls

Inconel 690 powder on  
SS 316 L start plate

High-temperature 
applications; 
nuclear reactor 
components

Joining of dissimilar metals 
achieved by EB-PBF of 
powder on a substrate 
composed of heterogeneous 
material, microstructure, 
chemical composition, 
texture, mechanical 
properties

(Segura et al., 2019)

Inconel 718 + SS 316 L 
(powder + substrate)

(Hinojos et al., 2016)

Ti-6Al-4V +  
Ti-47Al-2Cr-2Nb (at.%)

Gradient materials 
combining good 
mechanical properties 
at low and high 
temperatures

Development of a special 
powder-feed system based 
on vibration, 
microstructure, composition 
gradient

(W. et al., 2015; Guo et al., 
2015)

B4C powder + Cu-Al wire Wear-resistant 
products

Combination of wire-feed 
and powder-bed as well as 
electron beam melting, 
microstructure, tribological 
properties

(Filippov et al., 2021)

Powder 
blends

SS 316L +  
Colferoloys 
103

Economic in situ 
alloying or fabrication 
of composites using 
powder blends during 
EB-PBF

Chemical composition, 
hardness, elasticity, 
microstructure, mechanical 
properties

(Koptyug et al., 2020)

WC + Ni-B-Si (Peng et al., 2016)
Nb-W-Zr-C (Hankwitz et al., 2021)
Ta + n Ti 
(n = 40, 50, 
60 wt.%)

Biomedical 
applications

(Celebi et al., 2020)

Ti + 10 at% Nb (Surmeneva et al., 2020)
Ti-6Al-4V + 
 hydroxya
patite

(Terrazas et al., 2019)
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Re
fra

ct
or

s

ZrB2+ZrSi2 powder 
blend

High-temperature 
applications (e.g., in 
aerospace industries)

Proof of feasibility, process 
simulation

(Jia et al., 2021)

Nb-W-Mo-Zr (Nb521) Density, microstructure, 
element distribution, in situ 
heat treatments

(Yang et al., 2021)

Mo + TiC High-temperature 
applications (e.g., 
heating elements and 
structural supports in 
vacuum furnaces)

Sandwich structures of 
Mo + TiC / Mo, 
microstructure, grain 
structure, texture

(Rock et al., 2020)

pure Mo Density (~99%), texture, 
grain structure, 
microstructure, mechanical 
properties

(Fernandez-Zelaia, Kirka, et al., 
2021)

pure W Plasma-facing 
materials in nuclear 
reactors; x-ray 
shielding

(Ren et al., 2022;  
Dorow-Gerspach et al., 2021; 
Ellis et al., 2021;  
Yang et al., 2019)

pure Ta Biomedical 
applications

Density (~99.9%), in vivo 
clinical tests, 
microstructure, mechanical 
properties

(Tang et al., 2020)

WC-13Co (wt.%) Cemented carbide as 
tool materials

Density, microstructure, 
toughness

(Konyashin et al., 2019)

H
ig

h 
En

tr
op

y 
Al

lo
ys

 (
H

EA
)

Al-Co-Cr-Fe-Ni Novel structural 
materials due to 
excellent (high-
temperature) strength 
and good ductility

Density, chemical 
composition, in situ heat 
treatments, corrosion, 
texture, microstructure, 
mechanical properties

(Fujieda et al., 2015; Shiratori 
et al., 2016; Kuwabara et al., 
2018)

Al-Cr-Mo-Nb-Ta  
powder blend

In situ alloying, density, 
chemical composition, 
element distribution, texture, 
microstructure, mechanical 
properties

(Popov et al., 2019)

pre-alloyed Co-Cr-Fe-
Ni-Mn 
powder (+ pure Ti 
powder)

(Wang, Tan, et al., 2019; 
Cagirici et al., 2021)

Co
pp

er
 b

as
e

Pure copper Heat exchangers, 
induction coils, 
waveguides, in 
electric motors

Processing windows, 
microstructure, electrical 
and mechanical properties

(Lodes et al., 2015; 
Guschlbauer et al., 2018; 
Ledford et al., 2019; Ledford 
et al., 2020; Guschlbauer et al., 
2020; Horn et al., 2018; 
Tarafder, Rock, & Horn, 2021)

Cu-Al Raney copper 
chemical catalysts

Microstructure, anisotropic 
mechanical properties, 
catalytic activity

(Wolf et al., 2020; Wolf et al., 
2019)

Cu-25Cr (wt.%) Contact materials Microstructure, chemical 
composition

(Momeni et al., 2018)

Cu-0.80Cr-0.04Zr (wt.%) 
Cu-0.88Cr-0.12Zr (wt.%)

Heat sink materials Microstructure, element 
distribution, thermal 
conductivity, hardness

(Ordás et al., 2021)

Al
um

in
um

 
ba

se

Al-4.5Cu-1.5 Mg-0.7Mn 
(wt.%) 
Al 2024

Lightweight structural 
materials in 
automotive and 
aerospace industries

Density, microstructure, 
element distribution, grain 
structure, mechanical 
properties, heat treatments

(Kenevisi & Lin, 2020; Kenevisi 
& Lin, 2021)

Al-Si-Mg (Bian et al., 2020)

M
ag

ne
tic

 m
at

er
ia

ls

Ball-milled pre-alloyed  
Al-53Mn (wt.%) powder

Permanent magnets Magnetic properties, fully 
dense microstructure, 
characterization of different 
phases in the 
microstructure

(Radulov et al., 2019)

Fe-6.5Si (wt.%) Soft magnetic 
material for electric 
motors

Microstructure free of 
cracks, magnetic properties, 
electrical resistivity, surface 
roughness, hardness

(Yang et al., 2022)

Table 4. Continued
Material 
systems Alloy composition Applications Properties References
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atomic positions (George, Yamaguchi, Kumar, & Liu, 1994). The long-
range-ordered superlattice in intermetallics can be kept up to a high 
critical temperature, leading to high strength and good creep resistance 
at elevated temperatures (George et al., 1994; Jiao, Luan, & Liu, 2016; 
Mitra & Wanhill, 2017; Yamaguchi, Inui, & Ito, 2000). Thus, interme-
tallics are predestined for high-temperature applications, especially in 
the aerospace and automotive industries (Stoloff, Liu, & Deevi, 2000). 
However, the long-range-ordered crystal structures and the strong chem-
ical bonding reduce dislocation mobility, hinder diffusion processes and 
result in high brittleness and poor fracture toughness (George et al., 
1994). Conventional methods to fabricate intermetallics are very com-
plicated and are usually based on investment casting followed by hot 
isostatic pressing and heat treatments (Bünck, Stoyanov, Schievenbusch, 
Michels, & Gußfeld, 2017). In addition, owing to low process tempera-
tures and the high material brittleness, intermetallics can easily crack, 
if processed with L-PBF. So far, using EB-PBF that enables high pre-
heating temperatures of more than 1000 °C, dense and crack-free TiAl, 
NiTi and FeAl have been successfully processed (Adler, Z, & Koerner, 
2020; Dutkiewicz et al., 2020; Dzogbewu, 2020; Lin & Chen, 2021).

Titanium aluminide is a very promising material to produce turbine 
blades for jet engines (Chen & Li, 2019). Compared to nickel-based 
superalloys, which are being widely used as turbine blade material, tita-
nium aluminide shows comparable mechanical properties at high tem-
peratures, but much lower specific weight, which is beneficial for saving 
fuel (Gebisa & Additive, 2018). In 2007, Cormier et al. reported the first 
preliminary attempt to produce dense TiAl parts using an Arcam S12 
EB-PBF system and a pre-alloyed Ti-47Al-2Cr-2Nb (at.%) powder 
(Cormier, Harrysson, Mahale, & West, 2007). The addition of Cr and 
refractory Nb to the binary titanium aluminide system can enhance the 
material ductility and high-temperature strength, respectively (Appel, 
Paul, & Oehring, 2011; Huang & Hall, 1991). After thirteen years of 
process investigation and material test, the new Boeing 777X aircraft 
equipped with a GE9X jet engine, which uses Ti-48Al-2Cr-2Nb (at.%) 
turbine blades produced by means of EB-PBF, has successfully completed 
its first flight in 2020 (Blakey-Milner et al., 2021). According to Todai 
et al. (Todai et al., 2017) and Seifi (Seifi et al., 2017), Ti-48Al-2Cr-
2Nb (at.%) produced employing EB-PBF showed higher room temperature 
strength and smaller grain size (due to rapid solidification) than that 
prepared by conventional casting process; the high-temperature strength 
of EB-PBF-built Ti-48Al-2Cr-2Nb (at.%) was comparable to that of cast 
titanium aluminide (Lin & Chen, 2021). The operating temperature of 
Ti-48Al-2Cr-2Nb (at.%) as low-pressure turbine blades is limited to 
∼700 °C (Kim & Kim, 2018; Reith, Franke, Schloffer, & Körner, 2020). 
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In order to further increase the operating temperature, new TNM-B1 
(Ti-43.5Al-4Nb-1Mo-0.1B (at.%)) has been developed and produced by 
conventional isothermal forging to manufacture turbine blades being 
currently deployed in PW1100G engines (Dzogbewu, 2020). The presence 
of boron in TNM-B1 results in the formation of boride precipitations, 
which can limit grain coarsening during solidification and during heat 
treatments owing to grain boundary pinning effects (Appel et al., 2011; 
Clemens et al., 2008). Recently, EB-PBF of TNM-B1 with a relative density 
of ∼99.9% has been achieved using appropriate process parameters 
(Bieske, Franke, Schloffer, & Körner, 2020; Moritz et al., 2021). An insuf-
ficient energy input leads to the formation of defects (pores, lack of 
fusion), while excessive energy input induces strong aluminum evapora-
tion, which significantly affects the microstructural feature and mechanical 
performance (Moritz et al., 2021). In order to correct the composition 
of final built parts and to counteract the aluminum evaporation effect 
during EB-PBF, slightly excessive aluminum can be added to the pre-al-
loyed powder feedstock. However, the aluminum evaporation effects can 
be intentionally used to control the local composition at the spots, where 
targeted energy input is applied. Zhou et al. (Zhou, Li, et al., 2019) suc-
cessfully tailored the local chemical composition and microstructure as 
well as mechanical properties by means of selective evaporation of Al 
during EB-PBF using a pre-alloyed Ti-47Al-2Cr-2Nb (at.%) powder. In 
addition to Ti-48Al-2Cr-2Nb (at.%) and TNM-B1, whose compositions 
were originally developed to suit conventional processing technologies 
(e.g., casting and forging), novel Ti-47.5Al-5.5Nb-0.5W (at.%) has been 
proposed especially for EB-PBF (Wildheim and Stephansen, 2021; Reith 
et al., 2020). As a consequence of the relatively high Al amount, an 
improvement in room temperature ductility is expected (Reith et al., 
2020). Furthermore, the addition of W and a high amount of Nb is 
thought to benefit mechanical properties at high temperatures (Wildheim 
and Stephansen, 2021; Reith et al., 2020). Reith et al. (Reith et al., 2020) 
reported that Ti-47.5Al-5.5Nb-0.5W (at.%) produced using EB-PBF fol-
lowed by Hot Isostatic Pressing (HIP) showed homogeneous microstruc-
tures and isotropic mechanical properties at various temperatures. 
According to Reith et al., the high-temperature yield and tensile strength 
of EB-PBF-processed and HIPed Ti-47.5Al-5.5Nb-0.5W (at.%) are com-
parable to those of EB-PBF-built Ti-48Al-2Cr-2Nb (at.%) and TNM-B1 
fabricated by casting and HIP (Reith et al., 2020); while the room tem-
perature strength and fracture elongation of Ti-47.5Al-5.5Nb-0.5W (at.%) 
(EB-PBF + HIP) are beyond those of Ti-48Al-2Cr-2Nb (at.%) (EB-PBF) 
and TNM-B1 (casting + HIP). In Figure 9, the room temperature mechan-
ical properties of titanium aluminide parts with different compositions 
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and produced using various approaches are sumarized (Reith et al., 2020). 
With the deepening of process and material development, PB-EBF has 
a high potential to replace other processing approaches to fabricate flaw-
less titanium aluminide with desired mechanical properties. Besides tita-
nium aluminide, EB-PBF of dense and crack-free intermetallic iron 
aluminide Fe-28Al-5Ti-1.3B (at.%) based on Fe3Al phase with high hard-
ness, good wear and oxidation resistance has been investigated (Adler 
et al., 2020). The alloying of titanium in iron aluminide enhances the 
material strength via solid solution hardening (Adler et al., 2020). Owing 
to the high cooling rate inherent to the process and the presence of 
boron in the feedstock, the EB-PBF-fabricated iron aluminide showed a 
fine-grained microstructure (Adler et al., 2020). Compared to cast refer-
ence samples, the as-built samples without post heat treatment exhibited 
higher yield strength between room temperature and 400 °C (Adler 
et al., 2020).

Titanium nickel (nitinol) known as shape memory alloy is character-
ized by its capability of returning to the original shape owing to a 
reversible solid-state phase transformation between martensitic and aus-
tenitic crystal structures under external thermal or mechanical stimuli 
(Farber, Zhu, Popovich, & Popovich, 2020; Kumar, Shivashankar, & 
Gopalakrishnan, 2020). The temperature-induced and mechanical load-
caused shape recovering behaviors are referred to as shape memory effect 
and superelastic (or pseudo-elastic) effect, which make NiTi as a 

Figure 9.  Yield strength and fracture elongation of different titanium aluminide 
components tested at room temperature in different directions (Biamino et al., 2011; 
Reith et al., 2020; Schwaighofer et al., 2014; Todai et al., 2017) (reprinted with per-
mission from (Reith et al., 2020). Copyright Elsevier).
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promising functional material being widely used in medical fields (e.g., 
as stents) and in microelectromechanical systems (e.g., as microactuators) 
(Kumar et al., 2020). The first trial of EB-PBF of nitinol was performed 
by Hayat et al. (Hayat et al., 2018) in 2017 using a commercial Arcam 
system and a pre-alloyed powder; nevertheless, the first EB-PBF-built 
nitinol samples did not show the shape memory effect owing to the 
presence of undesired Ni3Ti and NiTi2 phases resulting from the high 
preheating temperature during EB-PBF (Hayat et al., 2018). Wang et al. 
(Wang, Tan, et al., 2019) used a powder blend (Ni + Ti powder) for 
EB-PBF. The preheating stage during EB-PBF induced an exothermic 
reaction between Ni and Ti causing self-propagating combustion and 
strong sintering of the whole powder bed (Wang, Tan, et al., 2019). Thus, 
according to Wang et al. (Wang, Tan, et al., 2019), feedstock composed 
of elemental powders is not suitable for EB-PBF of nitinol. In 2019, 
Zhou et al. produced NiTi with columnar-grained microstructures by 
means of EB-PBF at a powder bed temperature of 750 °C and using a 
pre-alloyed PREP powder composed of Ni-48.7Ti (at.%) (Zhou, Li, et al., 
2019). Owing to the evaporation of Ni during EB-PBF, the final printed 
samples showed a chemical composition of Ni-49.4Ti (at.%) (Zhou, Li, 
et al., 2019). The as-printed NiTi exhibited superelasticity at room tem-
perature (Zhou, Li, et al., 2019). In order to achieve the desired shape 
memory effect, further research work is needed to precisely control the 
composition, microstructures as well as phases and precipitates, which 
significantly depend on the thermal history during EB-PBF and can be 
affected by post heat treatments.

6.2. Nickel-based alloys

Nickel-based superalloys are characterized by excellent high-temperature 
strength, high resistance to oxidation and creep deformation at elevated 
temperatures (Graybill et al., 2018; Sanchez et al., 2021). Currently, they 
are being widely used in the aerospace industry as turbine blades with 
complex geometries (Sanchez et al., 2021). So far, different weldable and 
non-weldable nickel-based superalloys free of cracks have been success-
fully processed using EB-PBF (Table 4). In addition, the effect of process 
parameters on microstructural properties and mechanical performance 
of nickel-based superalloys is intensively investigated (Helmer, Bauereiß, 
Singer, & Körner, 2016; Kirka, Greeley, Hawkins, & Dehoff, 2017; 
Raghavan et al., 2016). When using different appropriate scan strategies, 
an isotropic microstructure with Equiaxed Grains (EG) or a textured 
microstructure with Columnar Grains (CG) were achieved for Inconel 
718 samples produced using EB-PBF. The local microstructural properties, 
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which play an important role in the mechanical properties, can be tai-
lored by controlling the EB-PBF process parameters (Helmer, 2017; 
Helmer et al., 2016). The static mechanical properties of EB-PBF-fabricated 
Inconel 718 with CG and EG were investigated in different directions 
and at different temperatures (Helmer, 2017; Körner, Helmer, Bauereiß, 
& Singer, 2014).

EB-PBF is especially interesting to process non-weldable nickel-based 
superalloys which are characterized by a high amount of precipitation 
strengthening (Chauvet, Kontis, et al., 2018; Lee, Kirka, Ferguson, & 
Paquit, 2020; Lee et al., 2018). These alloys are prone to cold as well as 
hot cracking during processing. Even if the processing parameters during 
L-PBF are chosen in a way that the crack formation is suppressed, strain 
age cracking is observed during subsequent heat treatment (Boswell, 
Clark, Li, & Attallah, 2019; Ghoussoub, Tang, Panwisawas, Németh, & 
Reed, 2020; Risse & Broeckmann, 2019; Zhang, Yu, He, et al., 2019). The 
origins of crack formation are the high residual stresses within the mate-
rial due to the extremely high-temperature gradients in combination with 
the kinetic suppressed precipitation of the hardening γ’ phase (Chauvet, 
Kontis, et al., 2018; Risse & Broeckmann, 2019). Due to the high working 
temperatures during EB-PBF, the level of residual stresses is much lower. 
In addition, the γ’ phase appears already in the as-built state (Lim et al., 
2021). Nevertheless, liquation cracking may still occur (Chandra et al., 
2021). This phenomenon is strongly coupled with the process strategy 
and the specific composition of the alloy (Lee et al., 2020; Wahlmann, 
Leidel, Markl, & Körner, 2021). Especially, minor elements such as boron, 
which strongly decrease the solidus temperature are considered to be the 
cause of liquidation cracking (Chauvet, Kontis, et al., 2018; Guo, 
Chaturvedi, & Richards, 2000). In the future, these alloys have to be 
adapted to the specific AM processing conditions.

Not only columnar and equiaxed grain structures (Haines, Plotkowski, 
Frederick, Schwalbach, & Babu, 2018; Helmer, 2017; Helmer et al., 2016; 
Körner et al., 2014; Raghavan, Stump, Fernandez-Zelaia, Kirka, & 
Simunovic, 2021), but also single-crystalline CMSX-4, Inconel 718 and 
Inconel 738 have been derived using appropriate EB-PBF process param-
eters (Chauvet, Kontis, et al., 2018; Gotterbarm, Rausch, & Körner, 2020; 
Körner et al., 2018; Li et al., 2021; Pistor & Körner, 2019; Ramsperger, 
Singer, & Körner, 2016; Ramsperger et al., 2015). Körner et al. successfully 
produced CMSX-4 rods with a poly-crystalline shell and a single-crys-
talline core using a common snake-like hatching pattern with 90° rota-
tions after each layer (Körner et al., 2018; Pistor & Körner, 2019). 
According to EBSD (Electron BackScattered Diffraction) IPF-Z map 
(Inverse Pole Figure), in the single-crystalline core area, a strong <001> 
fiber texture parallel to the build direction (z-direction) was observed 
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owing to the directional grain growth induced by temperature gradient 
during EB-PBF (Körner et al., 2018). Furthermore, a preferred <011> 
secondary orientation along the scan direction is detected in the IPF-Y 
map (Körner et al., 2018). This preferred <011> secondary orientation 
parallel to the scan direction was consistently observed, regardless of 
using 90° or 180° layer-wise scan rotations (Fernandez-Zelaia, Kirka, 
Rossy, Lee, & Dryepondt, 2021). The fundamental new mechanism of 
single crystal formation and the origin of this secondary orientation have 
recently been identified (Pistor, Breuning, & Körner, 2021; Pistor & 
Körner, 2021). In contrast to conventional methods to produce single 
crystals by the growth of a seed crystal, AM single crystals develop by 
a combination of grain selection and thermo-mechanical deformation 
combined with texture formation.

AM single crystals are characterized by an unprecedented homogeneity 
due to the much finer solidification microstructure (Körner et al., 2018; 
Pistor & Körner, 2019). After heat treatments, segregation completely 
disappeared from view, which is not achievable in cast material (Körner 
et al., 2018). This extremely high homogeneity has positive effects on the 
properties. Compared to conventional cast and heat-treated CMSX-4, the 
EB-PBF-built and heat-treated single-crystalline CMSX-4 showed com-
parable Yield Strength (YS) and Ultimate Tensile Strength (UTS) (Figure 10). 
Owing to the homogenous distribution of Rhenium, the undesired  
TCP phases formed at high temperatures were homogeneously distributed 
all over the heat-treated EB-PBF CMSX-4 sample (Körner et al., 2018; 
Pistor & Körner, 2019). Thus, the heat-treated EB-PBF CMSX-4 exhibited 
highly reliable mechanical properties and good Low Cycle Fatigue (LCF) 
behaviors (Körner et al., 2018). The dynamic mechanical properties are 

Figure 10. S tatic mechanical properties of the EB-PBF-processed single-crystalline 
CMSX-4 in the as-built and heat-treated state as a function of temperature (adapted 
from (Körner et al., 2018) under a CC BY 4.0 license). (a): Yield Strength (YS). (b): 
Ultimate Tensile Strength (UTS). The tensile direction was parallel to the build direc-
tion. The yellow area represents literature data for cast and heat-treated material 
(Terrazas et al., 2016).
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of particular importance for the rotary components (e.g. turbine blades 
composed of nickel-based alloys) in aero-engines at high temperatures 
(Helmer, 2017). According to Körner et al. EB-PBF-produced single-crys-
talline CMSX-4 showed after heat-treatment a superior LCF lifetime 
compared to heat-treated cast materials (Körner et al., 2018). The creep 
resistance behaviors of the heat-treated EB-PBF-processed single-crystal-
line CMSX-4 were comparable to those of the heat-treated cast CMSX-4 
parts (Körner et al., 2018). In addition, the EB-PBF-built and heat-treated 
single-crystalline CMSX-4 parts with a high microstructural homogeneity 
showed a significantly improved oxidation resistance compared to their 
conventional counterparts fabricated by means of Bridgman investment 
casting and heat treatment (Pistor, Hagen, Virtanen, & Körner, 2022; 
Sengupta et al., 1994).

6.3. Multi-materials

Commonly, a pre-alloyed powder with a chemical composition identical 
to the final printed products is used for EB-PBF to produce samples 
with uniform properties (Koptyug, Bäckström, Botero, Popov, & 
Chudinova, 2018). However, recent research works reported that EB-PBF 
showed high potential for in situ alloying powder blends as well as for 
the fabrication of multi-material composites and even components with 
a composition gradient (Guo, Ge, & Lin, 2015; Katz-Demyanetz, Koptyug, 
& Popov, 2020). The simplest way to fabricate multi-material parts is to 
print the powder onto a substrate composed of a heterogeneous material, 
which is in similarity to a joining or cladding process (Zhai et al., 2021); 
e.g., Hinojos et al. (Hinojos et al., 2016) and Segura et al. (Segura et al., 
2019) printed nickel-based objects onto a SS 316L start plate. Another 
economical and easy approach to produce alloys or composites with 
desired compositions is to use a powder blend composed of elemental 
or easily available pre-alloyed powders. In situ alloying of two blended 
steel-based powders (SS 316L + Colferoloy 103) using EB-PBF has been 
achieved by Koptyug et al. (Koptyug et al., 2020); in the printed samples, 
microstructural inhomogeneity was observed, which might be explained 
by the insufficient energy input during melting and the local inhomo-
geneity of the powder mixture (Koptyug et al., 2020). Furthermore, Peng 
et al. (Peng et al., 2016) produced dense and crack-free composite mate-
rials with excellent mechanical properties on an Arcam machine using 
a powder blend composed of 35 wt% Ni-B-Si and 65 wt% WC; the as-built 
composites showed a homogenous distribution of WC in a Ni-based 
metal matrix (Peng et al., 2016). In addition, EB-PBF of Ti-Ta alloys 
(Celebi, Gulizia, Doblin, Fraser, & Prentice, 2020), Ti-Nb alloys (Surmeneva 
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et al., 2020) and Ti-6Al-4V + hydroxyapatite composites (Terrazas et al., 
2019) for biomedical applications was successfully achieved using appro-
priate powder blends. However, this approach of using powder blends 
for EB-PBF would be limited, if strong exothermic reactions (with highly 
negative enthalpy change) took place during in situ alloying, which could 
result in self-propagating combustion and a highly sintered powder bed; 
e.g., as mentioned in Section 6.1, EB-PBF of a powder mixture composed 
pure Ni and Ti powders was not successful to produce nitinol (Wang, 
Tan, et al., 2019).

In order to reach high microstructural homogeneity and to fabricate 
compositional gradient materials, Guo et al. developed a special powder 
feed system for EB-PBF (Figure 11a) (Guo et al., 2015; W., Lin F, & Guo, 
2015). Under the action of gravity and vibration, powders (e.g., Ti-47Al-
2Cr-2Nb (at.%) and Ti-6Al-4V) in two different hoppers are delivered 
into an interim box and homogenized as well as fed for EB-PBF (Guo 
et al., 2015). The amounts of different powders delivered into the mixing 
box can be defined using the appropriate amplitude of the vibration 
plates beneath the powder hoppers (Figure 11a) (Guo et al., 2015). Based 
on this powder feed system, the chemical composition of each layer can 
be precisely controlled; the as-built Ti-6Al-4V / Ti-47Al-2Cr-2Nb (at.%) 
samples showed a compositional gradient in the thickness direction (W. 
et al., 2015). Nevertheless, reuse of the powder bed is, in this case, dif-
ficult or impossible.

Another muli-material approach is described by Filippov et al. (Filippov 
et al., 2021) where wear-resistant CuAl/B4C multilayer composites are 
fabricated utilizing a special material feed system combining wire feed 

Figure 11.  EB-PBF of multi-materials. (a): Dual-Material feed system with vibration 
plates and an interim mixing box to define the chemical composition of each raked 
powder layer and to produce compositional gradient structures (adapted from 
(Filippov et al., 2021) under a CC BY 4.0 license). (b): Special material feed system 
combining wire-feed and powder-bed to fabricate lamellar composites (according to 
(Koptyug et al., 2020). Copyright Elsevier).
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(CuAl wire) and powder bed (B4C powder); as depicted in Figure 11b. 
An electron beam is used as a heat source to melt powder or wire, so 
that the chemical composition of each layer can be different (Filippov 
et al., 2021).

6.4. Refractory materials

Generally, refractories with high melting points are fabricated through 
powder metallurgy methods, which however limit the geometric com-
plexity (Morales, Aune, Seetharaman, & Grinder, 2003; Philips, Carl, & 
Cunningham, 2020). EB-PBF, during which the energy input and absorp-
tion are very high, enables extremely high local processing temperatures 
and high preheating temperatures. Thus, EB-PBF is considered to be one 
of the most promising AM technologies to produce dense refractory 
materials with complex geometries (Philips et al., 2020).

The feasibility of processing ultra-high temperature ceramic com-
posites using EB-PBF and a powder blend composed of 70 vol% ZrB2 
and 30 vol% ZrSi2 has been proved by Jia et al. (Jia et al., 2021). 
Refractory Nb-5W-2Mo-1Zr (wt.%) with a relative density of ∼99% 
were successfully produced by means of EB-PBF using a pre-alloyed 
PREP powder (Yang, Huang, Liu, Guo, & Sun, 2021). Owing to the 
high preheating temperature of 950 °C during EB-PBF, the as-built 
Nb-5W-2Mo-1Zr (wt.%) underwent an in situ heat treatment (Yang 
et al., 2021). Due to the long-term thermal treatment in the lower areas, 
the as-built Nb-5W-2Mo-1Zr (wt.%) showed a graded increase in the 
content of precipitates of (Nb, Zr)C and Nb2C from top to bottom 
(Yang et al., 2021). In addition, EB-PBF of pure molybdenum (Fernandez-
Zelaia, Kirka, et al., 2021), pure tungsten (Dorow-Gerspach et al., 2021; 
Ren et al., 2022; Yang et al., 2019), pure tantalum (Tang et al., 2020) 
and pure niobium (Terrazas et al., 2016) parts with a relative density 
of ∼99% and nearly free of cracks has been achieved. Recently, Ren 
et al. (Ren et al., 2022) produced tungsten cuboids with a relative density 
up to 98.93% using a non-spherical tungsten powder (Figure 12). The 
EB-PBF-produced pure Mo and W showed an anisotropic microstructure 
(Dorow-Gerspach et al., 2021; Fernandez-Zelaia, Kirka, et al., 2021; Ren 
et al., 2022); e.g., Ren et al. (Ren et al., 2022) observed columnar grain 
structures along the build direction in the EB-PBF-built W samples 
(Figure 12d). The crystallographic texture in the build direction was 
adjustable, when using different scan parameters during EB-PBF 
(Dorow-Gerspach et al., 2021).

Using EB-PBF and a tantalum PREP powder (Figure 13a) with an 
extremely low oxygen content of ∼90 ppm, Tang et al. fabricated Ta lattice 
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structures showing a minimum diameter of 350 µm for bone implant 
applications (Tang et al., 2020). The EB-PBF-produced tantalum compo-
nents showed a microstructure with a relative density of ∼99.90% and 
fine columnar grains (Figure 13b). Owing to the low oxygen content 
(∼90 ppm), the EB-PBF-printed Ta bulk materials exhibited a fracture 
elongation of ∼45%, which is significantly higher than the ∼2% fracture 
elongation of the parts printed by means of L-PBF using a Ta powder 
with an oxygen content of ∼1800 ppm (Figure 13b) (Tang et al., 2020). 
Figure 13c shows a typical stress-strain curve in a three-point bending 
test of an EB-PBF-built Ta lattice structure with an open porosity of 
∼75%. After the bending test, no microcracks were detected according 
to microstructure analysis, even when the sample was bent over 90° 
(Figure 13d) (Tang et al., 2020). This high ductility of EB-PBF-fabricated 
tantalum with low oxygen content ensures its application as implants, 
which can sustain damage without producing debris (Tang et al., 2020). 
Currently, EB-PBF-produced Ta bone implants are being widely tested 
and used in vivo (Tang et al., 2020).

Figure 12.  EB-PBF of pure tungsten (adapted from (Ren et al., 2022) under a CC BY 
4.0 license). (a): Tungsten powder with an irregular particle shape and a particle size 
ranging between 65 μm and 105 μm used for EB-PBF. (b): Relative density of the 
tungsten samples produced using various values of volumetric energy density during 
EB-PBF. (c): Pure tungsten cuboid with a dimension of 15 × 15 × 20 mm³ produced 
on an Arcam A2X EB-PBF system using a beam power of 900 w, a layer thickness 
of 50 µm, a hatch distance of 100 µm, a scan speed of 180 mm/s and a volumetric 
energy density of 1000 J/mm³. The relative density could reach 98.93%. (d): EBSD 
IPF-Z maps of the EB-PBF-printed pure tungsten with columnar grains.
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6.5. High entropy alloys (HEA)

Since the proposal of HEA at the beginning of the 2000s, this topic 
attracts increasing attention and research interest (George, Raabe, & 
Ritchie, 2019; Yeh, 2013; Yeh et al., 2004; Zhou et al., 2017). According 
to Yeh et al. (Yeh, 2013; Yeh et al., 2004), HEA are alloys composed of 
five or more multi-principal elements with near-equimolar ratios. The 
high mixing entropy of the constituent elements contributes to stabilizing 
the formation of simple solid solution phases in HEA, such as FCC or 
BCC structures (George et al., 2019; Yeh, 2013; Yeh et al., 2004). It has 
been reported that some HEAs simultaneously show high strength due 
to the solid solution strengthening and good ductility owing to the good 
dislocation mobility in the simple cubic crystal structures (Chen, Tong, 
& Liaw, 2018; Han et al., 2020).

The first attempt to print HEA by means of EB-PBF was carried out 
by Fujieda et al. in 2015 using a pre-alloyed gas-atomized Al-Co-Cr-Fe-Ni 
powder (Fujieda et al., 2015). As a consequence of the in situ heat treat-
ment inherent to EB-PBF, the lower regions of the as-built Al-Co-Cr-
Fe-Ni HEA underwent a long-term thermal treatment and showed coarser 
grain structures as well as more FCC precipitates located at grain 

Figure 13.  EB-PBF of pure tantalum (reprinted with permission from (Tang et al., 
2020). Copyright Springer Nature). (a):Pure Ta powder with a low oxygen content of 
∼90 ppm and a highly spherical particle shape produced by means of PREP. (b):Left: 
Microstructure of EB-PBF-printed Ta bulk materials with a relative density of ∼99.90% 
and columnar grains. Right: Room temperature mechanical properties (ultimate tensile 
strength, yield strength and fracture elongation) of Ta produced by means of EB-PBF 
(Konyashin et al., 2019) and L-PBF (Jiang et al., 2021). (c): Three-point bending test 
of an EB-PBF-built Ta lattice structure with a porosity of ∼75%. (d): After the bending 
test, the EB-PBF-built Ta lattice structure was bent over 90° and showed no cracks.
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boundaries (Fujieda et al., 2015; Kuwabara et al., 2018; Shiratori et al., 
2016). Compared to Al-Co-Cr-Fe-Ni HEA produced through conventional 
casting, the EB-PBF-built samples exhibited significantly higher compres-
sive strength and ductility owing to the much smaller grain size resulting 
from high cooling rates during EB-PBF (Fujieda et al., 2015; Kuwabara 
et al., 2018; Shiratori et al., 2016). The EB-PBF-produced Al-Co-Cr-Fe-Ni 
showed fine columnar grain structures with a < 001> fiber texture parallel 
to the Build Direction (BD), leading to anisotropic mechanical properties 
(Fujieda et al., 2015; Kuwabara et al., 2018; Shiratori et al., 2016).

In addition, another Co-Cr-Fe-Mn-Ni high entropy alloy was processed 
by Wang et al. using EB-PBF and a pre-alloyed powder (Wang, Tan, et al., 
2019). The as-built Co-Cr-Fe-Mn-Ni specimens exhibited a relative density 
of ∼99.4% and a columnar microstructure (Wang, Tan, et al., 2019). Based 
on that work, Cagirici et al. successfully printed parts composed of Co-Cr-
Fe-Mn-Ni- n Ti (n = 0.18 mol.%, 0.50 mol.% and 2.00 mol.%, in molar %) 
utilizing a powder blend containing pre-alloyed Co-Cr-Fe-Mn-Ni powder 
and pure Ti powder (Cagirici et al., 2021). The as-printed Co-Cr-Fe-
Mn-Ni- n Ti produced by in situ alloying during EB-PBF showed a good 
chemical homogeneity (Cagirici et al., 2021). The EB-PBF-built Co-Cr-Fe-
Mn-Ni-0.18Ti specimens were free of cracks, while surface cracks were 
observed in the case of EB-PBF of Co-Cr-Fe-Mn-Ni-0.5Ti and Co-Cr-Fe-
Mn-Ni-2Ti (Cagirici et al., 2021). Compared to the EB-PBF-built Co-Cr-
Fe-Mn-Ni (Wang, Tan, et al., 2019), the in situ alloyed Co-Cr-Fe-Mn-Ni-0.18Ti 
(Cagirici et al., 2021) exhibited significantly higher hardness owing to the 
presence of strong secondary phases caused by the addition of Ti. 
Additionally, Popov et al. (Popov, Katz-Demyanetz, Koptyug, & Bamberger, 
2019) reported the EB-PBF of Al-Cr-Mo-Nb-Ta using blended elemental 
powders. During EB-PBF, notable Al evaporation was detected, resulting 
in a reduction of Al content in the final printed samples (Popov et al., 
2019). The as-built Al-Cr-Mo-Nb-Ta parts showed a high level of residual 
porosity that according to Popov et al. could be reduced or eliminated 
when optimizing process parameters (Popov et al., 2019).

6.6. Copper-based alloys

The research activities in EB-PBF of pure copper have been introduced 
in the authors’ previous review article (Körner, 2016). Owing to the high 
energy absorbance, EB-PBF of pure copper shows various advantages 
over L-PBF (Bourell, Frazier, Kuhn, & Seifi, 2020; Guschlbauer et al., 
2020; Jiang et al., 2021). Based on recent research results, EB-PBF-built 
pure copper parts have reached a relative density of ∼99.9% and electrical 
conductivity of 58 MS/m (100% International Annealed Copper Standard) 
(Raab, Guschlbauer, Lodes, & Körner, 2016). Yield and tensile strength 
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Open Cellular Structures (POCS) with dense struts composed of brittle 
Raney-copper (e.g., Cu-21.5Al (at.%) (Wolf et al., 2019) and Cu-70.6Al 
(at.%) (Wolf et al., 2020)) for catalytic applications in chemical reaction 
engineering have been built utilizing EB-PBF (Figure 15a). After selec-
tive leaching of aluminum in a NaOH solution, Catalytic Active Periodic 
Open Cellular Structures (CAPOCS) containing core-shell structured 
struts with a nanoporous copper skin layer and a solid core were derived 
(Figure 15 b) (Wolf et al., 2020). The EB-PBF-processed and selectively 
leached Raney-copper CAPOCS showed good catalytic activity in meth-
anol synthesis (Wolf et al., 2020). The nanoporous skin layer exhibits 
a high reaction surface area, while the unreacted core ensures sufficient 
mechanical stability for the reactor application and improves heat trans-
fer (Figure 15b) (Wolf et al., 2020).

6.7. Aluminum-based alloys

Lightweight aluminum-based alloys are being widely used as structural 
materials in automotive and aviation industries owing to their high 
strength-to-weight ratio (Alam & Ansari, 2017; Jawalkar & Kant, 2015; 
Kenevisi, Y, & Lin, 2021; Vijayakumar, Dhinakaran, Sathish, & Muthu, 
2021). As the most common way for AM of aluminum-based alloys, 
L-PBF is extensively investigated to produce various eutectic and 
near-eutectic aluminum-based alloys, which are less susceptible to hot 
cracking (Hyer et al., 2021). Recently, owing to high energy absorbance, 
low level of the residual stress of printed parts and vacuum process 

Figure 15.  EB-PBF of Raney-copper composed of Cu-70.6Al (at.%) (adapted from 
(Wolf et al., 2020) under a CC BY 4.0 license). (a): CT-cutaway reconstruction of an 
EB-PBF-processed POCS with dense struts in the as-built state. (b): Microstructure of 
the cross-section of a dealloyed strut with a nanoporous copper skin layer and a 
solid core; the inset shows copper ligaments and channels in the nanoporous skin 
area.
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environment, EB-PBF has been successfully used for AM of high 
strength aluminum alloys; e.g., EB-PBF of fully dense, crack-free Al2024 
(Kenevisi & Lin, 2020; 2021) and AlSi10Mg (Bian et al., 2020) with 
equiaxed-grained microstructures have been achieved by Kenevisi et al. 
and Bian et al., respectively, using gas atomized pre-alloyed powders. 
Nevertheless, owing to evaporation effects during EB-PBF under con-
trolled vacuum conditions, less content of volatile alloy elements (e.g., 
Al, Mg, Mn etc.) was observed in the as-printed samples compared to 
that in the initial powdered feedstock (Bian et al., 2020; Radulov et al., 
2019). The evaporation effects in the course of EB-PBF could be reduced 
by elevating the partial pressure of helium in the vacuum chamber, 
which however might enlarge the size of the electron beam, resulting 
in a poorer printing accuracy. In addition, to correct the final compo-
sition of the as-built specimens, more amount of volatile constituent 
elements could be added to the feedstock.

6.8. Magnetic materials

In the last few years, L-PBF of magnetic materials with complex geom-
etries has been extensively investigated (Chaudhary, Mantri, Ramanujan, 
& Banerjee, 2020; Mikler et al., 2017; Pham, Kwon, & Foster, 2021). 
Silicon steel (Fe-3Si (wt.%)) showing good saturation magnetization, low 
coercivity, high permeability as well as relatively good processability is 
one of the most common soft magnetic materials, which are currently 
used in almost every electric machine and are easy to be magnetized 
and demagnetized (Chaudhary et al., 2020). For industrial applications, 
high electrical resistivity of soft magnetic materials is additionally required 
to reduce power losses caused by eddy current. Thus, high silicon steel 
Fe-6.5Si (wt.%) with high electrical resistivity has been developed in the 
last decades at the expense of slightly reducing saturation magnetization 
(Yang, Fu, Ye, Kübrich, & Körner, 2022). In addition, with increasing Si 
content in the Fe-Si alloy, the ductility and processability significantly 
decrease. Thus, when using conventional approaches (e.g., rolling and 
forging) to fabricate Fe-Si soft magnetic materials, Si content is commonly 
limited. L-PBF-produced Fe-6.5Si-0.5Ni (wt.%) either showed a porose 
microstructure or microcracks reducing the mechanical stability of the 
printed samples (Kang et al., 2018). Recently, Yang et al. fabricated crack-
free and dense Fe-6.5Si (wt.%) by means of EB-PBF at a powder bed 
temperature of ∼900 °C on a Freemelt ONE machine (Yang et al., 2022). 
Porous and dense Fe-6.5Si (wt.%) produced through EB-PBF exhibited 
different electrical and magnetic properties as well as various values of 
power losses, which can be tailored using different process parameters 



European Journal of Materials 97

(Yang et al., 2022). Besides soft magnetic materials, Radulov et al. (Radulov 
et al., 2019) produced fully dense Al-Mn permanent magnets by means 
of EB-PBF using a powder that was ball-milled from cast Al-53Mn (wt.%) 
ingots. In the initial cast Al-Mn alloy for the powder production, 3 wt.% 
more Mn was supplementarily added to compensate for the evaporation 
loss of Mn during EB-PBF (Radulov et al., 2019). The EB-PBF-built 
Al-Mn permanent magnets showed good magnetic properties after heat 
treatments (Radulov et al., 2019).

7. New developments

In the last two decades, all the EB-PBF machines, which have been 
developed, are characterized by the fact that the acceleration voltage is 
60 kV, see Table 1. Why? The use of higher acceleration voltages is more 
expensive, the machines are larger and a better shielding of the machine 
is also necessary. Nevertheless, there are strong physical reasons why 
higher accelerations voltages (e.g., 120 or 150 kV) are highly interesting 
and might solve some persistent problems such as the smoke phenom-
enon or selective evaporation:

a.	 At the same power, less charge is necessary. For example, the use 
of 150 kV instead of 60 kV will reduce the charge by a factor of 2.5;

b.	 The penetration depth of the electrons increases with increasing 
acceleration voltage (Klassen et al., 2014). As a consequence, the 
energy is deposited deeper within the material and the maximum 
surface temperature strongly decreases;

c.	 At higher acceleration voltage, fewer secondary electrons are gen-
erated (Reimer, 2000).

All these properties appear to be positive for process stability. The 
number of electrons is expected to be reduced and evaporation, which 
we assume to initiate smoke, is strongly suppressed. Both effects will 
have a positive impact on process stability and quality. Thus, we suppose 
that the use of higher acceleration voltages in EB-PBF has great potential 
for the future.

8. Summary and outlook

Electron Beam Powder Bed Fusion (EB-PBF) is a very promising additive 
manufacturing technology, especially suited for producing high-perfor-
mance metallic components being hard to be processed using other 
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fabrication approaches. Compared to its sister technology (the more 
mature laser powder bed fusion process), EB-PBF shows unique features 
and advantages. In the last five years, considerable efforts have been 
made in the field of machine, process and material development for 
EB-PBF, both in industry and academia. In this article, recent research 
activities since 2016 in the realm of EB-PBF have been recapped. In 
order to further exploit the potential of EB-EBP, the current and future 
research focuses are summarized as follows:

•	 Better process observation and control via further development and 
optimization of different process monitoring technologies; especially, 
the electron-optical imaging system, which is not affected by any 
temperature and metal vaporization effects, is thought to be one 
of the most promising in situ monitoring approaches for EB-PBF;

•	 Development of new powdered feedstocks (e.g., in situ alloying 
using powder blends); control of the quality of (reused) powders; 
investigation of the powder reuse and its influence on the properties 
of the printed components;

•	 Deeper understanding of the interactions between the electron beam 
and materials to completely avoid the powder smoke 
phenomenon;

•	 Tailoring microstructural properties by adapting processing 
parameters;

•	 Widening material systems and exploiting new materials for EB-PBF;
•	 New machine concepts with a higher acceleration voltage.
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