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Despite the variety of different methods of metal 3D printing on Earth, only a few of them can be realized in
space. Processes that employ electron beam as a heat source and wire as a consumable material is among
the most promising methods for these applications. But to date, such processes still have not been imple-
mented in actual space operation, mainly due to the low accuracy and resolution of these 3D printed
products that require significant post-processing for their intended use. Large and heavy hardware em-
ployed in these processes is another significant problem. xBeam 3D Metal Printing is the electron beam
DED-wire additive manufacturing technology that has already demonstrated the capability to produce
high-quality parts with high productivity on terrestrial relatively lightweight and compact hardware.
xBeam process employs a profile electron beam generated by low-voltage gas-discharge electron beam guns
combined with the coaxial wire feed to provide excellent control of metallurgy processes in the melt pool
and around it during deposition. Realized metallurgy conditions are the crucial factor in providing the
combination of high accuracy and resolution with good metal structure and properties. Moreover, main-
taining such metallurgy conditions does not require gravity—only cohesion/adhesion forces and surface
tension forces are involved. This fact suggests good prospects for using the xBeam 3D Metal Printing in
space applications. In addition, the method opens several unique technological opportunities that are
important in space exploration, including the nonstick deposition technique allowing the production of
‘‘ready-to-use’’ parts, surface glazing able to substitute machining, recycling of the metal waste directly into
wire for 3D printing, and others. The article presents technical solutions for implementing 3D printing and
related processes in space conditions and analyzes the metallurgical aspects of the technology using titanium
alloy Ti-6Al-4V as an example.
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1. Introduction

3D printing has been considered an attractive opportunity in
metal fabrication and processing in space exploration for a long
time. The ability to manufacture various parts and components
of spacecraft and flight support directly onboard space stations
could eliminate the need to put into orbit and store on board a
significant number of spare parts that are critical for the life of

astronauts and the spacecraft themselves. NASA estimates that
they never used more than 95% of such spare parts, but they
cannot remove the emergency stock due to their critical need in
case of accidents (Ref 1).

This problem is even more critical for the planned long-term
missions to the Moon and Mars when even the theoretical
possibility of quick delivery of the necessary components from
the Earth will be absent (Ref 2, 3). As a result, the need to ship
critical spare parts significantly reduces the possible actual
payload of spacecraft, and their storage takes up a lot of
potentially valuable space on board.

Nobody can imagine the prospective construction of lunar
and Martian bases and the deep development of the bowels of
these planets (Ref 4, 5) without 3D printing—from the
construction of residential and industrial premises to the
manufacture of infrastructure and equipment for various
purposes. After all, many significant structural elements and
assemblies cannot be delivered to the Moon or Mars, even
disassembled.

Metal 3D printing is a crucial factor in solving these
problems. Metals are still the primary structural material—both
in spacecraft and in most industrial equipment in general—due
to the optimal complex of the most important functional
properties, such as specific strength (including operating under
ultra-low and elevated temperatures), technological plasticity
(susceptibility to cold and hot deformation), weldability,
maintainability, etc. These properties are all the more important
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in difficult climatic conditions on the Moon and Mars—with
wide temperature fluctuations, storms (including dust storms),
and high seismic activity (Ref 6-8). Also, metals will be the
primary material for the planned mining of minerals from the
subsoil, consisting of tough rocks, due to the best durability for
operation in such conditions, among other known industrial
materials (Ref 4, 5).

However, implementing 3D metal printing processes in
space is associated with many technological and engineering
problems. The most mature metal 3D printing processes like
powder bed fusion (PBF), DED-powder, and cold spray are
practically not applicable in space due to zero or low gravity.
There have been several attempts to find engineering solutions
enabling PBF processes in zero gravity by using gas pressure to
substitute gravity to keep powder on the top layer for selective
melting/sintering (Ref 9, 10). But these methods require very
complex hardware, and they consume much gas for operation.
In addition, these methods require significant post-processing to
provide acceptable metal properties, which can be possible only
with additional heavy equipment. Handling powders is also
quite a complex and often dangerous issue.

The running of metal injection molding (MIM) processes in
zero gravity can be possible from a physical point of view
because a compact powder–binder mixture is used as a material
for deposition. But the MIM�s products require multistage heat
treatment and sintering to remove the binder and form the dense
material with acceptable properties—this post-processing also
requires additional complex, dimensional, and heavy equip-
ment.

Therefore, the processes of direct energy deposition with
wire (DED-wire) are considered the most suitable for 3D
printing in space (Ref 3). But operation in space conditions is
setting special additional requirements when selecting the 3D
printing methods—energy efficiency of the heating source,
accuracy, resolution, and metal quality of as-printed products
with minimum post-processing required, personnel safety, etc.

Some DED-wire processes have limitations in space oper-
ating conditions due to physical issues and/or problems caused
by heat sources used for melting wire and substrate. For
example, the rapid plasma deposition (RPD) process is not
applicable in zero gravity because of its configuration with
separate melting of wire and substrate—droplets of additive
material from the wire end can reach a melt pool on the
substrate only by gravity (Ref 11). Welding arc additive
manufacturing (WAAM) methods are technically possible in
space. Still, they have some issues with operation safety
because arcing causes splashes during the process with the
formation of droplets flying out of the deposition area. Products
of such methods have pretty low accuracy and resolution,
requiring CNC milling with a significant amount of turnings
and debris, which must then be managed appropriately (Ref 3).
In addition, coarse metal structure forming by these methods
requires additional post-processing to provide high-quality final
parts.

Investigation of the most suitable heat sources for applica-
tion in space started as early as in the 1970s-1980s, when the
possibility of welding metals in space was studied in parallel by
Soviet and American scientists (Ref 12). Their conclusions
were almost identical—the electron beam and the laser beam
are the most suitable heat sources in space. At the same time,
the electron beam has certain advantages over the laser
primarily thanks to much better energy efficiency—laser loss
a significant part of energy due to reflection from smooth

surfaces. In addition, there are some safety issues during laser
operation (Ref 13).

Conclusions made by researchers of welding in space (Ref
12) are relevant when choosing a heat source for 3D printing.
After all, developers of almost all DED-wire 3D printing
methods based their engineering and metallurgy solutions on
the base of welding processes. Thus, the combination of an
electron beam as a heat source and a wire as a deposition
material is the most suitable for 3D printing in space.

Both NASA and ESA have chosen the combination of an
electron beam with wire for the first experiments with 3D
printing in space (Ref 14, 15). Karen Taminger and colleagues
developed electron-beam freeform fabrication (EBFFF) process
to realize metal 3D printing in zero gravity. They used a
traditional Pierce-type welding EB gun and a side feeding
configuration of the wire supply to the deposition point. They
carried out their experiments in a zero-gravity simulator (Ref
16), which demonstrated the technical feasibility of the
developed method and good quality indicators of the resulting
deposited material.

However, the project did not progress further than simulat-
ing experiments, apparently due to cumbersome equipment,
complex controls, and too coarse products requiring significant
post-processing to give the product’s final shape (Ref 17).
Problems with accuracy and resolution were due to side wire
feed and excessive concentration of energy in the beam focus of
the EB welding gun, which is much smaller than the diameter
of the thinnest wire—they had to distribute an excessive energy
concentration in this configuration by scanning around the wire
feed point. In this case, this feed point is constantly changing;
therefore, the melting of the wire essentially occurs in the melt
pool on the surface, mainly due to the excess heat accumulated
in this pool.

Other researchers made the next attempt to improve the
quality of products obtained by the EBFFF method using ultra-
precise online process monitoring and ultra-dynamic and
precise control of the electron beam during the metal deposition
(Ref 18). They did not complete their development of such a
closed control system yet. Professionals in metallurgy can
assume that while this approach can improve the accuracy of
deposition, it will not dramatically improve the resolution of 3D
printing and the quality of the deposited material since this
development does not change the essence of the process,
namely the melting of the wire in the pool due to the heat
accumulated there.

Nevertheless, NASA’s pioneering works with EBFFF
inspired the authors of this article to develop a 3D metal
printing solution capable of realizing the ambitious dreams of
space explorers to manufacture high-quality, ready-to-use metal
products in zero gravity.

2. The Profile Electron Beam Combined
with the Coaxial Wire Feed is the Key
to Ensuring Precise Control and Stability
of the 3D Printing Process

Problems with the accuracy and quality of 3D printed
products corresponding with the conventional EBFFF methods
are caused by using an electron beam with a high energy
concentration generated by traditional welding EB guns. In
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welding processes, a high energy concentration is necessary to
ensure deep penetration of the junction of welded parts,
especially if they are made of materials with high melting
temperatures. Therefore, welding EB guns are configured to
provide the formation of as small as possible focus spot, and all
energy of the beam releases in this focus. This is provided by
using a high accelerating voltage (usually not less than 60 kV)
and a complex multilevel focusing and scanning system. But in
3D printing processes, which by definition are layer-by-layer
deposition, deep penetration is not required. It has even
negative effects, as it can damage previously deposited layers.
In 3D printing, the thinner the layer, the better resolution of the
product. Therefore, you have to use ultra-fast and precise
scanning if you are using a conventional welding EB gun to
create a melt pool on the surface wide enough to surround the
fed wire but not too deep to prevent the melting of the already
built model (Ref 19).

Thus, there is an obvious contradiction between the
technical characteristics of the applied heat sources and the
optimal metallurgical conditions required for forming accu-
rately deposited layers with good metal structures. In addition,
welding EB guns are very bulky and heavy. At the same time, it
does not mean that such EB guns are imperfect—on the
contrary, they are often exceptional engineering solutions but
created for other purposes.

It is worth separately noting that the wire feed from the side
is one of the significant drawbacks of the EBFFF process as
well as other DED-wire processes using a laser and an electric
arc as a heat source. First, the wire creates a shadow zone where
the energy flow from the heat source does not hit directly into
the substrate—this can lead to defects like ‘‘lack-of-fusion.’’
Second, omnidirectional deposition in such a configuration can
be provided only by rotating the wire feed module following
the trajectory of the deposited layer.

The so-called coaxial wire feed can exclude these issues
with the heat flow. The melt pool in such a configuration must
be formed around the wire feed point. There are processes
using a split laser into several beams (3, 6, and more), which hit
the substrate from different sides of the wire feed point (Ref 20,
21). But you can no longer control such split beams by
scanning. Accordingly, the beams’ energy cannot be distributed
over a large area, for example, to heat both the wire and the
substrate simultaneously. Therefore, the melting of the wire in
such processes still occurs in the melt pool on the substrate by
excess heat, which still affects the printing accuracy (relative to
wire diameter and productivity) and the metal structure of the
resulting material. Everybody skilled in the art understands that
he cannot transform an electron beam into several beams by the
same approach as a laser beam because electron optics have a
very different nature. So, above-mentioned technique cannot be
applied to design a coaxial wire feed with a traditional electron
beam source.

The authors proposed using a special low-voltage gas-
discharge electron beam gun as a heat source for 3D printing to
eliminate these contradictions. Such type EB guns usually
generate electron beams of moderate energy concentration,
providing rather mild heating, suitable for processing even fine
products. Also, gas-discharge EB guns can generate electron
beams of various profiles without focusing and scanning—the
profile of the cathode’s emission surface and the electrode
system’s configuration determine the beam’s profile in such
guns (Ref 22, 23).

There are several other important operating features of the
gas-discharge EB guns. The formation of an electron beam is
possible at a relatively low accelerating voltage (10-30 kV).
These guns can provide a stable operation in a vast vacuum
range in the operating chamber—from 10–4 up to 10–1

mbar—thanks to the fact that the cold cathode is not
significantly affected by the technological process (Ref 24, 25).

The authors designed a special low-voltage (< 20 kV) EB
gun directly generating an electron beam in the shape of the
hollow inverted cone to provide a heat configuration allowing
coaxial wire feed (Ref 26). The designed EB gun was called the
xGun thanks to the visual shape of the generated beam, and the
developed technology was called the xBeam� 3D Metal
Printing.

Gas-discharge EB gun can directly generate a profile
electron beam thanks to the secondary emission of electrons
from the profile emission surface of the cold cathode under the
impact of ion bombardment of the emission surface by ions of
the plasma which is formed in the discharge chamber of the gun
from the operating gas when high voltage is applied to the
cathode. Thus, the spherical or toroidal surface of the emission
surface of the annular cathode provides the direct formation of
an electron beam in the shape of a hollow converging cone
without any focusing and deflection means (Fig. 1a).

The focus of such a beam has the shape of a relatively wide
ring which allows the simultaneous both heating of the
substrate, creating a melt pool and melting the metal at the
wire end (Fig. 1b). Such heating configuration allows to form
and to maintain a stationary laminar flow of the liquid additive
metal from the wire end directly to the center of the melt pool
on the substrate, and subsequent uniform distribution of the
additive melt around this feed point within the boundaries of
liquid phase on the substrate surface (Ref 26, 27) (Fig. 1c). We
can control the focal spot size (outer and inner diameters of the
focal ring) by changing the distance (stick-out) between the gun
and the substrate. Thus, we determine the width of the
deposition bead by controlling the width of the melt pool,
within which the liquid added metal spreads. The layer
thickness is determined by the amount of added material per
unit time (deposition rate) and the melting zone movement
(platform speed)—the same amount of added material spreads
over a more extended area of the stationary width of the
deposition bead. A few easily controllable and quickly
changeable parameters allow flexible and reliable control of
the deposition process and provide excellent repeatability of the
formed layers (Ref 27).

Such heating zone configuration completely excludes any
shadow zones on the substrate, providing omnidirectional
deposition of the additive material and practically excluding the
defects like a lack of fusion. Ultimate xGun power of 18 kW
allowed a reasonably high deposition rate of up to 6 kg per hour
(for titanium). Process configuration and applied control
algorithms provided high accuracy and good resolution of the
3D printed objects with wall thickness from 2 mm for single-
track deposition and the surface roughness from 0.3 mm.
Samples of products for space applications manufactured using
the xBeam� technology are shown in Fig. 2, a-c (all are made
of titanium alloy Ti-6Al-4V).

An EB gun of higher power can be designed if some
applications or materials require a higher deposition rate.

The ability to melt the wire separately from the substrate
significantly reduces the total amount of heat input to the
substrate at the same deposition rate. This feature substantially
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reduces the temperature gradients in the substrate during
deposition and, accordingly, reduces the level of residual
distortions of the substrate due to residual stresses. The
substrate’s residual distortion (bending) usually did not exceed
a few mm per meter of the substrate length. For example, the
part demonstrated in Fig. 2b has a bend within 1 mm of the
horizontal on an about 180 mm length substrate. In addition, we
can preheat the substrate material with a defocused electron
beam to provide even better temperature equalization. This
capability is crucial for 3D printing in remote locations with
limited availability for machining.

The heating by an electron beam with a low energy
concentration and good controllability of the deposition
parameters provides an excellent metal structure of the
deposited material and, therefore, high mechanical properties.
Several teams of scientists researched the metal structure and
properties of the Ti-6Al-4V titanium alloy in parallel. The
results obtained confirmed that the material produced using the
xBeam� technology fully meets the requirements of the
standards for both 3D printing and forged titanium (Ref 28-30).

For example, the authors of the (Ref 29) investigated the
effect of annealing at different temperatures, solution, and
aging treatments on the microstructure evolution and tensile
properties of the titanium alloy Ti-6Al-4V. The as-fabricated Ti-
6Al-4V were subjected to a series of heat treatments, as
following: HT1-690�C/2h/FC to 496�C/AC, HT2-750�C/2h/FC
to 496�C/AC, HT3-810�C/2h/FC to 496�C/AC, HT4-870�C/
2h/FC to 496�C/AC, HT5-900�C/2h/FC to 496�C/AC, HT6-
940�C/1h/AC + 540�C/4h/AC, HT7-940�C/1h/AC + 560�C/4h/
AC, HT8-960�C/1h/AC + 560�C/4h/AC, where AC-air cool-

ing, FC-furnace cooling. Tensile tests were carried out at room
temperature according to ASTM E8/E8M-16a. The results are
shown in Fig. 3.

Another research (Ref 31) demonstrated that the textures of
titanium alloy produced by xBeam� with certain heat treatment
recipes could be even better than that of forged material (Fig. 4,
a-e) (Ref 31).

Fig. 1 Configuration of the xBeam� 3D Metal Printing process and special EB gun: (a) Schematic design of the xGun; (b) Configuration of
the heated area in the feed point during deposition; (c) Photo of the real deposition process

Fig. 2 Products for space applications, manufactured using the xBeam technology: (a) dome with a cylindrical extension, (b) bracket blank, (c)
honeycomb structure

Fig. 3 Tensile properties of xBeam 3D-printed titanium alloy Ti-
6Al-4V after different post-heat treatments (Ref 29). First published
in JOM, volume 73, pages 2241–2249, 2021 by Springer Nature.
Note: dash-dotted lines and numbers with an asterisk indicate the
minimum allowable values for forged annealed Ti-6Al-4V according
to the requirements of AMS 4928
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The most essential factor in the context of the topic of this
work is that all the specified features of the xBeam process can
be realized in zero gravity as well. After all, all the main
physical forces and phenomena acting in the xBeam� pro-
cess—thermodynamics, hydrodynamics, gas dynamics, plasma
physics, electronic optics, cooling, and solidification—do not
depend on the level of gravity. The stable laminar transfer of
liquid added metal from the wire end to the substrate is reliably
maintained by adhesion, cohesion, and surface tension forces.
No droplets and splashes appear during deposition, and no dust
and debris when extracting the produced part from the vacuum
chamber.

These facts allow us to expect both the full applicability of
the xBeam� 3D printing process in zero or low gravity and the
quality indicators of products manufactured in space, including
accuracy, resolution, and metal properties.

3. Engineering and Operation Aspects of xBeam
Hardware for Use in Space

The feasibility of the process in zero gravity obviously is the
main factor in selecting a method for manufacturing metal
products in space. The technical data of the equipment and
requirements for the operation auxiliaries are also essential.
Primarily there are dimensions, weight, and power consump-
tion of the equipment. Still, also there is the availability of
process conditions, including the operating environment nec-
essary for the process, energy sources, cooling means, con-
sumable materials and wearing components, etc. Safety is one
more important requirement.

xBeam 3D printing equipment is compact and relatively
lightweight. The coaxial EB gun (xGun) of the basic design
with nominal power of an 18 kW weighs only about 8 kg and
has dimensions of approximately 200 9 200 mm (Fig. 5a).

The annular cathode is also light as it is made of titanium or
aluminum alloys (Fig. 5b). The emission surface of the cathode
wears out during the xGun’s operation, but it can be restored by
cladding using the same xBeam 3D printer. This makes the
cathode virtually eternal and eliminates the need to include

spare cathodes in the space travel kit. We will discuss this
opportunity in more detail in one of the following chapters.

Accelerating voltage of less than 20 kV (actual operating
range is 12-18 kV) is applied in the xGun. It significantly
simplifies ensuring the safety of personnel from x-rays induced
during the processing of metals by the electron beam.
According to (Ref 32), the steel walls of the vacuum chamber
designed to withstand atmospheric pressure provide sufficient
protection from x-rays if the accelerating voltage does not
exceed 15 kV. Moreover, this applies to heavy metals, which
are usually not processed in space. Testing of the xBeam 3D
printing systems demonstrated that the standard design of the
mild steel vacuum chamber provided reliable x-rays protection
(within the requirements of general labor safety standards) even
when 3D printing niobium at an accelerating voltage of 20 kV.

Providing a vacuum environment within the range of 10�4

up to 10�1 mbar required for xGun operation is not a big
problem in space. The 3D printing process can be run both in
an operating chamber, evacuated to the required residual
pressure, or in certain cases, even in the open space in a rarefied
atmosphere.

Usually, helium, hydrogen, oxygen, and argon are operating
gases to create plasma in the gas-discharge EB guns, including
the xGun. These gases are generally available onboard
spacecraft for other technological needs. They can be used to
support the xBeam 3D printing process, particularly since the
gas consumption for running the xGun is relatively small and
will not require a significant additional reserve. Moreover, the
availability of these gases on Mars and the Moon (Ref 33, 34)
practically excludes any problems running the xBeam process
in these locations.

The electron beam is the most energy-efficient heat source,
as already mentioned in chapter 1. The high-voltage DC power
supply converts the available net electricity to the parameters
required for xGun operation (voltage up to 20 kV, current up to
1 A). Both direct voltage and direct current are always applied
in gas-discharge EB guns. A few auxiliary equipment units also
do not consume much power, especially if the chamber
evacuation and cooling off of some subsystems can be
performed using the possibilities of the space environment.

Fig. 4 Equiaxed b-grain structures in Ti-6Al-4V produced by xBeam process: (a) optical micrograph of the as-printed material; (b)
reconstructed-b EBSD map of the as-printed material; (c) reconstructed-b bulk texture pole figures of the as-printed material; (d) reconstructed-b
EBSD map of the heat treated material; (e) reconstructed-b bulk texture pole figures of the heat treated material (Ref 31). This image was
published in Materialia, Vol 20, Davis, A.E., Kennedy, J.R., Strong, D., Kovalchuk, D., Porter, S., Prangnell, P.B., Tailoring equiaxed b-grain
structures in Ti-6Al-4V coaxial electron beam wire additive manufacturing, Page 101202, Copyright Acta Materialia (2021).
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Conventional motion mechanics adapted to operation in
zero gravity and vacuum are used to straighten and feed the
wire and position the product during manufacture.

As already mentioned, the control of the xBeam process is
quite simple. Therefore, the control system consists of an
industrial computer of moderate performance and several
compact PLCs that provide positioning of the manufactured
product and control of the xGun’s parameters. The process is
monitored with conventional optical and thermal vision video
cameras. Also, fiber sensors are used for more precise online
adjustment of process parameters.

4. Materials for 3D Printing and Feeding Options

Customers can use standard wire with a diameter from 1 mm
to 3.2 mm of almost any metal for deposition in the basic
configuration of the xBeam process. There are limitations only
for metals with high vapor pressure in a vacuum. Most of the
metals and alloys used in space, including titanium alloys,
niobium alloys, stainless steel, and nickel alloys, can be used
for xBeam 3D printing. Aluminum alloys can also be used, but
the surface of wire and substrate must be free of oxide films.

Usually, wire for 3D printing is supplied on a spool, so wire
straightening is required before feeding the wire into the
deposition zone. This is carried out using a set of rollers that
deform the wire in several directions. Straightening rigid
materials, such as titanium or nickel alloys, requires consider-
able force, so the straightening device can be quite large and
heavy, sometimes even larger than the EB gun.

The spool is also a rather bulky product that takes up a lot of
valuable space during delivery and storage. After the complete
using the wire, the empty spool becomes just voluminous
garbage. This problem multiplies with each additional spool
with wire stocked for a long mission, particularly in case of
delivery to the Moon or Mars.

This problem could be solved if using a straight wire (or
rods) become possible for 3D printing-straight metal products
can be delivered and stored in compact bundles. But the issue is
that the 3D printing process must be continuous, and the length
of individual straight rods is always limited, at least by the size
of the operating space for running the 3D printing process.
Straight rods can be used only if they are joined into one

continuous whole directly during the 3D printing process. Until
recently, this problem had no solution.

The capability of gas-discharge EB guns to generate profile
electron beams opened an opportunity to develop a technique
that allows the joining of individual rods directly in motion,
resulting in the continuity of material supply to the deposition
zone (Ref 35).

According to the invention (Ref 35), the authors loaded
straight rods into a cassette, from which alternately feed rods to
the welding device through the guide channel so that each
subsequent rod 1b enters rod guide 2 as soon as the previous
rod 1a leaves it. Thus, each next rod’s lower end rests on the
previous rod’s upper end, forming junction 4 (Fig. 6a). We fed
the lower rod 1a in the direction of the feed point for 3D
printing using feeding rollers 3. The upper rod 1b follows the
lower one using another feeder synchronized with the main
one. (In Earth operation, the upper rod follows the lower one
simply by gravity.) The authors designed a special gas-
discharge EB gun with a ring cold cathode 6 able to directly
generate a profile radially convergent electron beam 5 focused
on the axis of this gun from all sides simultaneously to join
(weld) the rods. This EB gun was positioned coaxially with the
direction of the rod’s movement. When junction 4 of the lower
and upper rods approaches the focus of this radial electron
beam, we increased the beam power to a sufficient level to
create a melt pool on the surface of the rod—first melts the
surface of the first rod 1a, then the junction place and then the
surface of the second rod 1b, creating a shared melt pool 7 as
shown in Fig. 6b. As soon as the melt pool spreads to the
second rod, we reduced the electron beam power or eliminated
it. The melt in the shared pool 7 solidifies, forming the
consolidating jumper 8 that joins two rods into one whole as
soon as the junction of the rods comes out of the action of the
electron beam. The formation of the one whole rod provided
the continuous rods supply to the feed point for 3D printing.
The process repeats until the process is completed or the rods in
the cassette are finished.

It is important to note that melting the junction to the full
depth is not necessary to consolidate rods. According to the
invention (Ref 35), forming a shared pool for two rods at the
junction area is sufficient for consolidation. If the melt pool on
the surface of the rod is not too deep, the surface tension forces
reliably prevent the formation of bumps under gravity which
are unacceptable. The electron beam of moderate power

Fig. 5 (a) Gas-discharge EB gun for 3D printing (xGun); (b) cold cathode of the xGun
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concentration generated by low-voltage gas-discharge EB gun
provides a possibility to precisely control pool depth.

While junction 4 of the rods does not pass through the
electron beam’s focus, we can maintain the electron beam’s
power at a smaller level, not enough to melt the rods (as shown
in Fig. 6a and c). This allows preheating the rods before they
reach the deposition feed point, which increases the productiv-
ity of the 3D printing process, especially for larger diameter
rods.

A movable cassette with separate numbered cells for each
rod and the mechanism of programmed ordered feed rods to the
rod guide can be used as a source of rods in such a device.
Figure 7(a) shows a test prototype of such apparatus with
loaded rods. Figure 7(b) shows a sample of the consolidation of

two titanium rods by melting the surface with an electron beam
of radial profile.

The test configuration of the rod feeder allows joining in
motion rods up to 6 mm in diameter and from 250 mm in
length. The resolution of the 3D printed product depends on
wire/rod diameter—the thickness of the single-track wall
cannot be less than the wire/rod diameter. Therefore, larger
rods can be used to produce the larger parts with higher
productivity.

A broader selection of potential material grades for 3D
printing is another significant opportunity provided by the rod
feeder. There is a limited range of materials available in the
form of wire because many (most?) metals and alloys cannot be
reeled onto a spool due to their high stiffness or low plasticity.
Thus, the selection of materials for 3D printing is also minimal.

Fig. 6 Scheme of joining straight rods in motion by radial electron beam: (a) before consolidation; (b) creating a shared melt pool on the
surface of the rods by radial electron beam; (c) consolidated rods. Designation: 1a-first rod, 1b-second rod, 2-rods guide, 3-feeding rollers, 4-
rods junction, 5-radial convergent electron beam, 6-circular cathode of the EB gun, 7-shared melt pool, 8-consolidating jumper

Fig. 7 Experimental rod feeder and consolidated sample rods: (a) Test prototype of a rod feeder with a loading cassette; (b) Samples of straight
rods Ø3 mm of CP Titanium joined in motion by radial electron beam
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But almost any material is available in the form of straight rods
produced by rolling, casting, or powder metallurgy methods.
Therefore, the possibility of continuous feeding straight rods
for deposition significantly expands the possibilities of using
various materials for 3D printing, including materials with low
plasticity, many of which have unique properties—for example,
intermetallic compounds like titanium aluminides and many
others. Also, multi-material compositions or functionally
graded materials can be produced using such a technique—in
this case, each next layer can be deposited by different
materials or grades.

Finally, rod feeding opportunity can be the solution for
using recycled materials. Obviously, there is no sense to make a
wire on a spool when recycling metal scrap and waste in remote
locations like space. We will consider this opportunity in one of
the following chapters.

5. Nonstick Technique—the Opportunity
for ‘‘Ready-to-Use’’ Manufacturing Solutions

The classic story of Apollo 13, when it was urgent to
produce AND IMMEDIATELY USE the necessary part (Ref
36), has become one of the primary motivations for using 3D
printing in space. But almost all existing methods of metal 3D
printing require several additional post-processing operations to
prepare the manufactured product for use, starting from the
transformation of ‘‘the near-net-shape’’ to ‘‘the net shape.’’ The
separation of the 3D printed product from the substrate is the
first (but not the last) post-processing operation in DED-wire
technologies. Producers separate the substrate, which is usually
thick and massive, either by machining or cutting using wire
electrical erosion (EDM). Both of these methods require the
appropriate equipment, tools, and time.

The technical parameters of gas-discharge electron beam
guns and the metallurgy conditions of deposition and formation
of the deposited material provided by such parameters open up
another way to solve the problem with the removal of
substrate—the nonstick deposition technique.

Melts of most metals cling to one another when contacting
due to adhesion. Then melts of dissimilar metals are mixed in a
specific area near the boundary between them mainly due to
convection with the formation of a gradient series of compo-
sitions. Depending on the alloy phase diagram of metal
combinations, these compositions form either alloys or inter-
metallic compounds when solidified. Intermetallic compounds
with high brittleness are almost always formed during solid-
ification if the solid solutions zone of contacting metals is very
narrow. Cracks appear in the hardened contact zone in such
cases due to residual stresses, and the connection is destroyed,
often even without external forces. In this case, the wider the
mixing zone, the higher the increased brittleness area and the
faster the destruction occurs.

As previously mentioned, the low-voltage gas-discharge EB
gun provides quite gentle heating of the metal thanks to a
moderate energy concentration of electron beam on the target.
As a result, the depth of the melt pool on the substrate can be
precisely controlled—this is an excellent advantage of the
xBeam technology. After all, a melt pool on the substrate is
necessary only to ensure good contact between the substrate
material and the added molten material within the melt pool

area due to cohesion (if both materials are the same) or
adhesion (if they are different). Just a thin melt film on the
surface can be sufficient to contact the deposited metal with the
substrate—the less depth of the melt pool, the less the mixing
zone of the two materials.

The authors decided to use this feature to develop a nonstick
3D printing technique. We designed an experiment in which a
titanium alloy was deposited on a stainless steel substrate to test
this idea. It is well known that titanium cannot be joined with
steel by welding because of the fair narrow zone of solid
solutions in the Ti-Fe dual alloy phase diagram—mixing
titanium with iron leads to the formation of a brittle inter-
metallic compound.

Our demonstration experiment produced a wrench by
depositing a titanium alloy on a stainless steel substrate
(Fig. 8, a-c). A low-voltage electron beam formed a shallow
melt pool on the surface of the stainless steel substrate,
sufficient to create adhesion with the molten titanium deposited
from the wire. Adhesion ensured the quick spreading of the
added material upon the molten pool on the substrate,
practically as during conventional deposition of titanium upon
titanium. These two dissimilar materials mixed only within a
small volume near the boundary between them due to the small
amount of the liquid phase of the substrate material and weak
convection conditions. Therefore, the width of the gradient
composition practically did not exceed the layer thickness. So
the next layer was deposited already upon the same material as
a wire, that is, titanium alloy. Thus, starting from the second
layer, the further process of forming the product runs as usual.
It took about 5 minutes to 3D print the wrench. Machine
operator opened the vacuum chamber in a few minutes after the
finish of the printing process while the wrench was still hot
(Fig. 8a), then he detached the wrench manually without any
effort from the substrate (Fig. 8b) and immediately used it to
loosen the nut (Fig. 8c)—by still hot wrench!

We must note that the bottom surface of the 3D printed
product contains intermetallic inclusions after detaching from
the substrate when using such a nonstick technique. In many
cases—as in the example with the wrench—this does not affect
the manufactured product’s immediate use. If such contamina-
tions are not allowed, we can remove them from the bottom
surface—sometimes simply by grinding or milling a thin layer.

We conducted a similar experiment with the opposite
combination of materials—we deposited stainless steel upon a
titanium substrate. The result was the same—easy separation of
the 3D printed product from the substrate immediately after
opening the chamber (see Fig. 9).

Thus, the ‘‘nonstick’’ or ‘‘ready-to-use’’ technique can be
implemented for various combinations of materials that form
brittle intermetallic phases when mixed.

In addition, this technique allows reusing the same substrate
repeatedly. Minor damage to the substrate surface after
separating the 3D printed product does not prevent its reusing,
including immediate subsequent reusing without additional
preparation.

A developed nonstick solution provides an opportunity to
realize the dream of generations of space researchers to quickly
manufacture any spare part NEEDED AT THE MOMENT,
ideally without any post-processing. In-site manufacture of
specific tools and adaptors (like in the already mentioned case
with Apollo 13) is an excellent example of potential demand for
‘‘ready-to-use’’ 3D printing.
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The nonstick technique is also incredibly convenient for
manufacturing products in which the substrate is needed only as
a basis for deposition, and producer must remove it entirely
after the complete formation of a product like in the example
with the manufacture of tools like wrenches. Rocket�s grid fin is
an excellent possible business case for the nonstick tech-
nique—usually, this is a massive component in which thick and
heavy substrate is not a part of the final product, and it must be
removed entirely by expensive and time-consuming post-
processing.

6. Surface Glazing

Post-processing is considered one of the main issues
slowing down the adoption of 3D printing technologies in the
industry. And bringing a ‘‘near-net-shape’’ semi-product to a
‘‘net-shape’’ product is the most critical factor, especially in
space conditions, where each additional operation is associated
with extra high costs and sometimes technical limitations.

Notably, this applies to DED-wire technologies. These
processes historically demonstrated the lowest resolution
among other 3D printing processes resulting in the highest
level of machining required and correspondingly to the longest
machine time and the enormous amount of generated waste.

As shown in Chapter 2, the xBeam technology provides a
relatively good resolution of as-printed products compared to
most DED-wire processes. But the developed methodology of
surface glazing can give significantly better smoothness and
roughness to side surfaces. The idea is to melt the side surface
of the 3D printed product with a defocused electron beam to a
depth not less than the maximum roughness of this surface.

Engineers of Paton Electric Welding Institute (Kyiv,
Ukraine) have been successfully used a similar technique for
more than 30 years for the surface glazing of titanium ingots
produced by electron-beam melting by withdrawing through
the bottomless crucible (Ref 37). The metallurgy essence of
such a melting process is a layer-by-layer formation of an ingot
when each portion of the melt poured into the mold leaves
sagging on the side surface. The external view of side surfaces
of EB melted ingots looks similar to the side view of layers in
3D printing, only with a much greater roughness (layer width
up to 10-12 mm, defect depth up to 3-5 mm). Machining ingots
to remove such sagging resulted in essential losses of material
to turnings. The glazing technique is an alternative waste-free
way to make the surface of ingots smooth and defect-free. In
addition to saving material by eliminating losses in turnings,
this technique provided more plastic properties of the surface
layer than the base metal resulting in better conditions for
further forging or rolling. They used traditional Pierce-type EB
guns in their glazing technique, and they distributed the
electron beam energy over the surface by scanning to control
melt pool depth.

The difference in our method is that we provide a moderate
concentration of electron beam energy on the surface by
defocusing the beam instead of scanning. This approach
provides better control and gives an even smoother surface,
essential for 3D printed products.

The ability of the low-voltage electron beam to precisely
control the energy concentration and the depth of the melt pool
at the surface accordingly makes this approach feasible. During
the glazing process, wire is not fed. The melt pool depth is
controlled by adjusting the electron beam’s power density per
unit area. This parameter depends on the total electron beam
power, the width of the melt pool (controlled by the stick-out
between the gun and the surface), and the speed of the beam’s
focus spot relative to the surface. Surface tension forces provide
a flat and smooth surface without defects such as lack of fusion
and cracks.

The surface roughness of xBeam printed products is usually
within 1 mm. Therefore, we need to form a melt pool about 1
mm in depth to make a smooth and defect-free surface. The
dynamic movement of the melt pool along the surface and its
shallow depth provide a high cooling rate of the metal in the
surface layer, which allows expecting a more fine metal
structure in this layer. Research on the metal properties in the
glazed layers continues.

Figure 10a and b shows a hemisphere Ø250 mm made of
titanium alloy Ti-6Al-4V with three different surface condi-
tions—as printed, machined, and glazed. The surface glazing
technique on this sample makes it possible to significantly
reduce the required machining or even exclude it for some

Fig. 8 Experiment for production of the ‘‘ready-to-use’’ part—the wrench (titanium alloy Ti-6Al-4V): (a) just 3D printed wrench; (b) easy
detachment of the wrench from the substrate; (c) immediate usage

Fig. 9 Experiment with ‘‘nonstick’’ technique—deposition of the
stainless steel upon titanium substrate: (a) 3D printed cylinder; (b)
bottom surface of detached cylinder
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specific applications. It saves a lot of material from moving to
waste and machining time and tools.

In an ideal case, the combination of nonstick technique and
surface glazing can bring the buy-to-fly ratio (BTF) of the 3D
printed products down to 1:1.

7. Possibilities of Repair and Restoration
of Products Using 3D Printing

The possibility of repair or restoration of products directly
where this is needed is essential in ensuring the sustainable life
of spacecraft, habitats, and other equipment during missions or
on Mars or the Moon. This opportunity allows the rapid return
of critical systems (and all systems are crucial in space!) to a
regular operation which is often a matter of survival.

The first experiments with welding in space, which started in
1960-1970, were associated with solving these critical prob-
lems (Ref 12). 3D printing is an even more versatile tool in
solving repair and restoration problems. After all, deposition
can not only eliminate cracks or other damages but also
compensate for the material lost due to wear or some
mechanical destruction.

The influence of the repair process on the original product is
the main problem of any repair technology. Temperature
gradients that appeared in the repair zone due to local intensive
heating can initiate residual stresses leading to the formation of
cracks or/and residual distortions. Sometimes poorly controlled
melting of the surface of the repaired product can lead to even
more significant damage to the product’s shape instead of
improving.

The excellent control of the melt pool provided by the
xBeam technology minimizes these risks. As explained in
previous chapters, a melt pool on the substrate is necessary only
to ensure good contact between the substrate material and the
added molten material. Therefore, just a thin melt film on the
surface of the product to be repaired can be sufficient to provide
reliable cling of added material with the base product material,
particularly if these materials are the same. It means that lower
than usual power can be applied directly to the repaired part
resulting in relatively small thermal gradients and small
residual stresses accordingly.

The excellent accuracy and resolution of the deposited
material provided by xBeam allow precise filling of the repair

area with new material, with reasonably little or no finishing
required.

The authors use this opportunity in everyday practice to
repair the titanium cathodes of own gas-discharge EB guns.
The emission surface of the cathodes wears out over time due to
the sputtering of the cathode material in the area of ion
bombardment. This wear results in changing the cathode’s
emission surface profile, which affects the parameters of the
generated electron beam. Over time, this leads to a deviation of
the metallurgy conditions from the specified parameters, which
is unacceptable. We restored the emission surface of titanium
cathodes by depositing only 1-2 layers on the worn-out area of
the cathode surface (see Fig. 11); it took just a few minutes.
Then the surface was finished on a CNC machine to the initial
profile. Thus, users can restore the cathodes of gas-discharge
EB guns almost unlimited times.

Any other metal parts can be repaired or restored in the same
way directly at the place of their operation.

8. Possibilities of Recycling Metal Waste Directly
Into Wire for 3D Printing

Recycling various worn or irreparably damaged metal
products is a big problem in space exploration—both onboard
spacecraft and, in the long term, on the Lunar and Martian
bases. In addition to the irrational use of expensive materials,
there is also the problem of the accumulation of space debris.
And the growth of such issues is inevitable, considering that
many metal components will operate under challenging con-
ditions.

In parallel with the accumulation of such useless metal
waste, it will be necessary to supply the substituting parts or
material for 3D printing (metal wire) to manufacture new
components on-site or to repair products that can be recovered.
Therefore, the development of recycling solutions for the useful
utilization of various materials used in space is one of the
priorities for further space exploration (Ref 38-41).

However, the in-space recycling of rejected metal products
(usually of a complex shape) into new parts or semi-products
for manufacture is challenging. Traditional recycling routes in
terrestrial conditions are based on the multistage processes of
heavy metallurgy, including melting ingots and multiple
deformation processing, accompanied by intermediate machin-
ing and heat treatments. Such a complete cycle of recycling
metal products, even to standard semi-finished products,
requires a lot of complex, heavy and expensive equipment,
much energy consumption, and, most importantly, a lot of time
(many months). In space conditions, this approach is absolutely
impossible. The recycling process should be compact, energy-
efficient, and require as little equipment as possible.

Production of materials for 3D printing would be one of the
optimal solutions for utilizing metal waste in space—better to
rods than to wire to avoid the reeling wire on a spool (to
exclude then unreeling and straightening it again). In this case,
convenient geometric forms and sizes and the necessary
chemical composition of the consumed material are the only
requirements for use in 3D printing. Any mechanical properties
are not needed because this material will be melted again
during deposition.

Fig. 10 Titanium hemisphere Ø250 mm with three states of the
surface–—as printed, machined, and glazed: (a) side view; (b) top
view
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As already shown in Chapter 4, xBeam 3D printing
technology allows the use of ordinary straight rods of moderate
length for deposition. Therefore, authors were looking for a
solution for producing rods with requirements sufficient for 3D
printing directly from scrap.

There are different methods of direct manufacturing of metal
rods. Powder metallurgy methods and casting are not applicable
in space due to the lack of gravity. There are methods for direct

withdrawing rods from the melt—for example, this is how
single crystals are produced according to the Czochralski
process and other similar methods. But such methods require
creating and maintaining a large amount of molten metal in
some crucible for a long time which also requires large energy
consumption. Several other technological problems exist, such
as the loss of alloying elements due to evaporation, or vice

Fig. 11 Repairing of the cold annular cathode of the gas-discharge EB gun (material CP Titanium)

Fig. 12 Schematic configuration of the direct rod withdrawing process and actual experiment: (a) and (c) making a local melt pool employing
the hollow conical electron beam, (b) and (d) changing the direction of the surface tension forces due to reverse movement of the seed rod
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versa, contamination of active metal melts with harmful gases
and impurities.

The ability to maintain a melt pool of a limited size directly
on the surface of a metal product, provided by the xBeam
technology, opens up an opportunity of using such a pool as a
replenishable source of melt for the direct withdrawing of rods.
Such an approach allows the use of almost any metal product,
including rejected metal parts, as a source of material for the
direct manufacturing of rods.

Schematic views in Fig. 12a and b explain the operation
principle of the invented method of direct metal rod manufac-
turing (Ref 42). We make a local melt pool on the surface of the
metal part by employing a profile electron beam in the form of a
hollow converging cone (Fig. 12a). Then we feed the seed rod
directly into the center of the formed melt pool. The applied
profile of the electron beam does not melt the seed rod while
maintaining the melt pool on the surface of the metal part. Then
we immerse the seed rod in a melt pool and immediately pull it
in the opposite direction (12b). The seed rod carries the melt
away from the melt pool due to the cohesion forces (like in the
case of pulling single crystals using the Czochralski method).
The withdrawn material immediately solidifies due to thermal
radiation as soon as it leaves the direct heating zone by the
electron beam. The surface tension forces provide the formation
of a rod with an almost perfectly circular cross-section and a
smooth surface. Replenishing the liquid metal in the melt pool
provided by moving the melt pool along the part’s surface
maintains the process’s continuity up to its complete utilization.

An actual experiment with a titanium alloy demonstrates
how we fed a seed rod into a melt pool formed by a hollow
conical electron beam (Fig. 12c) and how the reverse move-
ment of the seed rod immediately changed the direction of the
surface tension forces as soon as seed rod touched the surface
of the melt pool (Fig. 12d) resulting in forming a laminar flow
of molten metal from the melt pool to a ‘‘drain funnel.’’ Then

melt metal from this ‘‘drain flow’’ will fast solidify with the
formation of extension of the seed, which will serve as a
permanent seed rod for the following process.

The configuration of this process looks very similar to the
xBeam 3D metal printing process but which is realized in the
reverse mode—we withdraw the wire/rod instead of feeding it,
and the electron beam heats only the part’s surface, not
affecting the seed rod above it. The result is also the opposite of
3D printing—subtractive vs. additive: We are using the existing
product as a source of material to withdraw a new rod instead of
forming a new product.

Practically any metal parts can be used as objects for
recycling by this method independently of their shape and size.
If you should recycle tiny rejected metal parts or waste, they
can be pre-compacted by fusion using the same electron beam
gun. Then the resulting compact workpiece can be used for
recycling according to the proposed method. You can use
produced rods for the following 3D printing by the primary
xBeam method.

It is essential that, like in the case of the xBeam deposition
process, the main physical forces and phenomena involved in
the rod withdrawing process do not depend on gravity and
therefore can be applicable in space.

9. Autonomous Manufacturing Concept

The ability to autonomously maintain the viability of people
and the functionality of equipment in remote and hard-to-reach
places has always been a significant problem. Even on Earth,
there are many places where it is difficult, and sometimes
simply impossible, to deliver resources, equipment, and spare
parts. This problem is critical for space exploration and
missions on the Moon and Mars, where different equipment

Fig. 13 The diagram of the ‘‘xBeam Autonomous Manufacturing Concept’’
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and systems operate in harsh conditions. The high delivery cost
of each kilogram and the long delivery time are the main issue
of delivering resources to these locations, especially since it is
impossible to foresee all potential needs and problems.

The technological capabilities in the manufacture, recovery,
and recycling of metal products, opened up by various profile
electron beam solutions like the xBeam 3D Metal Printing and
related processes, allow to create a closed (autonomous) self-
sufficient production and operational ecosystem. According to
our ‘‘xBeam Autonomous Manufacturing Concept,’’ metal,
once delivered to the place of use, can repeatedly go through a
complete cycle from production to recycling and again return to
production.

The ‘‘xBeam Autonomous Manufacturing Concept’’ pre-
sented in Fig. 13 combines all technological capabilities of the
xBeam family in a closed-loop operational triangle production–
operation–recycling–production. The possibility of repeated
repetition of this closed-loop cycle is the most valuable feature
of this concept. Each new cycle practically does not require the
involvement of significant additional resources, only energy
supply and operating gases.

10. Conclusions

The xBeam 3D Metal Printing process, which employs a
profile electron beam and coaxial wire/rod feed, has already
demonstrated high efficiency in manufacturing a wide range of
products for aerospace applications thanks to high accuracy and
good quality of products, and a low total end-to-end production
cost. Other configurations of profile electron beam generated by
low-voltage gas-discharge EB guns open up a variety of
complementary technology opportunities in metal additive
manufacturing.

The main message of this article is that all benefits of these
already validated and just developed technologies can also be
obtained in zero gravity since all the primary physical forces
and phenomena acting in xBeam and related processes—ther-
modynamics, hydrodynamics, gas dynamics, metallurgy as-
pects as well—do not depend on the level of gravity. This fact
opens new opportunities in metal manufacturing in space—-
both onboard spacecraft and on the Moon and Mars.

Of course, some of the presented ideas are still a concept,
and practical implementation requires thousands of experi-
ments, which will take years. Each illustrated process has a
different technical readiness level—starting from a feasibility
study of processes like direct rods manufacturing up to fair
TRL7 achieved by xBeam 3D Metal Printing technology. But
physical feasibility of each particular method demonstrated in
this article gives hope to creating a closed-loop production and
operational ecosystem like the proposed xBeam Autonomous
Manufacturing Concept.

This article aims to demonstrate opportunities that will set
the fundamental engineering and technical tasks for designing
appropriate equipment and operating infrastructure, which will
allow testing of the presented ideas in practice. Fortunately,
decades of experience accumulated by scientists and engineers
in solving various technical problems in space will enable us to
count on turning ideas into working processes and turning
futuristic dreams into practical plans.
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