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Fig.1. General design of the xBeam

Fig.2. Process configuration of the xBeam

The round molten pool and vertical supply of feedstock exactly in the center of the pool provide the best power efficiency of the process.
Such configuration excludes any shadow zones on the substrate preventing porosity and other macro defects like lack of fusion and cavities
in deposited layer. The hollow conical electron beam completely envelopes the feedstock material by precisely regulating the energy flow
(Fig.3). It provides absolutely uniform pre-heating and fusing of wire feedstock resulting in continuous transfer of the molten metal from the
wire end to the molten pool on the substrate. This flow of molten metal is reliably maintained by the “bridge” of surface tension forces.
Molten metal is uniformly spread around the deposition point within limits of the molten pool to form smooth and accurate beads on the
substrate along the movement of the deposition point (Fig.4).

Such an axisymmetric configuration of thermal fields and mass transfer greatly simplifies the mathematical modeling of the process, which
is very important for improving the control of the technological process in order to obtain the predicted and specified material properties

8.
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Fig.3. Hollow conical electron beam and its effect on the wire

Fig.4. Liquid metal transfer from the wire end to the substrate

The parameters of the deposited bead (width and thickness) are easily controlled by changing the power distribution between the wire and
substrate by regulation of the protrusion between the xGun and the substrate, also by regulation of the substrate speed and the wire feed rate
(Fig.5). Different parameters of the deposited beads result in a different cooling rate and solidification conditions, providing control of the
received metal structure. Thus, a reliable and at the same time flexible mechanism for forming a deposition bead of a predetermined
geometrical parameters and basic metalstructure of the 3D part to be produced is realized. Any required thickness of the 3D-printed part can
be provided by using a deposition strategy consisting of a few parallel beads with some overlap between adjacent beads (Fig.6).

Fig.5. Different configurations of the deposited beads depending on deposition conditions

Fig.6. Walls of different thickness - 4, 8 and 12 mm

Beads with very different parameters were obtained using this approach — from a layer thickness of 0.6 mm with a bead width of 4.2 mm
(manufactured by wire @2mm) up to a layer thickness of 1.75 mm with a bead width of 3.3 mm (manufactured by wire @3mm) — see Fig.7a
and 7b. In all cases very good accuracy and low roughness of the surfaces of the sidewalls was demonstrated, independent from the height
and thickness of the samples (Fig.6). Usually the roughness did not exceed 0.5 mm (Fig.8) which results in a highly reduced amount of
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material and time losses for post- processing machining. In addition, there were no any surface defects such as cracks or voids both on the
external surface and in the near-surface areas of the walls.

Fig.7a. Wall with the bead's thickness 0.6 mm and width 4.2mm.

Fig.7b. Wall with the bead's thickness 1.75 mm and width 3.3 mm

Fig.8. Wall with the average thickness 3.2 mm and maximum deviation 0.3 mm from the minimum value

An extremely important feature of the xBeam 3D Metal Printing technology is the significantly lower power concentration of the heating
source (electron beam) generated by the low-voltage gas-discharge EB gun in comparison with any alternative heating sources being used in
other currently known metal additive manufacturing processes. The special gas-discharge EB gun designed for the xBeam 3D Metal Printing
technology (xGun) generates an electron beam at a low accelerating voltage less than 20 kV. The ultimate power level of the electron beam is
approximately 20 kW and it has a minimum focus of approximately 2.0 mm in diameter and provides very soft and smooth heating of
processed surfaces without scanning. The power concentration in the focus of this electron beam does not exceed 103 kW/cmz.

The impact of such a beam on the surface makes it possible to form a very shallow molten pool, which is sufficient to create conditions for
spreading the incoming liquid metal above the maintained liquid phase on the substrate with minimal heat affected zone on the substrate,
around and below the deposition area.

Such low specific power input with gradual reduction of power heating intensity from the maximum to the periphery highly reduces residual
stresses and distortions of the produced parts, which currently is considered as one of the critical problems of existing metal AM methods

[41-

Fig.9. Sample made by depposition of Ti-6Al-4V wire 3 mm, substrate plate Ti-6Al-4V thickness 5.0 mm

The creation of a rough column structure in deposited materials is one of the serious problems of existing metal AM technologies. Such type
of structure results in non-uniform properties of the deposited material in different directions, especially it influences the plasticity of the
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formed material. This problem sometimes is so critical that additional thermo-mechanical processing such as rolling or forging is applied in
order to break these columns and to form a fine and uniform metal structure similar to wrought material [9, 10]. These steps increase the
general operating costs and lead time, resulting in the general reduction of additive manufacturing attractiveness.

As result of this painful problem even the new developed standards on material produced by 3D-printing permit different properties in the
direction of growth and along the deposited layers, and “...columnar grain structure in the deposit is acceptable...” [11, 12].

The purpose of the further discussed experiments was to demonstrate the ability to form an acceptable metal structure directly by 3D
printing, and to provide good metal properties which meet the requirements of existing standards on appropriate materials.

Experiments

An exploratory study of the technological capabilities of xBeam 3D Metal Printing was executed by conducting experiments with the
titanium alloy Ti-6Al-4V. This grade is the most popular titanium alloy in different industries owing to its excellent combination of high
mechanical and technological properties. Good fatigue strength, which can be achieved in this alloy by using a complex of different
technological processes, caused this alloy to become one of the most important structural materials in aerospace industry. Because of this
fact the main efforts of scientists and engineers in the field of metal AM involved an investigation of the properties of Ti-6Al-4V provided
by metal 3D printing.

Mechanical properties of all materials, including titanium-based alloys produced with additive manufacturing technologies, depend on their
microstructure. The higher is content of alloying elements in titanium alloys, the wider range for controllable variation of their mechanical
parameters is possible owing to microstructure changes. Thus, a+f Ti-6Al-4V material demonstrates wider opportunities for variation of
mechanical characteristics as compared to near- alpha titanium compositions but has less potential than near-beta and beta titanium
compositions. To achieve appropriate set of mechanical characteristics size and aspect ratio (shape) of B grains as well as their inner
microstructure should be controlled. For lamellar o+ microstructure formed by used AM processing, size of B grains, size of o colonies
inside them and thickness of o lamellae are critical parameters affecting mechanical properties. The o colony size determines effective length
of dislocation slip through entire colony [13], thus lower size of o colonies with similar orientation of lamellae provides higher ductile and
strength characteristics as well as better high cycle fatigue properties. Small B grains are preferable because of grain size restricts o colony
sizes. Moreover, at large B grains, long grain boundary o phase layers are weak microstructure elements responsible for premature fracture
due to strain difference between intragrain structure and the grain boundary. Presence of elongated 3 grains which aspect ratio is quite bigger
than 1 results in non-isotropic mechanical characteristics of the material and, generally, is harmful for mechanical characteristics. As for
intragrain o phase, its morphology and size determines mainly strength level and fatigue characteristics and strongly depends on heat
treatment parameters. During additive manufacturing process, formation of B grains during melt crystallization and formation of intragrain
a+f structure upon further cooling below

B-transus temperature are determined by cooling rate, which in turn, considerably depends on heat flow and temperature gradients formed
around heated area. It is very important to understand that temperature gradients in the process of layer-upon-layer deposition depends not
only on main process parameters like power, feed rate and substrate speed but also on the heat accumulated in previously deposited material
along the whole process duration. That is the thermal history must be considered as one of the most important factors of formation of metal
structure.

So, to attain appropriate mechanical characteristics of Ti-6Al-4V material produced with AM technology, the aim was to produce uniform
relatively fine-grained microstructure without harmful elements like elongated grains with long grain boundary o layers.

Results and Discussion.

The metal structure and properties obtained by layer-by-layer deposition by xBeam 3D Metal printing were investigated on the samples
formed by single-bead and triple-bead strategy (by three parallel passes).

The macrostructure of the single-bead sample in the Z-Y plane is shown in Fig.10a (middle zone) and Fig.10b (top zone) accordingly. The
macrostructure of the single-bead sample is mostly formed by grains sized 200-600 um, which grow through the border between the nearest
beads. Grains near the surface are slightly elongated in the direction from the center to surface under some angle up to 45-50° from the
vertical direction, whereas grains in the center are practically equiaxed.
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Fig.10b. Macrostructure of the single-bead sample in Z-Y plane, top zone

The macrostructure of the triple-bead sample in the Z-Y plane is shown in Fig.11.

Microstructure investigations revealed that f grains with average size of 400-um were formed upon melt crystallization during AM
processing. Intragrain microstructure consists mostly of fine parallel o lamellae which were formed on cooling, however, martensite type
microstructure was also observed in some grains. Thus, it can be concluded that average cooling rates in our experiments were close to
critical value above of which martensite transformation was realized while diffusion type f—=g+a phase transformation was also
occur at a bit slower cooling.

Fig.11. Microstructure of the triple-bead sample in Z-Y plane
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Detailed investigation of grain sizes shown that grains formed at the first level adjacent to cold substrate (Fig.12a) are noticeably smaller (of
about 300 um) than grains in the core of AM structure (Fig.12b). It can be explained by intensive heat flow towards cold substrate and
significantly faster cooling of the material at the first crystallized layer. Similar grains some smaller than average grain size over AM
produced structures were also formed at upper crystallized layer (Fig.12c) due to intensive heat flow via irradiation and faster cooling of
such layers. It was concluded, some additional contribution to grain growth inside intermediate layers of produced material gave heat flow

during subsequent melting of neighboring upper layers.
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Fig.12c. Macrostructure of the mulit-bead sample in Z-Y plane, top zone

Under the some heating and cooling regimes applied for 3D manufacturing processing, large columnar B grains elongated in vertical
directions and extended throughout the number of layers were observed at the boundaries between two former molted beads (Fig.11). It was
suggested that heat flows and temperature gradients formed around molted beads as well heat affecting zones arose during building of next
(upper) layers resulted in continuous crystallization growth of grains at the borders between two neighbor beads.

In spite of the differences in some of the characteristics of grains in different zones of the sample cross-section in the Z-Y plane, measuring
the microhardness has demonstrated a very uniform picture of the Vickers hardness mapping in all zones excluding the area near the
substrate (Fig.13).

A consistent and practically uniform metal structure, together with a good chemical composition of the material produced by xBeam 3D
Metal Printing, results in good mechanical properties. The set of single-bead and triple-bead samples of titanium alloy Ti-6Al-4V was
produced on the pilot installation for basic mechanical testing (tensile strength, yield strength, elongation, and reduction of the area).
Specimens were cut from each sample both in the direction of deposition of the layers (in the horizontal direction X) and across the

layers (in the vertical direction Z).

s 03

Fig.13. Microhardness of the triple-bead sample in Z-Y plane

The testing results presented in Table 1 demonstrate that all specimens comply with the requirements of the main standards.

Table 1. Mechanical properties of single-bead and triple-bead samples of titanium alloy Ti-6Al-4V deposited by xBeam 3D Metal
Printing compared with industrial standards

Specification Tensile strength, MPA (ksi) | 0.2% Yield strength, MPa (ksi) Elongation, %
XY) @ xY) ) xY) | @
AMS 4999, min 889 855 800 765 6 5
(129) (124) (116) (111)
AMS 4928 (Forging Annealed) 896 827 10
(130) (120)
AMS 4905 (Beta Annealed) 841 745
(122) (108)
xBeam 3D Metal Printing 940-949 913-926 848-873 829-842 12-17 12-17
(triple bead samples) (136-138) (132-134) (123-127) (120-122)
xBeam 3D Metal Printing 906-917 907-934 825-837 827-850 14-15 13-14
(single bead samples) (131-133) (132-133) (120-121) (120-123)

Results of these investigations demonstrate practically equal values of strengths and elongation both in X and Z directions in single-bead
samples, and some higher strength in X direction in triple-bead samples. This is in full correspondence with the practically isotropic
character of macrostructure of single-bead samples and with macrostructure of triple-bead samples which content some colonies of grains
elongated in Z direction.

One of the specimens was used to investigate the fracture surface after tensile testing. The actual characteristics of this specimen were the



MATEC Web of Conferences 321, 03014 (2020) https://doi.org/10.1051/matecconf/202032103014
The 14" World Conference on Titanium

following: YS = 864 MPa, UTS = 947 MPa, El. = 17%, RA = 36%. Images at different magnifications of the fracture surface of this
specimen are shown in Fig. 14a, 14b, and 14c. The ductile type of fracture is observed, while brittle chips are not detected. Areas of a ductile
fracture with small equiaxed pits of different sizes of 1-10 um were monitored over the entire facet area.

i 0 200w xa%0

Fig.14a. Fracture surface of the Fig.14b. Fracture surface of the specimen Fig.14c. Fracture surface of the specimen
specimen after tensile testing x30 after tensile testing x200 after tensile testing x2000

Results of investigation of mechanical properties have demonstrated that columnar-like grains are harmful for achievement of isotropic
mechanical properties, thus AM manufacturing regimes must be corrected to achieve uniform grain structure under melting/crystallization
and followed heat affecting during melting/crystallization of adjacent upper layers.

Appropriate experiments were already performed with application of improved deposition strategy for building a multi-bead samples from
CP Titanium and alloy Ti-6Al-4V. In these experiments each next layer was deposited with the overlap to the previous layer equal to 0.5 of
bead width (see Fig.15). Obtained results have demonstrated practically isotropic character of macrostructure for both materials (see Fig.16a
and Fig.16b). Investigations of mechanical properties of these materials 3D-printed using improved deposition strategy are in progress.

Fig.15. Deposition strategy with Fig.16a. The multi-bead CP Ti sample Fig.16b The multi-bead Ti-6Al-4V sample
overlapping layers with isotropic macrostructure with isotropic macrostructure
Conclusions

» xBeam 3D Metal Printing has proved capable of providing an isotropic metal structure in deposited materials including CP Titanium and
Ti-6Al-4V;

» Basic mechanical properties of Ti-6Al-4V produced by xBeam 3D Metal Printing meet the requirements of actual industrial standards;

«  Manufacturing of accurate defect-free parts with high rate and good properties by xBeam 3D Metal Printing is able to provide an
excellent buy-to-fly ratio which is very important for basic aerospace material such as Ti- 6Al-4V and other expensive materials including
titanium-based alloys, nickel-based alloys, niobium-based alloys, stainless steel, special steel grades, as well.

« Further investigations are required to comply with the main certification requirements.

The xBeam 3D Metal Printing technology and 3D metal printers of the xBeam family promise to become reliable, efficient, and friendly
equipment for the widest industrial and scientific circles.
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