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ADDITIVE MANUFACTURING

OF TITANIUM-BASED MATERIALS
USING ELECTRON BEAM WIRE 3D
PRINTING APPROACH: PECULIARITIES,
ADVANTAGES, AND PROSPECTS

Potential of additive manufacturing technologies, namely, xBeam 3D Metal Print-
ing for the fabrication of uniform Ti—6Al-4V (Ti-6-4, mas.% ) material as well as
layered titanium-based structures, with mechanical properties sufficient for wide
practical application is demonstrated. The key distinctive features of this process
are titanium alloy wire as a feedstock material and hollow conical electron beam for
heating and melting of the wire. 3D printed with special ‘shift strategy’ Ti-6-4 al-
loy meets requirements to mechanical characteristics of corresponding conventional
cast and wrought products, if microstructure features, material anisotropy and crys-
tallographic texture are controlled with proper selection of processing parameters.
Production of multilayered materials consisting of combined layers of different ti-
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tanium materials, viz. commercially pure titanium (CP-T1i), Ti-6-4 and high-strength
T110 alloys, as well as metal matrix composites (MMC) based on Ti-6-4 matrix rein-
forced by fine TiC particles is considered. Microstructural features and mechanical
properties of all 3D printed materials are investigated. Terminal ballistic tests are
performed with different ammunition. Described results show the promising poten-
tial of 3D printing technologies, xBeam 3D Metal Printing as an example, for manu-
facturing of titanium-based multilayered armour materials with reduced thickness
and weight, and at the same time, sufficient protection characteristics.

Keywords: titanium alloys, 3D printing, microstructure, multilayered material, me-
chanical properties, antiballistic protection.

1. Intfroduction

Titanium-based alloys and metal matrix composites are attractive light-
weight construction materials for wide application in aerospace, auto-
motive, chemical, defence industries, civil engineering and medicine
owing to excellent strength to weight ratio and brilliant corrosion re-
sistance [1]. However, high price of titanium itself and complex multi-
stage technologies of alloy ingot melting, treatment and machining con-
tributing the high cost of titanium-based products restrict the areas of
their application. Therefore, development of new manufacturing tech-
nologies to obtain titanium products possessing high characteristic at
reduced cost are the aim of a number of research efforts.

3D printing, also known as additive manufacturing (AM) [2—-5], has
been widely used in industry for the rapid and cost-effective production
of near-net-shape polymeric articles, while attractive expansion of this
approach for manufacturing of various metallic articles met significant
problems at the beginning and resulted in compromised physical and
mechanical characteristics. Later, the development of metal 3D printing
processes became an important milestone in the AM evolution, which
allowed producing titanium prototypes possessing basic properties close
to those for parts manufactured with traditional cast and wrought met-
allurgy. Despite commonly acknowledged economy advantages of AM
processing, the real industrial use of 3D printed products required full
compliance of their microstructure and entire complex of physical and
mechanical properties with the requirements of the relevant industry
standards.

By their physical and metallurgical nature, metal 3D printing methods
consist in intensive local heating of feedstock metal to form a small
volume of liquid metal on substrate, it subsequent quick cooling and
solidification to build the next layer of a three-dimensional product
[2—-5]. Therefore, the main characteristic features of the layer-by-layer
AM produced metal structure are very similar to those of casting proces-
ses, including the formation of defects (pores, lack of fusion), the nuc-
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leation and growth of crystals, the appearance of residual stresses due
to fast localized heating and cooling, etc.

Important issue is achievement of sufficient and isotropic mechani-
cal, and, hence, operational characteristics of 3D printed titanium artic-
les. This aim can be achieved with decrease in residual stresses and re-
duction of material properties anisotropy arising due to the columnar
grain structure elongated in the direction of product growth as well as
due to lack of fusion and porosity between printed layers [2—7]. Such
not optimized structures lead to variation of the mechanical properties,
especially ductile characteristics, in different directions. In order to
destroy the columnar grains and to form isotropic poreless metal struc-
ture similar to the structure of a wrought material, some developers
used additional thermomechanical processing like rolling of each just
built layer or shaped forging of the entire AM product.

Among other metallic materials, the AM technologies are also wide-
ly used for cost-efficient manufacturing of titanium-based shaped prod-
ucts for various applications [5, 8-10]. Ti—-6A1-4V (Ti-6-4, wt.% ) alloy
as the most widely used titanium composition over the world is the main
object of AM research and development efforts to achieve sufficient set
of characteristics.

However, despite attractive combinations of strength and ductile
properties, conventional titanium alloys like Ti—6Al-4V or other com-
positions needs further improvement of characteristics to meet require-
ments for some extremal loading conditions, to enhance wear resistance
and to ensure confident protection against ballistic impact and penetra-
tion of projectiles in military application [11-17]. Enhanced set of
strength/ductile characteristics, wear resistance and better antiballistic
protection can be achieved with creation of multilayered structures,
which combine layers of various titanium alloys and/or metal matrix
composites (MMC) with quite different properties as entire article [14—
19]. As an example, combination of high-strength hard MMC or high-
strength alloy layer with lower-strength alloy having enhanced fracture
toughness and ductility improves strength/ductility balance ensuring
set of characteristics unattainable for each individual material. Taking
in mind that 8D printing technologies have wide opportunities for varia-
tions in chemical composition of individual layers, this approach has an
attractive potential for manufacturing of multilayered structures, which
combine various titanium alloys and titanium MMCs, thus, providing
enhanced characteristics.

The purpose of the present study was to demonstrate recent develop-
ments in achievement of acceptable microstructures and sufficient me-
chanical characteristics of massive Ti—6Al-4V products and titanium-
based multilayered structures by 3D printing using AM approach based
on advanced electron beam melting technology. The paper describes
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methods for optimization of 3D printed microstructure with careful
control of processing parameters and demonstrates potential to achieve
high characteristics of 3D manufactured products, which are sufficient
for sustainable application in aerospace and defence industries.

2. xBeam 3D Metal Printing Technology for Manufacturing
of Titanium Objects: Peculiarities and Advantages

The samples for investigation were manufactured with the xBeam 3D
Metal Printing method, which uses a titanium alloy wire as feedstock
material and profile electron beam in the form of a hollow inverted cone
to melt a wire which is fed coaxially with this electron beam [20-23].
The general process scheme is shown in Fig. 1, when melt pool is formed
on a substrate during layer-by-layer printing of 3D products. Ti—6Al—-
4V alloy wire with a diameter of 3 mm was used as the main feedstock
material, commercially pure titanium (CP-Ti) wire 3 mm in diameter
was also used in some experiments.

xBeam 3D Metal Printing method as advanced additive manufactur-
ing technology was developed by JSC ‘NVO Chervona Khvylya’ [20—23].
The unique hollow conical configuration of electron beam (Fig. 2) ensu-
res useful and important technological features of this method, namely,
opportunity for precise control of the thermal fields both in the molten
zone where the melt pool is formed and additive material is deposited,
and in the heat affected zone. Moreover, the use of a low-voltage elec-
tron beam, which has a high total power up to 18 kW, but creates a
moderate concentration of energy on
the heating surface (in the range of
102 kW/ecm?), provides a number of
exceptional technological possibilities
Feedstock Guide o for manufacturing of high-quality ar-
ticles with high productivity.

Moderate concentration of power
on the heated surfaces prevents sig-
nificant overheating of the melt and
allows avoiding high temperature gra-
dients in the surrounding volume of
the metal [20]. It prevents deep mel-
ting of the previous layer (the depth
of the melt pool usually does not ex-
ceed 0.5-1.0 mm) and allows achie-
ving very high cooling rates with fast
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2 Fig. 1. General design and process configu-
ration of the xBeam concept [20]
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Fig. 2. Wire heating area by a hollow coni-
cal converging electron beam [20]

solidification. These factors provide
intensive nucleation of multitude
crystallization centres in the molten
volume and inhibition of grain
growth, thus, reduce the probability
of continued grain growth from the previously crystallized layers. As a
result, controllable grain structure of 3D printed material can be pro-
duced without formation of coarse columnar-like grains harmful for
high mechanical characteristics of final products. In addition, low spe-
cific 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 [2, 5, 8, 10,
20, 24-25].

3. Optimization of xBeam 3D Metal Printing Parameters
to Achieve Desirable Material Microstructure and Characteristics

The practice application of 3D printed metal products, including tita-
nium ones, needs sustainable achievement of their high and rather iso-
tropic mechanical characteristics similar to those for corresponding cast
and wrought materials. This aim, in turn, requires formation of con-
trollable isotropic microstructure without undesirable defects such as
lack of fusion between printed layers, pores (Fig. 3, a, b) and without
weak structure elements such as large columnar-like grains (Fig. 3, ¢).

To avoid above noted microstructure defects, a number of methods
for optimization of 3D printing process were developed by various re-
searches [2—-5]. JSC ‘NVO Chervona Khvylya’ made considerable efforts
[20—23] aimed on structure improvement and formation of isotropic

Fig. 3. Undesirable microstructural elements typically formed in 3D printed metal
products, where a — large void due to lack of fusion between neighbouring layers,
b — pores, and ¢ — columnar-like grains. (Ti—6Al-4V alloy as an example)
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Fig. 4. Scheme (a) illustrating ‘shift strategy’ [26] of 3D printing, (b) general view
of Ti—-6Al-4V side printed surface and B-phase EBSD orientation map (reconstruct-
ed from the a-phase) of vertical cross section shown

Movement of
metal feed

Cutting
plane

Fig. 5. Scheme (a) illustrating ‘lattice strategy’ [26] of 3D printing, (b) general view
of Ti—6Al-4V cross section structure and B-phase EBSD orientation map (recon-
structed from the a-phase) of vertical cross section shown in (a)

uniform printed titanium products, namely, two strategies [23] for op-
timization of 3D printing process (‘shift strategy’, Fig. 4 and ‘lattice
strategy’, Fig. 5) were developed. Both methods are based on specific
geometry of molten bead deposition on previously built layer. In the
‘shift strategy’ (Fig. 4, a) all beads were deposited on the previous layer
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Fig. 6. Relatively fine
grained and uniform
microstructure of 3D
printed Ti—-6Al-4V ma-
terial with visible hori-
zontal interlayer bound-
aries (a) and typical
fine lamellar intragrain
structure (b)

in the same horizontal direction (along the X coordinate), but all beads
within each subsequent layer were deposited with some shift upon the
previous correspondent bead along the Y coordinate, almost in the mid-
dle between the beads of previously deposed layer. Such layers were al-
ternated from the bottom part (substrate) and until the top of built
sample, forming uniform structure without harmful defects (Fig. 4, b).
In ‘lattice strategy’, all beads of each next layer were deposited across
the direction of previously deposed layer (Fig. 5, a) from the bottom
layer (substrate) and until the top of the built sample. This approach
also is very promising to ensure the dispersed and uniform microstruc-
ture of as-build Ti—6Al-4V material (Fig. 5, b).

Extremely important achievement of both above described strate-
gies is inhibition of directed grain growth through a number of adjacent
3D printed layers, thus, preventing formation of large columnar-like
grains (like those presented in Fig. 3, ¢). Usually, undesirable vertically
elongated grains are formed in the lower part of each layer, starting
from the first one, because the cooling front is directed vertically down-
ward the colder substrate or previous layer. In the upper part of each
layer, due to the intense thermal irradiation and, hence, higher cooling
rates, a much finer nearly equiaxed grain structure is formed. However,
when the next layer is deposited, the melt pool is usually deep enough
to reach the columnar crystals of the previous layer; their top surfaces
serve as nuclei for melt crystallization leading to continuation of grain
growth vertically upward. If the moulted area within next deposed layer
does not reach columnar grains in previous layers, there is a high prob-
ability for nucleation of new grains. The forming of a shallow melt pool
provides higher cooling rates on crystallization and lower heat influence
on previous layers, thus, creating benefit conditions to form new ‘inde-
pendent’ equiaxed grains and formation of an isotropic relatively fine-
grained structure. So, taking into consideration discussed above, optimi-
zation of xBeam metal printing parameters such as rate of metal feeding
to heating area, rate of substrate moving and specific energy concen-
trated in heating area allow to control melting, crystallization and cool-
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Fig. 7. Fatigue strength
data for specimens manu-
factured in different direc-
tions of Ti—-6Al-4V block
3D printed by ‘shift strate-
gy’ [26]

800

ing conditions within
3D printing area and in
heat affected zones
nearby, which, in turn,
ensure formation of de-
sirable microstructure.

Both shift and lat-
tice strategies were successfully tested for 3D printing of ‘chunky’ Ti—
6A1-4V blocks (60x60x 70 mm in size); sufficient uniformity of isotro-
pic microstructure was achieved (Fig. 6, a). Fast cooling resulted in
formation of either metastable o’-martensite intragrain structure or not
completely stable fine lamellar o +  one (Fig. 6, b) [8, 9, 20, 26, 27].
Thus, post-printing annealing (heat treatment) is necessary to produce
fully stable o + B structure, to reduce stresses accumulated in the mate-
rial due to repeated relatively fast heating/cooling cycles, and in such a
manner, to improve strength and ductility balance [20, 24, 26]. The
tensile characteristics of annealed blocks were tested using samples cut
in 3 reciprocally perpendicular directions (Table 1, X and Y are horizon-
tal directions along the printed layers, while Z one is vertical across
them) to evaluate material isotropy. It was demonstrated [26] sufficient
uniformity of rather high tensile characteristics in horizontal direc-
tions, while some lower characteristics were achieved in vertical direc-
tion across the printed layers. The tested hardness was within 321-
335 HV over the printed Ti—6Al-4V blocks, also confirming sufficient
uniformity of the material. Noted tensile and hardness characteristics
met standard requirements for cast and wrought Ti—6Al-4V alloy, ex-
cluding tensile elongation in vertical Z direction which was the only
parameter some lower than standard requirement. It was concluded that

(2]
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Table 1. Tensile properties of 3D-printed Ti—6Al1-4V material in annealed/stress
relieved condition (characteristics for ‘shift strategy’ are presented as an example)

Tested Yield strength Ultimat}? ter'}‘ssile Tensile fracture | Reduction of area
direction (YS), MPa strength (UTS), | o1o110ation (E1), % (RA), %
’ MPa 9 ’
Z 928 + 28 966 + 25 7.2+2.6 11.2+ 3.4
X 978 + 21 1014 £ 18 15.2+ 2.5 26.2 + 6.6
Y 971 + 19 1009 £ 17 16.3 £ 2.3 28.3+ 7.2
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both printing strategies [26] can be successfully employed for 3D print-
ing of various titanium products, and were used for manufacturing of
samples for experiments described below.

Particular attention was also paid to the fatigue properties of the
3D printed material [26] from point of view of wide practical applica-
tion of such material. Fatigue tests were performed with samples of the
hourglass type by rotation-bending (rotating beam) method at 50 Hz
frequency, at room temperature with symmetric loading cycle. Two pe-

Table 2. Results of three-point flexure tests of 3D printed Ti—6A1-4V material
(‘shift strategy’) depending on applied load orientation to printed layers and beads

# Loading direction Flexure Flexure
(denoted by vertical arrow) strength, MPa | strain, %
1 |Perpendicular to printed layers Loading force 1870 18.3

and beads (beads are perpendi-
cular to the sample axis)

2 |Perpendicular to printed layers Loading force 1921 10.1
and beads (beads are in parallel
to sample axis)

3 | Along to printed layers and Loading force 1960 19.8
perpendicular to beads

4 |Along to printed layers and beads| Loading force 1969 18.5
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culiarities of fatigue test results (Fig. 7) should be noted. First, S—N
curves demonstrated a relatively large spread of fatigue strength values
within each group of specimens (i.e., for samples manufactured in the
same direction). Secondly, very high fatigue strength values of the Ti—
6Al-4V alloy (maximum value of 770 MPa for ‘Y’ group of samples) and
the high fatigue limits similar for groups ‘Y’ and ‘X’ (about 630 MPa)
were observed. The samples manufactured in ‘Z’ direction are charac-
terized with a large scatter of fatigue strength values, which can be
related to microstructure features in this direction intersecting parallel
layers of as-build block. Such conclusion was confirmed by presence of
printing defects at the fractured surfaces of some tested samples.
Three-point flexure tests were performed with rectangular 10x 10 x
x 60 mm samples cut out with spark erosion in 4 different directions
from Ti—6Al-4V alloy block 3D printed via ‘shift strategy’. Samples
orientated in parallel and in perpendicular directions to printed layers
and printed beads (as it is presented in Table 2) were tested to clarify
material behaviour depending on direction of load applied. The results
demonstrated obvious change of 3D printed material characteristics de-
pending on loading direction. The best strength (1960—-1969 MPa) and
strain (18.5-19.8%) characteristics were achieved when loading force
was applied along to printed layers independently on orientation of
printed beads (Table 2). This result once more confirms sufficient bond-
ing between printed layers and beads because of interfaces between lay-
ers and beads are subjected to tensile and compression stresses at such
loading direction. The lowest strength (1870 MPa) without compromis-
ing of strain characteristics was achieved when load was applied perpen-
dicularly to printed layers and beads. The intermediate strength level at
worst deformation (10%) was observed at loading in perpendicular di-
rection to printed layers when beads are in parallel to sample axis.
Summarizing all the above data, we can conclude that the applica-
tion of conic xBeam wire technology for 3D printing of typical titanium
alloy Ti—-6Al-4V can ensure desirable balance of standard mechanical
properties meeting the requirements of a wide range of practical appli-
cations. However, important attention should be paid to the effects of
structural and crystallographic texture of 3D printed material, which
determine some variations in properties in certain directions.

4., Characterization of 3D Printed Uniform
Ti—-6Al-4V Plates of Different Thickness

As the first research step to check validity of 3D printed titanium prod-
ucts for application as antiballistic armour elements, uniform Ti—6Al-
4V plates of various thickness were printed. Plates 30, 40, 50 and 60 mm
in thickness and about of 175x150 mm in plan were manufactured and
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Fig. 8. General view (rear side) of 3D
printed Ti-6-4 plates of different thick-
ness prepared for ballistic tests

annealed to reduce residual stres-
ses (Fig. 8). Backsides of all plates
were machined to achieve relative-
ly smooth surfaces and to avoid
stress concentrators harmful for
antiballistic resistance. Plates were
subjected to ballistic tests (Fig. 9)
using two kinds of B-32 armour-
piercing projectiles (Table 3) dif-
fering in calibre, mass and kinetic
energy. In addition, microstructures within severely deformed areas
near projectile penetration channels were thoroughly investigated. The
comprehensive analysis of ballistic tests (Table 3), 3-point flexure tests
(Table 2) and microstructural data allows clarifying behaviour of 3D
printed Ti—-6Al-4V alloy under high-speed impact loading.

The projectiles of lower calibre (7.62 mm) demonstrated ability for
17-20.5 mm depth penetration in Ti—6Al-4V plates (Table 3). There-
fore, even the lowest thickness of the plate (30 mm) is sufficient for
sustainable antiballistic protection against the noted projectiles. The
projectiles of 12.7 mm calibre, owing to noticeable higher mass and ki-
netic energies pierced plates 30 mm in thickness (Fig. 9, a) and even
40 mm (Fig. 9, b) with fragmentation of back side (Figs. 9, e, 10, a),
while thicker plates were able to stop the 12.7 mm projectiles (Fig. 9, ¢,
d, f) at 35—36 mm depth (Fig. 10, ). Obviously, 40 mm thickness is

Table 3. Ballistic test results of 3D printed Ti—6A1—4V plates of different thickness

## Plate thick- |Bullet calibre*,| Projectile | Kinetic energy Result Penetration
ness, mm mm speed, m/s |of projectile, kJ depth, mm
1 30 7.62 850 3.76 Not pierced, 17.0
2 12.7 861 17.90 Pierced N/A
3 40 7.62 854 3.79 Not pierced, 20.0
4 12.7 859 17.82 Partially N/A
pierced
5 50 7.62 853 3.78 Not pierced 20.5
6 12.7 851 17.49 Not pierced 36.0
7 60 7.62 856 3.81 Not pierced 20.5
8 12.7 858 17.78 Not pierced 35.0

* HBach plate was tested by two kinds of B-32 projectiles: 7.62 mm calibre, 10.4 g
mass, and 12.7 mm calibre, 48.3 g mass.
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Fig. 9. Front view of Ti—-6Al-4V plates of different thickness (¢ — 30 mm, b —
40 mm, ¢ — 50 mm, d — 60 mm) after ballistic tests. Backsides of 30 mm plate
pierced with 12.7 mm projectiles (e) and not pierced 50 mm plate (f) are also shown

critical value for protection against 12.7 mm projectiles. Lower thick-
ness cannot ensure protection due to fracture of backside of plate, while
sustainable protection needs plate thickness more than 40 mm.
Influence of bullets energy on the depth of their penetration in
these tests is presented on Fig. 11. Analysing these data, it is possible
to conclude, that for case of 7.62 mm calibre some evident dependence
of exponential character is seen (Fig. 11, a). The most intensive increase
in penetration depth took place for bullets’ energies in the range of
3750-3820 J. At the same time, it is not visible influence of tested

86 ISSN 1608-1021. Prog. Phys. Met., 2023, Vol. 24, No. 1



Additive Manufacturing of Ti Materials Using Electron Beam Wire 3D Printing

Fig. 10. Cross sections of Ti—-6Al-4V plates showing projectiles penetration chan-
nels (projectile movement are in downward directions): a — complete piercing of
30 mm thick plate with back side fragmentation with 12.7 mm calibre bullet, b —
projectile stopping inside the plate by different calibres

B32, 7.62 mm 60 mme==7 | 50T B32 127 mm
é 20 »o
o 40 mm ==t
= 45 + 40 mm
218 1
<
g 50 mm ==
Z 16| 40 50 mm 9
S 60 mm 'i;‘
@ 30 mm 30 mm ===
£ ﬂ' . 30 mm
Argar ¥ — 35 .
3400 3500 3600 3700 3800 17500 17600 17700 17800 19000
a Kinetic energy, J b

Fig. 11. Dependences between the kinetic energy of B32 bullets and depth of its
penetration into the 3D printed Ti-6-4 alloy for (a) 7.62 mm and (b) 12.7 mm calib-
res. Thickness of plates is indicated with arrows

plates’ thickness since the points on the curve shown solely as a func-
tion of the kinetic energy. Another situation is in case of shots with
12.7 mm calibre ammunition (Fig. 11, b), namely, no dependence of the
penetration depth on either the kinetic energy or the thickness of the
plates is observed. True, the number of results is clearly not enough for
reliable statistics. However, some conclusions can be made, if kinetic
energy (E) is recalculated into specific values, i.e., relative to the plate
thickness (d,) for pierced plates or relative to the penetration depth (d,)
for non-pierced plates. In this case for plates 30 mm and 40 mm we re-
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Projectile channel

Fig. 12. General view (a, b) of severely deformed microstructure in the vicinity of
projectile penetration channels, ASB (¢) and crack formed within ASB (d)

ceived values of 597 J/m and 456 J/m (not completely pierced) respec-
tively, while for 50 mm and 60 mm thick plates values of 486 J/m and
508 J/m were received. Therefore, comparison of such values allows as-
suming that E/d, ratio something above 510 J/mm is critical for pierc-
ing. As for the 7.62 mm calibre, similar dependence cannot be evaluated
because no one of tested plates was pierced.

Some ambiguity in these data may also be because the bullets and
their cores in the process of penetration deviated in a certain way from
the original direction perpendicular to the surface (Fig. 10, b).

Typical microstructure features near projectile penetration channels
are shown in Fig. 12. Ballistic impact with penetration of projectiles in

88 ISSN 1608-1021. Prog. Phys. Met., 2023, Vol. 24, No. 1



Additive Manufacturing of Ti Materials Using Electron Beam Wire 3D Printing

material depth is accompanied with severe high-speed deformations on
the side and in front of projectile (Fig. 12, a—b). Localization of defor-
mation leads to reciprocal shifting of material blocks and formation of
adiabatic share bands (ASB) with intensive material flow (Fig. 12, a—c).
In some severely deformed locations, cracks formed within ASB and
obviously deformed o phase lamellae nearby were observed (Fig. 12, d).

Results above demonstrated that uniform 3D printed Ti—6Al-4V
alloy plates can be surely used for armour protection even against ar-
mour-piercing projectiles if their thickness is at least 30 mm. Taking in
mind that stresses affecting the armour material on high-speed ballistic
impact are similar to those arose on three-point flexure loading
(Table 2), it was suggested that perpendicular alignment of 3D printed
layers to the front surface of uniform plate is the most promising to
achieve the best antiballistic protecting characteristics.

5. Layered Structures Produced with 3D Printing Approach
Characterization of Initial State of Three-Layers’ Materials

Above described xBeam 3D printing technology was also used for manu-
facturing of ternary and binary layered structures of various composi-
tions [28—29]. The main idea for the creation of multilayered materials
was to achieve the change of their microstructure and properties in a
gradient manner, with strong (hard) and ductile layers alternating each
other. Earlier such approach was proposed in Refs. [14, 16—19]. In our
work, we realized this idea with production of layered plates (Fig. 13)
in following way. Ternary layered plate (Fig. 13, a) was manufactured
combining low strength ductile CP-Ti cast/wrought substrate as inter-
mediate layer and 2 outer medium strength Ti—6A1-4V 3D printed layers.

CP-Ti = Ti-6Al-4V/TiC

Ti-6Al-4V

T110

Ti-6Al-4V

Fig. 13. Three-layered structures manufactured with 3D printing and consisting of
(a) CP-Ti substrate with Ti—-6Al-4V layers at both sides [28], (b) T110 substrate
with CP-Ti and Ti—-6Al1-4V layers [29], (¢) Ti-6Al-4V and MMC Ti—-6A1-4V + 10% TiC
printed on both sides of T110 plate (fragment)
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Fig. 14. Microstructures of (a) 3D printed Ti—6A1-4V, and (b) CP-Ti layers, (c) cast
and wrought T110 substrate, (d) interface between CP-Ti and T110 layers. Distribu-
tion of (e) alloying elements, and (f) HV microhardness within the transition zone
shown in (d) [29]
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In addition, ternary material combined thermally hardenable high-
strength T110 alloy (Ti—5.5A1-0.5Zr—4Nb-1.5V—-1.5Mo0—0.5Fe, wt.%),
CP-Ti and Ti—-6Al-4V was studied (Fig. 13, b). The cast and wrought
commercial T110 plate was used as a substrate for 3D printing of CP-Ti
and, then, Ti—6Al-4V layers. For the third material (Fig. 13, c), the
high-strength cast and wrought T110 plate was joined with metal mat-
rix composite (MMC) layer on the base of Ti—6Al-4V reinforced with
particles of titanium carbide. For manufacturing of such structure,
MMC of noted composition was preliminary sintered with powder metal-
lurgy, then placed on surface of cast/wrought T110 substrate and sub-
sequently remelted with electron beam used in xBeam technology to
ensure formation of continuous MMC layer sufficiently bonded with
T110. Part of opposite (back) side of T110 plate was covered with ad-
ditional 3D printed Ti—6Al—-4V alloy (this ternary layered part is shown
in Fig. 13, ¢) while another part of T110 substrate remains binary laye-
red (without Ti—6Al-4V) to check the useful influence of relatively
ductile back layer on antiballistic protection. It should be underlined
that all 3D printed multilayered structures have well-fused interfaces
providing sufficient bonding between layers (Figs. 13, ¢ and 14, d).

Quite different strength and ductile characteristics of all noted ma-
terials can be demonstrated with difference in their Vickers’s hardness.
Unalloyed CP-Ti demonstrates the lowest hardness of 179-188 HV. The
hardness of 3D printed Ti—6Al-4V is noticeably higher varying within
295-377 HV range for different samples due to different printing re-
gimes used for manufacturing. T110 composition belongs to high-
strength titanium alloys; however, without specific strengthening heat
treatment T110 plate possesses not outstanding hardness of 365 HV.
The highest hardness is observed for Ti—-6A1-4V-10% TiC MMC vary-
ing within 509-664 HYV, the reasons of such considerable variation in
hardness are not uniform redistribution of reinforcing TiC particles and
harmful porosity in remelted MMC layer, which will be described below
with microstructure investigations.

The typical microstructures of the individual layers are shown in
Fig. 14. Both 3D printed layers (CP-Ti and Ti—6Al-4V) demonstrated
coarse-grained structures with clearly visible columnar-like  grains up
to 2-3 mm length, and 0.15-0.5 mm width (Fig. 14, a, b). Intragrain
microstructure of the Ti—6Al-4V layer is characterized by fine lamellar
o + P colonies (Fig. 14, a), while in the CP-Ti layer a mixture of a crys-
tals of lamellar and equiaxed morphologies up to 400 um in size is ob-
served (Fig. 14, b). Contrary, cast and wrought T110 substrate has rela-
tively fine nearly equiaxed o +  microstructure, in which a-particles are
elongated in rolling direction (Fig. 14, ¢). T110 and Ti—6Al-4V materials
demonstrated relatively high average hardness (365 and 377 HV corres-
pondingly), such result is expected due to alloying strengthening and
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Fig. 15. Cross sections of 3-layered 3D printed materials [28] through projectile
craters after ballistic testing with 7.62 mm B-32 bullets

Fig. 16. Triple Ti-6Al-4V /CP-Ti/T110 plate after ballistic tests [29]: general view
from Ti—6Al-4V alloy side (a¢) and from T110 alloy side showing delaminated frac-
tured area near B-32 (12.7 mm) projectile crater (b); cross sections of the plate near
penetration channels of B-32 (7.62 mm) projectiles from Ti—6Al-4V alloy side (c)
and T110 side (d) as well as 12.7 mm calibre from Ti—-6Al-4V alloy side (e); delami-
nated back T110 surface near 12.7 mm bullet core stuck (f)
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fine microstructure of wrought T110 plate as well as due to fine o + 3
intragrain microstructure of Ti—6Al1-4V formed on rapid cooling during
3D printing. CP-Ti layer has the lowest average hardness of 179 HV.

Despite used 3D printing regimes ensured tight bonding and good
adhesion between layers of different chemical composition without pores
or other manufacturing defects at the interfaces, special attention
should be paid to transition zones between the layers. Such zones were
formed upon melting of both adjacent materials during 3D printing and
undoubtedly have a special influence on the mechanical behaviour of a
3-layer sandwich. Fig. 14, d showed a typical microstructure of inter-
face (transition zone) between 3D printed CP-Ti layer and T110 sub-
strate. It is seen, that repeated heating and cooling during 3D building
of CP-Ti layer changed microstructure within upper part of cast and
wrought T110 substrate from initially globular (Fig. 14, c) to fine la-
mellar inside HAZ (heat affected zone, Fig. 14, d). Alloying elements
distribution within corresponding transition zone between CP-Ti and
T110 layers is presented in Fig. 14, e. From comparison of Fig. 14, e, d
it is clearly seen that alloying elements, especially aluminium, penetrate
quite deep into the adjacent titanium layer from the T110 substrate due
to diffusion. It is expected that the presence of such a wide and smooth
diffusion zone of alloying elements affects the change in mechanical
characteristics. The microhardness was measured along the direction at
an angle of 30° to the line showed in Fig. 14, d to obtain more accurate
data; hardness results completely corresponded to the distribution of
alloying elements (compare Fig. 14, f, e).

All layered plates were subjected to ballistic tests (Table 4, Figs. 15,
16) using 7.62 mm and 12.7 mm armour piercing B-32 projectiles and,
for comparison, BZ one of 7.62 mm calibre but having lower kinetic
energy than B-32. General view of projectile penetration craters in shot
3-layered materials are presented in Fig. 15. For triple plate (Fig. 15, a)
the B-32 projectiles pierced the front Ti—6Al1-4V and the intermediate
CP-Ti layers and then stopped within the back Ti—6Al-4V one. The
depth of penetration was 19-22 mm (Table 4, #1), while the projectile
possessing some higher velocity and, hence, higher kinetic energy, was
stopped with partial piercing and destruction of the back surface (Ta-
ble 4, #2).

The depth of B-32 projectile crater was about of 17 mm for MMC/
T110/Ti—6Al1-4V plate (Fig. 15, b). The projectile penetrated through
the MMC and T110 layers with obvious deformation of the T110/Ti—6-
Al-4V interface, however, did not penetrate inside back 3D printed
layer (Table 4, #3). At the absence of back 3D printed Ti—6Al-4V layer,
two-layered plate was nearly pierced with BZ bullet of noticeably lower
kinetic energy (Table 4, #4); however, the bullet was stopped in the
back surface.
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Contrary to above described plates, triple Ti—6A1-4V/CP-Ti/T110
plate was tested with B-32 (7.62 mm calibre) projectiles from both op-
posite sides (Fig. 16, a, b, and Table 4, ##5, 6) to reveal possible influ-
ence of front and back layer materials on antiballistic protection. Inde-
pendently on what material (Ti—-6Al1-4V, Fig. 16, c or T110, Fig. 16, d)
was used as front side layer, B-32 projectiles of 7.62 mm calibre were
stopped within back layers and the penetration depths within 21-22 mm
were similar because of hardness of Ti—6A1-4V and T110 layers as well
as their thickness (12 mm and 10 mm, respectively) were also compa-
rable. The same plate was also tested from Ti—6Al-4V alloy side by
B-32 projectiles of 12.7 mm calibre (Fig. 16, e, f) having considerably
higher kinetic energies (Table 4, ##7, 8). These projectiles penetrated
throughout all layers with delamination and fragmentation of backside
of the plate.

Table 4. Ballistic test results of layered plates using various projectiles [29]

L Tot.al plate Projectile | Kinetic .
# ayered thickness type (calibre, | energ Penetration Result
plate (thickness of yp mm) ’ kJ ¥y, depth, mm
layers), mm
1 27 B-32 3.63 22 Projectile
Ti—-6Al-4V/| (8/10/9) (7.62) stopped within
CP-Ti/ back layer
2 | Ti-6Al1-4V 27 B-32 3.68 27 Projectile par-
(8/10/9) (7.62) tially pierced the
plate and stuck
in the back layer
3 | MMC/ 30 B-32 3.85 17 Not pierced,
T110/ (10/10/10) (7.62) stopped within
Ti-6Al-4V T110 layer
4 |MMC/ 20 BZ 2.26 16 Partially pierced;
T110 (10/10) (7.62) projectile stuck
in back T110
plate surface
5 | Ti-6Al-4V/ 34 B-32 3.63 21 Not pierced
CP-Ti/ (12/12/10) (7.62)
T110
6 [T110/ 34 B-32 3.43 22 Not pierced
CP-Ti/ (10/12/12) (7.62)
Ti—6Al-4V
7 B-32 16.2 34 Pi d, st d
Ti-6Al-4v/ 34 (12.7) at back surface
3 CP-Ti/ (12/12/10)
T110 B-32 16.8 N/A Throughout
(12.7) piercing
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Ti-6Al-4V

Projeectile
crater

Fig. 17. Typical microstructures [29]
of interfaces between ductile layers
nearby projectile penetration craters:
severely deformed Ti-6Al1-4V/CP-Ti
(a) and CP-Ti/T110 (b) interfaces with
ASB, general view of cracks formed
near interfaces (c) as well as crack be-
tween nearly globular o and f phase
constituents within T110 plate (d) and
between CP-Ti and heat affected sur-
face of T110 plate (e)
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Fig. 18. Distinctive microstructure features of ternary Ti—-6A1-4V-10% TiC MMC/
T110/Ti—-6Al-4V plate: (a) non-uniform redistribution of TiC particles and pores in
remelted MMC layer, (b) TiC particles in lamellar Ti—6Al1-4V matrix within MMC
layer; (c) general view of damaged MMC and T110 layers near projectile crater, (d)
crack at the interface between MMC and T110 layers, (e) crack, ASB and crushed
TiC particles in severely deformed area between layers, (f) severely deformed area
with ASB in T110 layer near the bottom of projectile crater



Additive Manufacturing of Ti Materials Using Electron Beam Wire 3D Printing

The role of individual material layers in retardation of projectiles
became understanding from the analysis of the most characteristic mi-
crostructure features nearby projectile craters (Figs. 17, 18). For laye-
red samples consisted of Ti—6Al1-4V, CP-Ti and T110 alloys (Fig. 13, a, b),
which are relatively ductile materials, severe deformation within indi-
vidual layers and at the interfaces between layers was observed (Fig. 17)
with ASB formation and shifting of interfaces (Fig. 17, a, b). Also, a
number of cracks was observed near interfaces (Fig. 17, c¢) due to differ-
ent strength and ductile characteristics of adjacent materials, and,
hence, different their deformation ability. For example, cracks were
formed within nearly globular microstructure of cast/wrought T110
plate at interfaces between o and 3 phase constituents (Fig. 17, d). This
type of T110 microstructure was transformed into fine lamellar one
(Fig. 17, e) in heat affected surface area on 3D printing of CP-Ti and
cracks also formed directly at the interface between relatively coarse o
structure of CP-Ti layer and fine lamellar one of T110 heat affected
surface (Fig. 17, e). Other microstructure features of individual de-
formed alloy layers were quite similar to those earlier observed for in-
dividual 3D printed Ti—6Al1-4V material (Fig. 12).

As for layered plate with Ti-6A1-4V-10% TiC MMC at the surface
(Fig. 13, c), which is markedly harder and rather brittle material, there
are some other microstructure features (Fig. 18). Remelted MMC surface
layer was characterized with noticeable inhomogeneity in size and space
distribution of reinforcing TiC particles (Fig. 18, a) as well as porosity in
Ti—6Al-4V matrix having fine lamellar structure (Fig. 18, ) which was
formed on relatively fact cooling after remelting. The maximal size of
TiC particles observed after remelting was unexpectedly large (up to
400 pm) due to possible coagulation, thus, being obviously undesirable to
achieve the outstanding balance of hardness, strength and ductile charac-
teristics. Such microstructure inhomogeneity and porosity resulted in
considerable variation in hardness within MMC layer. The projectile se-
verely damaged front MMC and next T110 layers with formation of num-
ber of cracks (Fig. 18, c¢), which observed at interface between layers
(Fig. 18, d), in T110 layer, and, especially, within relatively brittle MMC
layer. Despite small individual TiC particles were found in upper part of
T110 substrate (Fig. 18, d, e¢), which was also melted during surface hea-
ting with electron beam, MMC and T110 layers demonstrated noticeably
different abilities for deformation. Crushed TiC particles, mainly those of
larger sizes, were the only visible traces of deformation in MMC matrix
(Fig. 18, e), while a number of ASBs and bended o phase lamellae nearby
(Fig. 18, e, f) were observed in ductile T110 alloy. Such difference in de-
formation ability of hardened MMC and adjacent ductile T110 alloy layers
resulted in cracks formation along the interface (Fig. 18, ¢, d, e). As for
back Ti—6Al-4V layer, it was not noticeably deformed.
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For better understanding of the influence of each layer, interfaces
between them and reciprocal arrangement of different materials in lay-
ered structures on antiballistic protection characteristics, three points
flexure testing were performed using binary layered samples (Table 5)
to imitate loading conditions similar to those arose on projectile impact.
The loading was applied to central area of upper layer, thus, upper
layer was subjected to compression stresses on bending while bottom
one — to tensile stresses. The testing results (Table 5) once more con-
firmed that binary-layered materials were more enduring against flexure
deformation possessing higher strain before fracture if hardened front
layer and more ductile back layer were used (Table 5, ##2, 4). Binary
samples which includes ductile CP-Ti layer as back material (Table 5)
allow to achieve obviously better flexure strain (20—24%) but lower
strength (1271-1445 MPa) than uniform Ti—6Al-4V alloy (Table 2). Op-
posite arrangement of layers (Table 5, ##1, 3) resulted in higher
strength characteristics but lower strain parameters. However, all tes-
ted binary layered materials (Table 5) demonstrated lower 3-point flexu-
re strength than that for uniform Ti—6Al-4V alloy (Table 2); this result
is in agreement with deeper projectile penetration in ternary-layered
plates due to presence of soft CP-Ti layer.

From the analysis of Tables 3 and 4 results taking B-32 projectiles
of the same 7.62 mm calibre and, hence, similar kinetic energies, the
following suggestions can be made. Due to the presence of soft CP-Ti
layer in ternary-layered materials, they demonstrated some deeper pe-
netration of projectiles (21-22 mm) than in uniform Ti—6Al-4V alloy
(17-20.5 mm). On another hand, presence of ductile intermediate or
back layer is useful because of ductile layer eliminates throughout pier-
cing with brittle fracture of either entire plate or their back surface
(like those shown in Figs. 10, a, and 16, b, ¢) on ballistic impact. At the
same time, hard front layer like Ti—6Al-4V—-10TiC MMC promotes bet-
ter retardation of projectiles and, hence, lower penetration depth
(17 mm), however, intensive cracking and destruction of hard and brittle
MMC front surface (Fig. 15, b) was observed on ballistic impact, this
fact restricts using of MMC alone for sustainable antiballistic protec-
tion. Thus, once more was confirmed that the improved and sustainable

Table 5. Three-point flexure characteristics of binary layered samples [29]

# Upper/bottom layer Flexure stress, MPa Flexure strain, %
1 CP-Ti/Ti—-6Al1-4V 1552 14.1
2 Ti-6Al-4V/CP-Ti 1445 20.1
3 CP-Ti/T110 1822 18.4
4 T110/CP-Ti 1271 23.9
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antiballistic protection with reduction of total thickness of armour
plates can be achieved with combination of front hard and back (inner)
ductile layers. Hard front layer like MMC or high-strength titanium al-
loy need more energy for deformation and crushing of reinforcing par-
ticles (TiC, TiB), thus, spends significant part of projectile kinetic en-
ergy. Ductile back layers with improved fracture toughness parameters
(e.g., within 4—40 MPa-m'?2 for titanium alloys [1]) needs high energy
for crack propagation, promotes retardation of this harmful process and
makes impossible instant brittle failure. Moreover, it is believed, impor-
tant is the role of interface boundaries in multilayered structures, which
provide reflection and redirection of elastic impact waves along the ar-
mour plate, thus, promoting better dissipation of kinetic energy of pro-
jectiles and their retardation.

6. Comparison with Other Armour Materials

The conclusion about the effectiveness of 3D printed products can only
be made by comparing the results obtained with similar ballistic test
data for other materials. It was shown in our previous publications, that
titanium alloys Ti—6Al-4V and T110 demonstrated more attractive me-
chanical behaviour on dynamic loading testing than high strength ar-
mour steels like ARMOX600T and others, if specific weight of these
materials is considered [28, 29]. Similar advantages were found when
these alloys were ballistically tested with some kind of ammunition [19].
Fig. 19 presents a comparative dependence of V50 characteristic versus
thickness of tested plates for 3D printed Ti—6Al-4V material described
in part 4 and single composition (uniform) titanium alloy plates [26]. It
is clearly seen that obtained by J. Fanning dependence is linear, while
main results obtained for rolled Ti—6Al-4V plates are on that line. Ob-
tained in present work values of penetration depth also are rather close
to this dependence. However, present data correspond to not pierced
situation, while V50 parameter means projectile velocity at which prob-
ability of piercing/not piercing is 50/50. Therefore, it is possible to
conclude that real V50 values for 3D printed plates are essentially higher
than shown in Fig. 19 with crosses, and such material is even better for
ballistic resistance than conventional cast and wrought plates of the
same composition. It can be assumed that such superiority of the 3D
material is due to its layered microstructure and specific crystallo-
graphic texture (see Section 3).

Efficiency of different titanium-based materials, including layered
ones, on ballistic tests is compared in Fig. 20. Uniform 3D printed Ti—
6Al1-4V plates demonstrated comparable penetration depth of B32 bul-
lets (designated as X) with those for all layered materials. Correspond-
ing points on the diagram are located mainly on the left side of the
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Fig. 19. Dependence of V50 critical velocities of 7.62x52 mm AP ammunition on
thickness of Titanium plates (mainly made of Ti—-6A1-4V) obtained in Refs. [30, 31]
(black symbols and line). Point X — V50 for 14 mm thick Ti-6Al-4V rolled plate
obtained in Ref. [32]. Red crosses indicate penetration depth (without piercing) by
similar B32 bullets. Numbers correspond positions in Table 3; arrows mean that real
V50 values are higher
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general (dotted) line separating pierced and not pierced materials. The
maximum penetration depth of B32 bullet was observed for the 3-layer
material with the intermediate softest CP-Ti layer (shown as pentagon
#2, Fig. 20 and p. #2 in Table 4). However, the same layered material
demonstrated noticeably reduced penetration depth for bullet having bit
lower kinetic energy (#1, Fig. 20 and Table 4), suggesting some inho-
mogeneity of local protecting characteristics. For 3-layer material con-
sisting of T110, CP-Ti and Ti—6Al-4V ballistic impacts with opposite
sides (#5 and #6 in Fig. 20 and in Table 4) resulted in nearly similar
penetration depth (20—-21 mm) due to ductile condition of T110 alloy
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Fig. 21. Comparison of dependence of V50 values vs. thickness of steel plates (po-
ints ##1-5) and titanium materials (points X—X2) estimated in ballistic tests with
7.62 AP ammunition: (a) in absolute thickness values, and (b) taking into account
specific weight of materials. Blue line was obtained in Refs. [30, 31] with a wide
range of commercial titanium alloys. Data for regions I, II were taken from Refs.
[34, 35], respectively. Point X — V50 for 14 mm thick Ti—6Al-4V rolled plate ob-
tained [31], points X1 — 3D printed uniform Ti—-6Al-4V, X2 — layered 3D printed
material

layer which strength is close to Ti—-6A1-4V one. Finally, the lowest pen-
etration depth (17 mm), and, hence, the greatest ballistic resistance,
was shown by a 3-layer material in which a front (surface) layer was
hardened with carbide particles (#3 in Fig. 20 and Table 4). When this
material was tested with BZ bullet (#4 in Fig. 20 and Table 4), the
penetration depth was even lower.

It is quite important from practical point of view to compare tested
titanium materials with special armour steels. Such a comparison is
made in Fig. 21. Fig. 21, a illustrates comparison of V50 values of seve-
ral steels from ARMOX family with general dependence obtained earlier
for a wide range of commercial titanium alloys [31] in nominal values
of plate thicknesses. It is clearly seen that results for ARMOX steels are
localized in two areas designated as (I) and (II). First of them corre-
sponds to tests performed at 30° obliquity, while the second one was
strictly perpendicular shooting of targets, like all tests performed for
titanium-based materials. Our own data for uniform 3D printed Ti—6-
Al-4V alloy (points X1) and for layered material with MMC front layer
(X2 one) are between steel results and general linear dependence for
commercial titanium alloys (Fig. 21, a). So, in such coordinates, the
superiority of steels over titanium alloys is obvious, demonstrating lower
thickness of steel material necessary for sustainable protection against
ballistic impacts. However, if difference in the specific weight of steels
and titanium alloys will be taken into account (Fig. 21, b) the situation
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has fundamentally changed. Namely, the plates shot at an angle of 90°
(region (II)) are located on the right side of the common line for titanium
alloys, i.e., have less durability. From the left side of the line is the re-
gion (I) only, corresponding to firing at 30° angle which significantly
weakened the test conditions. In such coordinates 3D printed Ti—6Al-
4V alloy (points X1) and the multilayer structure with hard MMC front
layer (point X2) obviously demonstrate advantage over steels as armour
protecting materials.

Thus, the data presented unequivocally show that titanium-based
3D printed materials have high ballistic resistance characteristics, espe-
cially when they include high-strength layers, in particular those rein-
forced with hard particles. Generally, above described results showed
the promising potential of 3D printing technologies, xBeam 3D Metal
Printing as an example, for manufacturing of titanium-based multilayer
armour materials with reduced thickness and weight, at the same time,
sufficient protection characteristics (see also Refs. [86, 37) and refe-
rences therein).

7. Conclusions

The potential of xBeam 3D Metal Printing approach for additive manu-
facturing of uniform and multilayered titanium-based armour materials
was investigated using comprehensive microstructure studies, mechani-
cal and ballistic testing.

Optimization of 3D printing parameters ensures formation of desi-
rable uniformity of grain structure with sufficient isotropy of mecha-
nical characteristics. Taking the most widely used Ti—6Al1-4V titanium
composition as an example, strength and ductile characteristics, which
met standard requirements, were achieved. Such a material can have a
wide practical application; however, the attention should be paid to the
features of the microstructure anisotropy and crystallographic texture,
which have noticeable potential to affect mechanical characteristics.

Multilayered plates consisted of titanium alloys as well as titanium-
based metal matrix composites ensure a unique set of hardness, strength
and ductile properties owing to combination of materials possessing
quite different mechanical characteristics. Multilayered plates can be
successfully manufactured using 3D metal printing and electron beam
remelting technologies.

Peculiarities of material deformation and structure evolution under
high-energy ballistic impact were investigated. Obtained results are use-
ful for development of general recommendations for reduction of thick-
ness and weight of titanium-based armour by creation of multilayered
structures.
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AINTUBHE BIPOBHUIITBO MATEPIAJIIB HA OCHOBI TUTAHY
METOOOM 3D-IPYRKY 3 BUKOPUCTAHHAM EJIJEKTPOHHO-ITPOMEHEBOI'O
TOIINIEHHSA OJPOTY: OCOBJIMBOCTI, IIEPEBATH TA IIEPCIIEKTHMBU

ITorenmian aguTUBHUX TEXHOJIOTi#, a came, TexHoJiorii xBeam 3D Metal Printing
OyJIO IPOZEMOHCTPOBAHO [JIs BUTOTOBJEHHsS ofHopimuoro cromy Ti—6Al-4V (Ti-6-4,
Mac.% ), a TaKOK IIapyBaTUX CTPYKTYP Ha OCHOBI TUTAHy 3 MeXaHIUYHUMMU BJIACTHBOC-
TAMHU, JOCTATHIMHU JJIA IIIMPOKOTO IPAKTUYHOTO 3acTocyBaHHA. OCHOBHUMU BigMiHHU-
MU PUCAMU I[BOT'O IPOIECY € BUKOPUCTAHHS IPOTY i3 TUTAHOBOTO CILJIABY SIK BUXiTHOT'O
Marepiasy ¥ eJIeKTPOHHOTO IPOMEHs KOHIUHOI (popMU /I HarpiBy Ta TOILJIEHHS JIPO-
Ty. Cron Ti-6-4, ogepixanuii 3D-IpyKOM 3a PO3POOJIEHOIO «CTpaTeri€io 3CyBY», Bij-
MOBiZla€ BUMOTraM IIOJ0 MeXaHIUHMX XapaKTEePUCTUK BiJIOBIAHUX JUTHUX i KOBAHUX
BUPOOiB, AKIIO 0COOJUBOCTI MiKPOCTPYKTYpPH, aHi30TPOIIil MaTepiaay Ta KpucTaaorpa-
(iuHOI TEeKCTYpPU KOHTPOJIIOIOTHCA HAJEKHUM BUOOPOM mapaMeTrpiB mpoiecy. Omucamo
BUPOOHUIITBO 6AraToIIapoBUX CTPYKTYP, A€ KOMOIHYIOTbCS ITapy PidHUX TUTAHOBUX
MarepianiiB, a came, TexuHiuno yuctroro Turany (CP-Ti), Ti-6-4, BUCOKOMII{HOTO CTOITY
T110, a Taxkoxx mertanmomarpuyaux kommo3utiB (MMC) na ocuoBi Ti-6-4, samimueHuUx
vyactuakamu TiC. IIpoanasiizoBaHO MiKpPOCTPYKTYPHI 0COOJIMBOCTI Ta MexXaHiuHi BJac-
TuBOCTI Bcix 3D-apykoBaHux MarepiainiB. IIpoBeneno 6asicTuuHi BUIpOOyBaHHSA BKa-
3aHUX MaTepiaiB pisHumMu Kyaavu. OnucaHi pe3yJabTaTu IOKasaau 0araToo0iIaA0unit
moTeHIliaa TexHoJoriit 3D-npyKy, HanpukJgan xBeam 3D Metal Printing, masa Buro-
TOBJIEHHSA 0araTolrapoBUX OPOHLOBMX MaTepiajiB HA OCHOBI TUTaHy 31 3MEHIIIEHOIO
TOBIIMHOIO Ta Barow, i, B TOH ’Ke uYac, MJOCTATHIMU 3aXUCHUMHU XapaKTEePUCTUKAMU.

Karouosi cioBa: TuranoBi cronu, 3D-APyK, MiKPOCTPYKTypa, 0araToIrapoBuii Mare-
piaJs, mexaHiuHi BJIacTUBOCTI, aHTHUOATICTUUHUN 3aXUCT.
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