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Abstract: In this work, based on the multilevel approach, the features of the structure and properties
of titanium alloy, formed during high-performance additive manufacturing by wire-feed electron
beam technology, were studied. Methods of non-destructive X-ray control and tomography, along
with optical and scanning electron microscopy, were used to study the structure at different scale
levels of the sample material. The mechanical properties of the material under stress were revealed
via the simultaneous observation of the peculiarities of deformation development, using a Vic 3D
laser scanning unit. Using microstructural and macrostructural data, as well as fractography, the
interrelations of structure and material properties caused by the technological features of the printing
process and the composition of used welding wire were revealed.

Keywords: additive manufacturing; electron beam; titanium alloy; macrostructure; microstructure;

mechanical properties; tomography; non-destructive testing

1. Introduction

Titanium, due to its good combination of physical, mechanical, and biomedical prop-
erties, is the most suitable material for a wide range of applications in medicine as implants,
endoprostheses, plates for internal fixation, and cranioplasty, as well as for various fixation
elements (bridges, braces, screws, etc.) in traumatology and dentistry [1]. In order to
expand the use of titanium alloys in medicine and to meet the ever-increasing demands for
them and for the associated products, new titanium alloys are being created; the properties
of existing alloys are also being improved by applying coatings to them [2,3], as well as
by the use of additive technologies with unique shaping and structuring properties [4-6].
Currently, additive technologies or 3D printing using titanium alloys are increasingly
being employed in various industries and in medicine, raising new issues regarding the
efficiency and reliability of products, especially in extreme conditions and with complex
influencing factors. This situation requires an understanding of the processability of the
formed material, which usually acquires a specific structure and properties different from
those obtained using traditional methods [7-11]. It is known that the characteristic values
of cooling rates for the majority of traditional methods of parts production can be in the
range of 48-4-103 K/s, at which point significant changes in the structure and properties
of the formed material occur [7]. In the case of production using additive technologies,
the melt-cooling rates can be in the range of 103-10® K/s; in addition, the temperature
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gradient can reach values of 10° K/cm [10]. It should also be noted that thermal cycling
conditions, which are characteristic of additive technologies, are caused by the layer-by-
layer alloying of metals and alloys. All these factors together cause the complexity of
the processes accompanying the formation of the composition, affecting the structure and
properties of both the forming material and the product as a whole. Therefore, the issues of
controlling the composition and structure of metals and alloys at various scales [11], includ-
ing defects [12-14], appear to be important and necessary, both for predicting properties
and for the certification of the material or technology as a whole, as well as for compli-
ance with national standards [15]. The efficiency of the applied 3D printing technology
for titanium alloys is also important. One such application is the use of metal wires for
printing [12,13,15-21]. At the same time, special attention should be paid to the use of
titanium alloys for this purpose in the form of welding wire, which makes the process
more accessible, and, to some extent, cheaper [16,22]. Among the two most widely used
methods—Ilaser and electron beam techniques—the latter is becoming more and more
widespread, especially in relation to the application of titanium alloys and stainless steels.
This is mainly due to the fact that under the conditions of electron beam exposure, which
can mostly be carried out in a vacuum, the most suitable materials are easily oxidizable
alloys, such as those mentioned above. Due to the widely studied features of the structure
and the stress state in metal alloys, including titanium, which are formed under conditions
of high-energy laser or electron beam irradiation, there is already a clear understanding
of the optimal values of the applied radiation power, its scanning speed, and the size of
the layer thickness and layer overlap during the formation of a bulk object [23], meaning
that it is possible to obtain products with satisfactory properties [10-21,24,25]. At the same
time, the strength properties and hardness of the formed materials often exceed those of
alloys obtained by casting and rolling [23,26]. The development of printing strategies, in
terms of printing small objects, and the monitoring of melt baths for parts with complex
shapes make it possible to obtain objects with controlled porosity [10] and parts with a
microstructure [24], making them acceptable for use in the manufacture of critical parts. At
the same time, the possibility of improving the structure and ductility of titanium alloys,
formed under the conditions of additive technologies, by means of subsequent heat or
thermomechanical treatment is proposed as the most suitable solution [15,26,27]. However,
using the most powerful additive technologies available, based on the use of wire, such
treatments will significantly affect the efficiency of manufacturing large-sized products,
which, in addition, is difficult and necessitates qualitative heat treatment, especially in
the case of parts with a complex shape and geometry. Recently, there have been works
published that focus on the formation of an initially effective structure in titanium alloys,
providing the sufficiently high tensile strength characteristics of commercial titanium alloy
through special alloying [28], or by means of minor heat treatment [29]; we believe that
these conditions can be realized in the course of printing. The excellent properties of the
resulting materials are due to the unusual formation of specific micro- and nanostructures
that are rarely observed in traditionally treated titanium alloys. The aim of this work is
to review the processes of high-performance electron beam printing with welding wire,
along with the evaluation of defects, microstructure, and the properties of titanium alloy,
including fractures. The objective set in the work is achieved on the basis of a comprehen-
sive study of the composition, structure, defects, and strength properties of the titanium
alloy Ti-4Al-3V formed under electron beam exposure, with an assessment of the tensile
strain characteristics using the Vic-3D system and fractures, based on the study of fracture
surface fractography.

2. Materials and Methods

Titanium alloy Ti-4Al-3V (Ti-6Al-4V alloy welding wire) in the form of 1.6 mm fil-
ament was selected as the material for sample printing; its composition is presented
in Table 1, in comparison with other titanium alloys that are most commonly used in
additive technologies.
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Table 1. Chemical composition of titanium alloys (wt %).
Material Ti Al \Y% Zr Si Fe (0] H N C Other
Powder base - - - 010 025 020 0010 004 007  0.10
Grade 2
Cast 99.39 0.08
Powder
Ti-6Al-4V * ) base  53-6.8 3.5-5.3 0.30 0.10 0.60 0.20 0.015 0.05 0.10 0.30
re
Ti-4Al-3V * Wire base 3545 2535 - 0.10 0.15 0.12 0.003 0.04 0.50 0.30
*1SO 24034:2020.

It should be noted that the elemental composition of the wire meets the requirements
of ISO 24034:2020, but the contents of the main alloying elements influencing the hardening
of the titanium alloy correspond to the lowest values.

The samples were obtained in the laboratory electron beam additive manufacturing
setup developed at ISPMS SB RAS, via the process of the layer-by-layer fusion of wire on a
substrate in the form of a 150 x 60 x 2.5 mm plate of Grade 2 material (Figure 1a). The
substrate was placed on a protective stainless steel sheet (160 x 60 x 5 mm) and everything
was fixed to a cooled three-coordinate work table with the help of metal clamps. The table
was liquid-cooled and the temperature of the table was kept at 13-15 °C during the printing
process. The process of pattern formation was carried out in a vacuum at a pressure of
1073-1072 Pa. To form each layer, an electron beam and source material—a wire of 1.6 mm
diameter, made of Ti-4Al-3V alloy (Figure 1a)—were sent to the printing zone. The wire
and the previous layer (the substrate when printing the first layer) were melted by the
electron beam, forming a melt bath. The sample was formed by moving the printing area
and the work table along a given trajectory. During the production of this sample, layers
were applied alternately in opposite directions, according to the scanning scheme shown in
Figure 1b. The overall view of the printed sample, which is in the form of a wall, is shown
in Figure 1c. The appearance of the sample clearly shows two characteristic areas: the area
of directed beam movement (Figure 1c-8) and the area of beam reversal (Figure 1c-9).

sample Ti-4A1-3V printing direction
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Figure 1. Scheme of wire cladding (a), print scheme (b), and general view of the printed plate (c).
1—Electron-beam gun; 2—electron beam; 3—melt bath; 4—wire feeder; 5—layer-by-layer deposited
material; 6—substrate; 7—cooled table; 8—sample; 9—beam reversal zone.

The parameters of the electron beam, printing speed, and wire feed rate were selected,
based on the parameters of the material, substrate, sample size, and thickness of the formed
layer to ensure a stable printing process. The decrease in electron beam current with
increasing sample height was caused by changing the conditions of heat dissipation from
the melt bath. The maximum current value was used when printing the first layer, to heat
the substrate and form a melt bath within it. In addition, the beam current decreased expo-
nentially from 55 to 40 mA as it moved away from the substrate to avoid overheating the
material (Figure 2). The printing parameters are shown in Table 2. The beam characteristics
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and printing modes corresponded to the optimal values obtained in previous studies and
ensured the formation of a porosity-free material [19].

60.00

Beam current (mA)

0 20 40 60 80 100
Printed layer number

Figure 2. The change in electron beam current in the printing process, depending on the printed
layer number.

Table 2. The samples’ obtained parameters.

Parameter Value
Substrate material Grade2
Substrate dimensions, mm 150 x 60 x 2.5
Wire material Ti-4Al-3V
Wire diameter, mm 1.6
Printed sample dimensions, mm 110 x 8 x 60
Layer thickness, mm 0.6
Layers amount 100
Accelerating voltage, kV 30
Beam current, mA 55-40
Beam sweep type Circle
Beam sweep diameter, mm 3
Beam sweep frequency, Hz 100
Work table movement (printing speed), mm/min 400
Wire feed rate, mm/min 955

Blades for the tensile tests and examinations (Figure 3a,b), along with rectangular
prisms for the construction of 3D metallographic models of different sections of the exam-
ined samples and for micro-focus tomography (Figure 3c), were fabricated from the printed
samples to study the defects, the structural phase state of the printed sample material, and
its physical-mechanical properties.

Nondestructive control of the printed plates was carried out with the help of a portable
pulsed X-ray device (RAP 160 No. 145 (Diagnostika-M, Tomsk, Russia)) and a flat panel
digital detector GE DXR250C-W (GE, Boston, MA, USA) according to the control method
in accordance with ISO 17636-2-2017. The control parameters are shown in Table 3.
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(a) (b) ()

Figure 3. Scheme of the preparation of tensile samples from printed plates (a), characteristics of the
tensile samples (b), dimensions of the micro-focus tomography samples (c).

Table 3. X-ray tube operating characteristics and controlled parameters.

Anode Tube Voltage, kV 90
Anode current, mA 45
Frame accumulation time, s 1
Basic IQI spatial resolution W14
Control class according to ISO 17636 A
Resolution, pm >200
Focus length, mm 250

Nondestructive control of the wire and printed samples for metallography and me-
chanical testing and a tomographic examination for their micro- and macro-defects was
carried out on a computer X-ray “Orel-MT” microtomograph (University TPU, Tomsk,
Russia). This unit is equipped with an XWT 160-TC X-ray tube (X-ray WorX, Garbsen,
Germany) and a PaxScan-2520V detector panel (Varian medical system, Palo Alto, CA,
USA) with a positioning control system. The samples were scanned according to the fol-
lowing parameters: acceleration voltage—130 kV, current—27 pA, resolution—11.3 um,
number of projections—1200 units, step size—0.3, and copper filter—2 mm. Tomographic
reconstruction was performed using the Nrecon software product developed by Bruker
for micro-CT. After reconstruction, the tomograms were segmented to obtain two models,
representing the sample material itself and the internal porosity [30].

The preparation of samples for metallographic studies and X-ray structural analysis
was conducted by cutting them out of various sections of the printed plate (Figure 3) and
subsequently grinding the surfaces, using abrasive paper with a consistently decreasing
abrasive grain size. Final polishing was performed on a cloth, using an aqueous suspension
of either chromium oxide or diamond paste.

The X-ray diffraction analysis was performed with an XRD-6000 (Shimadzu, Kioto,
Japan) diffractometer using Cu-K radiation. The voltage that was applied to the tube was
40 kV and the current was 30 mA. The scan range of 20 angles was 10-100°, the scan step
was 0.05°, and the exposure time was 1 s. The obtained X-ray diffraction patterns were
processed using the Rietveld refinement. Calculations were performed for the lattice pa-
rameters, unit cell volumes, the size of coherent scattering regions (CSR), and microstresses
(type 1l stresses and internal grains).

A Thermo Scientific Niton XL3t GOLDD + XRF analyzer was used to conduct an
elemental analysis of the initial (wire) and AT-produced materials.

Etching of the samples for metallographic studies after polishing was performed
using a Kroll reagent consisting of 10 mL HNO3, 3 mL HF, and 87 mL distilled water. The
microstructure of the samples was analyzed using an optical microscope Axio Observer
Alm (Zeiss, Oberkochen, Germany). Hardness measurement was carried out using the
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Duramin-5 device (Struers, Ballerup, Denmark) at a load of 100 g, with an action time of
12 s.

The tensile tests on the specimens were performed on the INSTRON 3386 testing
machine (INSTRON Corp., Glenview, IL, USA). The evolution of deformation fields during
the tests was recorded using the VIC-3D optical measurement system (Correlated Solutions,
Irmo, SC, USA). The application of the digital image correlation method in the study of
deformation field characteristics is a very promising approach by which to elucidate the
peculiarities of the deformation processes of metals and alloys with different structural
phase states [29].

The displacement fields recorded by the VIC-3D optical measurement system reflect
the projections of the displacements of local surface areas along the OX axis (“transverse
deformation” of the specimens) and along the OY axis (“longitudinal deformation” of the
specimens) (Figure 4).

Ti-4Al-3V

Figure 4. Schematic representation of the experiment during the tensile deformation of specimens
with the recording of displacement fields using a speckled surface. K1 and K2—digital cameras;
P—applied load.

3. Results and Discussions

Radiography of the printed plates using a portable pulsed X-ray RAP 160 with a
resolution of 200 um did not reveal any defects (Figure 5). The heterogeneity of the color
image is associated with the different thicknesses of the sample (bright areas correspond to
thicker zones), which is clearly confirmed by the fact that the sample is thinner in the lower
part, where the melt hardens faster. This type of heterogeneity in the surface structure
is also clearly visible from the visual inspection of the printed samples. Radiography
of the specimens prepared for mechanical testing, which was carried out with the help
of the “Orel-MT” microtomograph with a sensitivity of up to 15 microns, allowed us to
reveal the presence of a small number of pores with sizes of less than 200 microns on some
specimens (Figure 6). In comparison with the defectiveness of the material obtained in
additive technology (AT) conditions with the use of powder materials [30], it should be
noted that the material is of higher quality, both in terms of total defectiveness and in terms
of the absence of defects due to the specifics of the starting material.

The computed tomography of the original wire and the printed material samples also
showed the high quality of the original and printed material (Figure 7). It should be noted
that this type of research in AT is very important as it allows us to approach the application
of machine learning in the quality control of materials and products in general.
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Figure 5. Radiographic image of the plate.

Figure 6. X-ray image of the tensile samples.

500 pm

Figure 7. Tomographic image of the wire (a) and the printed sample (b).

For microstructural studies, it is very important to control the elemental composition of
both the starting material and the material formed under the influence of the electron beam,
the power density of which can significantly affect the material composition. Analysis of
the elemental composition of the Ti-4Al-3V wire material showed a significant reduction in
both Al and V in the titanium alloy (Table 4).
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Table 4. Chemical composition of Ti-4Al-3V before and after 3D-printing.

Alloy Ti Al v
Ti-4Al-3V (XRE, wire) 92.62 £+ 0.58 3.88 £ 0.56 3.26 +0.18
Ti-4Al-3V (XRF material after printing) 92.88 + 0.31 3.66 + 0.28 313 +0.15

Efficiently selected printing modes resulted in minimal changes to the elemental
composition of the clad material. X-ray diffraction and X-ray fluorescence analyses allowed
us to determine the elemental and phase composition of the obtained material (Figure 8).
There is a basic o-Ti phase with the insignificant presence of a 3-Ti phase. At the same time,
the levels of concentration of the alloying elements in the starting material did not allow
for obtaining hardness characteristics corresponding to the values obtained with Ti-6Al-4V
alloys. It should be noted that the metallographic analysis also showed a difference in the
microstructure of the printed alloy from the wire and that previously obtained from alloys
such as Ti-6Al-4V.
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Figure 8. Comparison of the X-ray diffractograms obtained from the wire (black line) and different
regions of the sample: down region (red line), middle region (green line), up region (blue line), and
horizontally oriented region (turquoise line).

In the diffractogram of the sample Ti-4Al-3V taken from the lower surface, it can be
seen that the phase composition is represented by the main phase, x-Ti, where there is a
“trace” of B-Ti.

As can be seen, there are noticeable differences between the starting material—wire—and
the different regions of the grown sample. First of all, it should be noted that the wire
contains traces of the 3-phase in addition to the main phase, as well as an unidentified
reflection of the impurity phase (Table 5). In samples cut from the side surface that were
oriented horizontally, the impurity phases are absent; only the main phase, «-Ti, and
small amounts of 3-phase can be observed. A significant redistribution of the intensities
of the main «-Ti phase can be observed, depending on the section of the studied object
from which the samples were cut for study. The diffractogram obtained from the wire
clearly shows a predominant orientation in the <001> direction—the direction of wire
formation characteristic of the hexagonal crystal lattice. In the lower part of the sample,
a pronounced predominant orientation in the same <001> direction can be seen—the texture
is in a direction perpendicular to the substrate and parallel to the growth vector of the
product. In the upper part of the sample, the preferential orientation of the planes (002) is
preserved, but the texture is not as pronounced as in the lower part. This may be due to
the changing conditions of heat dissipation during growth—the lower part of the sample
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is periodically heated and cooled during the deposition of the overlying layers, but the
heating temperature decreases as the number of layers increases. In the upper part of the
sample, the number of such cycles is less than in the lower part. Thus, the repeated heating
and cooling in both parts of the object contribute to the growth of the grain structure
of the basic a-phase in the growth direction of the sample; however, in the lower part,
the volumetric growth of the a-phase is reduced (Tables 6 and 7). Samples cut from the
side surface of the sample do not show a similar pattern. The heat exchange conditions
there are different—in addition to repeated heating and cooling, the temperature of which
changes with each new layer applied, the side surface is also the interface between the solid
and gaseous phases, an area where the heat exchange conditions change significantly. In
addition, since the application of each new layer is accompanied by a local transition of
the wire to the liquid phase, in some areas of the lateral surface, there is a boundary with
three phases, namely, solid /liquid/gas. Such temperature conditions of product formation
lead to a change in the crystallographic orientations of the growing crystallites, which, in
turn, leads to the redistribution of intensities of the main phase reflexes on diffractograms.
In samples cut according to the horizontal plane of the studied object, this preferential
orientation is observed in the plane that is parallel to the substrate. The most pronounced
plane family is (100). At the same time, the intensity of plane (002) in such samples is
minimal. Such intensity behavior indicates that the thickness of the examined specimens
does not exceed the thickness of an applied layer.

Table 5. Calculated values obtained from the diffractogram of the wire sample.

Phase Amount, Lattice Parameters, 1—°\, and
Vol. % Unit Cell Volume, A3

a = 2.9605 + 0.0030
. = 46577 + 0.0090 ,3
oTi 92 o/a = 1.5733 + 0.0200 54426 1.9-10

V =35.3535 + 2.0
B-Ti 2 - - -
Other phases 6 - - _

Microdistortions,

Phase Ad/d

CSR, nm

Table 6. Calculated values obtained from the diffractogram of the sample, Ti-4Al-3V (lower).

Phase Amount, Lattice Parameters, A and
Vol. % Unit Cell Volume, A3

a =2.9420 £ 0.0040
. c=4.6778 £+ 0.0070 3
o-Ti 89 ¢/a = 1.5900 + 0.0020 29 +£15 5.4-10

V =35.0637 % 3.0
B-Ti <1 - - -

Microdistortions,

Phase Ad/d

CSR, nm

other phases 10 - - -

Table 7. Calculated values obtained from the diffractogram of the sample Ti-4Al-3V (up).

Phase Amount, Lattice Parameters, A and
vol. % Unit Cell Volume, A3

a =2.9427 4 0.0090
. ¢ =4.6889 £ 0.0090 _3
o-Ti 94 c/a=1.5934 + 0.0150 29 £+ 20 6.6-10

V =35.1636 + 5.0
B-Ti <1 - - -

Microdistortions,

Phase Ad/d

CSR, nm

other phases 5

To confirm the above reasoning, texture coefficients were calculated for each sample
that was examined. Planes (100), (002), and (101) of the x-Ti phase were chosen as the most
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representative and informative. Figure 9 shows how the texture coefficients of these planes
will change, depending on the subject.

odr = « 7777(100)
X 7 = ¥ [E2Z2(002)
337 7 - s [z2000
£, %
g7l e 9
£ gy e YWie % o
& W) #

wire  down up side horizont

Figure 9. Change of texture coefficients.

As can be seen, the most predominant orientation in the <001> direction is character-
istic of the wire, which is associated with the method of its production. A similar texture
is most pronounced in the lower part of the object and is practically not observable in the
horizontal plane in comparison with the rest of the samples examined. The lateral surface,
as mentioned above, is characterized by a marked redistribution of intensities, while family
(100) is the most strongly oriented in the horizontal plane.

The microstructure of the most characteristic areas of the printed material is shown
in Figures 10 and 11. The microstructure of the sample that was cut from the edge of
the printed wall consists of columnar grains of a diameter d = 0.8-2.0 mm, oriented in
the opposite direction to the heatsink parallel to the z-axis. Each columnar grain has
alternating black layers at a distance of h = 0.8-2.0 mm, with a crushed structure formed
by the passage of the electron beam and the formation of each new layer. The light layers
represent a Widmannstett non-equilibrium basket-type structure of ' phase colonies with
different crystallographic orientations, exhibiting a high density of dislocations and twins.
The formation of such a structure is indicative of the overheating of the liquid melt with
temperatures in the 3-area of above 1020 °C, along with the subsequent accelerated cooling
due to the additional influence of the surrounding atmosphere at the edge of the sample
wall. Such a structure has inflated values of hardness (375-380 HV) and strength.

Figure 10. Alloy microstructure in three planes at low magnification (showing the sample center near
the substrate).
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Layers of fine
needle-like o

Figure 11. Alloy microstructure in three planes at low magnification (showing the edge of the sample
near the substrate).

The microstructure and properties differ from the cast edge of the sample wall as it
moves away from the edge of the wall, closer to the center. The microstructure becomes
a mixture of small plates of the o’-phase and lamellae of the (x + ) phase plates with
increased hardness (363 HV). With a greater distance from the cast edge of the wall,
decomposition of the o’-phase occurs, which indicates the duration for holding the cooled
metal at melting temperatures in the region of the (x + 3) phase, corresponding to a
temperature of 950 °C. The formation of the (-phase leads to a decrease in hardness
(223-324 HV) and strength.

Tensile specimens cut from the central part of the printed wall have a columnar
grain structure growing vertically through several layers (Figures 12-14). The lamellar
microstructure of the columnar grains consists of colonies of (x + 3) phases of different
lengths and widths; the lamellae of the 3-phase are smaller in size and are located between
the plates of the a-phase. The formation of the lamellar structure indicates prolonged
exposure to temperatures in the region of the (x + 3) phase, as a result of the superposition
of subsequent metal layers of molten wire and due to maintaining a constant temperature
of 900 °C.

Figure 12. Image of the etched surface of the horizontal sample.

The hardness values are not uniformly distributed across the width of the columnar
structure. It is possible to assume that differences in microhardness depend on the size
of the plates of phases (x + [3), and also that they are a consequence of a change in the
crystal-graphic orientation of the colonies of plates. Near the edges of the columns, the
structure has the greater part of the «’-phase; it is thinner, which leads to increased values
of hardness (350-360 HV) than in the central part of the columns (230-260 HV).
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Figure 13. The columnar structure of a horizontal sample after etching and the microhardness
measurement line, with steps of t = 0.5 mm.

Figure 14. Image of the etched surface of the vertical sample.

At the mesoscopic level, the specific texture of the material should be highlighted; it is
due to the peculiarities of the thermal conditions at different melting points of the molten
wire material during the plate growth. The typical columnar structure in the direction of
growth of the specimen and the polygonal crystal structure in the scanning plane provide
the observed increase in the strength properties of the formed material in comparison with
the traditional analogous titanium alloys, which have less plasticity (Figure 14).

Figure 15 shows the strain curves, taking into account the changes in the cross-sectional
area of flat specimens under uniaxial tension at the coordinates “otrye —€true”- Analyzing
the results shown in the figure, it can be seen that all the specimens cut from the upper
and middle parts of the ingot (series A) along the direction of compression have similar
mechanical properties, except for the specimen that was cut from the lower part of the
ingot. This difference in mechanical properties is due to the different structural states of the
lower sample, which was taken from the area close to the substrate.
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0.04 e 0.08 0.12

Figure 15. True strain curves under uniaxial tension of specimens in different directions
((a)—horizontal; (b)—vertical) relative to the printing direction, fused by additive technology.

These data show significant variations in the mechanical properties of specimens cut
from the plate perpendicular to the printing direction (Series B). Specimens cut from the
area near the edges of the plate have lower strength conversion values than those cut from
the central area.

The ratio of strength to yield strength characterizes ductility. For the alloys studied,
the ductility varies from 1.5 to 2. From the above data, it can be seen that the specimens of
series A are more ductile. At the same time, the B-series specimens have a larger scattering
of values op/or and lower values than the A-series specimens.

The mechanical properties of the samples, when cut in different ways with respect
to the compression direction, show a different combination of mechanical parameters
reflecting the anisotropy of strength and plastic properties. In comparison with the data
available in the literature (Table 8), the obtained samples have rather low mechanical
properties. This shows that the Ti-6Al-4V alloy welding wire with reduced aluminum
content (Ti-4Al-3V) is of limited use for obtaining products for industrial purposes. It
can also be noted that the formation of a coarse-grained structure with low mechanical
properties occurs when products are obtained by wire additive electron beam technology
in general [13,31,32] (see Table 8), which, in this case, can be increased by conducting
additional post-processing work. The reason for such a situation lies both in the grain
size of the initial 3-phase and in the structural phase state formed during cooling, along
with their arrangement in the sample in the form of columnar elongated grains from the
substrate to the top of the plate.

Figure 16 shows pictures (images 1-16) of the distribution of strain fields on the surface
of specimens of series A and series B, taken in the process of the uniaxial tensioning of the
specimen. On the basis of an analysis of the data presented in the figures regarding the
distribution of deformation fields of relative transverse strain exx, longitudinal strain eyy
and shear strain exy, it is possible to state that in the deformation patterns on the working
surface of the specimens, the formation of randomly positioned local centers of tensile
and compressive deformation (pictures lex—4ex, leu—4eu, and leu—4eu in Figure 16) is
observed.

The transition from the elastic deformation domain to the initial stage of plastic
deformation is reflected in the distribution of the deformation fields and is manifested by
the appearance of extended areas of local deformation.

The patterns of the strain field distributions of relative transverse deformations in the
specimens of series A, exx, show the formation of extensive areas of compression defor-
mation in the central part of the specimen (patterns S5ex—6ex, 5euu-6eu, and Seuu-6eu in
Figure 16). In these areas, the local deformation of compression is modulo commensurable
with the general averaged strain of tension over the whole working part of the specimen.
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The patterns of longitudinal strain distributions, eyy, also show local areas of tensile strain
at the same locations. On the shear strain fields, exy, which show strains in the central part
of the specimen, completely different local strain regions are observed on the surface. These
local strain centers are in the form of two long strain bands with different signs, which are
perpendicular to the tensile axis (patterns Sechu—6echu in Figure 16). This arrangement
of local deformation centers in the pattern of the strain field distributions in shear exy
deformations correlates with the arrangement of the microstructural layers formed as a
result of plate production using additive technology (Figures 12-14).

Table 8. Summary table of the mechanical properties of titanium alloys in the initial and printed states.

Material State Specifications og/MPa 092/MPa el/% Ref.
Grade 2 Rolled Parallel to the rolling direction 408 277 38.7 [33]
Grade 2 Rolled Perpendicular to the rolling direction 391 314 415 [33]
Grade 2 20 °C 544 350 - [33]
Cast - 1000 896 8 [8]
Rolled - 1071 978 - [9]
Horizontal 1006-1541 900-1326 2.7-12.3
As deposited
Vertical 1040-1380 664-1217 0.9-12.7
Horizontal 1006-1066 906-981 7.5-13.6
Annealed
SLM Vertical 896-1116 772-1054 1.1-125 [22]
Horizontal 1049-1086 852-981 6.5-13.1
Stress relieved :
Vertical 1032-1140 928-1070 2.7-10.5
HIPed - 973-1035 883-942 6.3-194
Ti-6Al-4V As deposited - 951.2 857.3 14.7
750 °C - 919 750 15.7
Powder [21]
850 °C - 917.2 703 24.8
950 °C - 958.6 770 13.8
EBM Horizontal 907 847 11
As deposited
(DED) P Vertical 846 800 145
Annealed (Vacuum,  Horizontal 916 858 11 5]
Wire 650 °C, h., cooling ; N
in furnace) Vertical 844 765 115
HIP (920 °C, Horizontal 809 729 13
110 MPa, 2 h.) Vertical 816 722 18
As deposited ~975 - ~20
Ti-Al-V-Cr- LPBF
480 °C (6h 1611 - 54 24
Mo-Zr (DED) (6h) [24]
520 °C (3h) 1452 - 7.8
Horizontal 712 - 12
Defect-free area Vertical 79 12
ertica -
. EBM ,
Ti-6A1-4V (DED) Wire Horizontal 764 - 16 [13]
Area with defects
Vertical 792 - 16
EBM . Horizontal 633 520 8.5
Ti-4A1-3V DED Wire As deposited - Current work
(DED) Vertical 610 530 10.2
Ti-4Al-3V Drawing Welding wire 665-865 GOST 27265-87,

in Russian
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Semple A series

Sample B series

Sample 1 Sample 3 Sample 4 Sample 1
e [%] - e [%] - ' exx [%] - exx [%] -
Lagrange Lagrange 1o Lagrangs
0.028 0.040 0.067 0.046
0.022 0.032 0.058 0.038
0.015 0.024 0% 0.030
0,008 0.015 0.03 0022
0.002 0.007 s 0.014
-0.004 -0.001 0.020 0.006
-0.010 -0.010 0.010 -0.002
0.017 -0.018 0.001 -0.010
0,023 -0.026 -0.008 -0.017
-0.030 0.034 -0.018 0.025
-0.038 -0.043 -0.027 -0.033
-0.042 0.051 0.037 0.041
-0.043 0,058 0.048 0.043
-0.055 0.067 0,056 0.057
-0.062 0.075 -0.065 0,065
-0.068 -0.084 0.075 0.073
-0.075 -0.092 -0.084 -0.081
eyy [%] - eyy [%] - eyy [%] - eyy [%] -
Lagrange Lagrange Lagrange Lagrangs
0.103 0.112 gL 0.142
0.096 0.104 ] 0,133
0.088 0.087 L 0.124
0.081 0.089 0.0 0116
0.073 0.082 2-088 0.107
0.066 0.075 0.079 0.098
0.059 0.067 0.071 0.089
0.051 0.060 0.083 0.080
0.044 0.053 0.054 0,072
0.038 0,045 0.046 0.063
0.029 0,038 0.038 0.054
0.022 0.030 0.030 0.045
0.014 0.023 0.021 0.036
0.007 0,016 0.013 0.027
-0.001 0,008 0.005 0.012
-0.008 0.001 0.004 0.010
-0.015 -0.007 -0.012 0.001
exy [%] - exy [%] - exy [%] exy [%] -
Lagrange Lagrange Lagrange Lagrange
0.041 0.049 0.052 0,055
0.036 0.043 Di0ta 0.043
0.031 0,037 0.0 0.043
0.026 0.032 0.043 0.036
0.021 0.026 0.035 0.030
0.016 0.021 0.030 0.024
0.011 0.015 p.c24 0.018
0.006 0.010 0.018 0.011
0.001 0.004 0.011 0.005
-0.003 -0.002 0.005 0,001
-0.008 -0.007 -0.001 -0.007
-0.013 -0.013 -0.008 -0.013
-0.018 -0.018 0.014 -0.020
-0.023 -0.024 0,020 0.026
-0.028 -0.029 0.0% -0.032
-0.033 -0.035 0.033 -0.038
-0.038 -0.041 -0.039 -0.045
exx [%] - exx [%] - exx [%] - exx [%] -
Lagrange Lagrange Lagrange Lagrange
0.175 -0.115 o1z 0.115
0,218 0,175 0157 0.147
0.262 0,234 0190 .17
0,305 -0.284 0.222 0.211
-0.349 -0,354 0.255 -0.243
-0.392 -0.413 -0.287 -0.274
-0.436 -0.473 -0.320 0,306
-0.479 -0.533 -0.352 -0.338
-0.523 -0.593 -0.385 -0.370
-0.566 -0.652 0.417 0.402
-0.609 -0.712 -0.450 0,434
-0.653 0.772 0432 0,466
-0.696 -0.831 0.515 0.498
-0.740 -0.891 0.5% 0.529
-0.783 0.951 -0.580 0.561
-0.827 -L010 0.612 0,593
-0.870 -L070 -0.645 -0.625
5exx 6exx 7exx

Figure 16. Cont.
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eyy [%] - eyy [%] - eyy [%] - eyy [%] -
Lagrange Lagrange Lagrangs Lagrange
1.680 30 1505
1610 1338 1449
1539 1292 1392
1,469 1298 1336
1.399 1.204 1.280
1.328 1.160 1.224
1.258 1116 1.168
1,188 Lo72 1111
1,118 1028 1055
1.047 0.983 0.999
0.977 0.939 0.942
0.907 0.895 0.886
0.838 0.851 0.830
0.766 0.807 0.774
0,898 0.763 0.718
0,625 0.718 0.661
0.555 0.675 0.605
exy [%] - exy [%] - exy [%] -
Lagrange Lagrange Lagrange
0.150 0.126 0.194
0.128 0.108 0.171
0.105 0.083 0.147
0.083 p.o7t 0.124
0.060 0052 0.100
0.038 0.034 0.077
0.016 0016 0.054
-0.007 -0.003 0.030
-0.029 0.021 0,007
-0.051 0.0 0.016
-0.074 -0.08 0.040
-0.086 0.076 0.063
-0.118 0.094 0,087
-0.141 -0.113 -0,110
-0.163 0.131 0.133
-0.186 0.150 0.157
-0.208 -0.168 -0.130
exx [%] - exx [%] - exx [%] -
Lagrange Lagrange Lagrange
0,700 2.000 -0.250
1,419 0500 -0.988
-2.137 0400 -1.725
2,856 ~L6o0 -2.462
-3.575 -2.800 3,200
-4.294 ~4.000 -3.938
-5.012 -5.200 4675
-5.731 -6.400 -5.412
-6.450 -7.800 -6.150
-7.169 -8.800 6,888
-7.887 -10.000 7625
-3.606 -11.200 -8.363
-9,325 -12,400 -5,100
-10.044 -13,600 -8.837
-10.762 -14.800 -10.575
-11.481 -16.000 -11.312
-12.200 -17.200 -12.050
eyy [%] - eyy [%] - eyy (%] -
Lagrange Lagrange Lagrange Lagrange
32,600 50,500 61.500 43,500
30,650 47.375 57.688 40.938
28,700 44.250 53875 38.275
26,750 41.125 50.062 35.612
24,500 38.000 96.250 32,950
22.850 34.875 42,438 20.287
20,900 31.750 38.625 27.625
18,950 28.625 34812 24.962
17.000 25.500 31.000 22,300
15.050 22375 27.188 19.637
13,100 19.250 23.375 16.975
11.150 16,125 19,562 14.312
9.200 13.000 15.750 11.650
7.250 5,875 11938 8.987
5.300 5.750 8.125 £.325
3.350 3.625 4.312 3.662
1.400 0.500 0.500 1.000

Figure 16. Cont.
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exy [¥] -
Lagrange
1.350
0.966
0.581
0.197
-0,188
-0.572
-0,956
-1.341
-1.725
-2,109
-2.494
-2.878
-3.263
-3.647
-4.031
-4.416
-4.800

exy [%] -
Lagrange
5.200
4.712
4.225
3.737
3.250
2762
2275
1787
1.300
0.812
0.325
-0.162
-0.650
-1.137
-1.625
-2.112
-2.600

exy [%] -
Lagrange

4.300
3425
2.550

exy [%] -
Lagrange
6.000
5.353
4.706
4.059
3.413
2.766
2.119
1472
0.825
0.178
-0.469
-1.116
-1.762
-2.409
-3.058
-3.703
-4.350

1.675

0.800

-0.075
-0.950
-1.825
-2.700
-3.575
-4.450
-5.325
-6.200
-7.075
-7.950
-8.825

-8.700

10exy 1lexy 12exy

Figure 16. Distribution patterns of the transverse exx, longitudinal eyy and shear relative strains
exy on specimen surfaces during the uniaxial tension of the specimens of series A and series B
at different averaged strain values <eyy> over the working field of the specimens: lexx—4exx,
leyy—4eyy, lexy—4exy at <eyy> = 0.05%; Sexx—6exx, Seyy—beyy, Sexy—bexy at <eyy> = 1.0%;
7exx-8exx, 7eyy-8eyy, 7exy—8exy at <eyy> = 0.97%; 9exx, 9eyy, 9exy at <eyy> = 9.98%; 10exx, 10eyy,
10exy at <eyy>=9.34%; 11exx, 1leyy, 1lexy at <eyy> = 13.33%; 12exx, 12eyy, 12exy at <eyy> = 10.14%.
The sample numbers correspond to the curve numbers on the stress—strain relationships in Figure 15.

In Figure 16, in the patterns of the strain field distributions of relative transverse
deformations exx at the stage of a pre-break with an average longitudinal deformation
<eyy> ~10% in the whole working field of a specimen from the local center of plastic
deformation in the central part of the specimen, a deformation of compression in a size
comparable to average deformation <eyy> (patterns 9xx—10xx) is observed. A similar
situation is observed in the distribution of the strain fields of relative longitudinal strains,
eyy, at the stage of pre-breaking of the specimen; however, in the central part of the local
center of plastic deformation, the tensile strain is almost 3-5 times larger than the average
strain, <eyy> (pictures 9eyy—10eyy).

In the central areas of the specimens, different distributions of the strain fields of
relative shear exy strains are observed at the point of specimen pre-break. In specimen 3 (se-
ries A, Figure 15a), the formation of two local shear foci of plastic deformation, extending
perpendicular to the tensile axis and with different signs, is observed (Figure 16, pattern
10exy). Sample 1 (series A, Figure 15a) also shows the formation of two local shear foci of
plastic deformation with different signs, but appearing in a more complex configuration
(Figure 16, pattern 9exy). At this stage of deformation, the location of the local deformation
foci in the pattern of strain field distributions of the shear exy strains also correlates with
the location of microstructure layers formed as a result of the electron beam surfacing of
the wire during the additive manufacturing of the plate.

The study of the distribution of deformation fields of relative shear strains exy at
the pre-destruction stage on the specimens from series B, which are cut from the plate
perpendicular to the printing direction, reveals the following features. It can be seen
that in the lower gripping area, the localized foci of plastic deformation in the pattern of
distribution of the deformation fields of relative shear strains exx at the pre-destruction
stage are extended along the vertical tensile axis (Figure 16 and photos 11 exx—12 exx).

The distribution of the strain fields of relative longitudinal strain eyy is also character-
ized by the localized foci of plastic deformation in the lower gripping area, where the strain
is 4-5 times greater than the average longitudinal tensile strain over the entire working
part of the specimen (Figure 16 and photos 11eyy—12eyy).

A comparison of the strain field distributions of the relative shear strains exy at the
pre-break stage of the specimens from the B series with specimens from the A series
shows a significant difference in the plastic deformation process at the final stage. In the
specimens from the B series, before fracture, the local deformation foci on the distribution
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of strain fields of relative shear strains exy had a shape that was elongated in the direction
parallel to the vertical tensile axis of the specimens. However, in the specimens from
series A, the local deformation foci tend to extend in the direction perpendicular to the
vertical extension axis of the specimens (Figure 16, image 9exy—12exy). The different
orientations of local deformation foci in the patterns of the deformation field distribution
in the shear exy deformation specimens of series A and B reflect the complex nature of the
plate macrostructure produced by the use of additive technology (Figures 12-14).

The failure of the specimens occurred predominantly in the central part (Figures 17-20)
in different ways, depending on the orientation of the specimen. This was due to the
structure of the specimens prior to testing, which were oriented differently in the fracture
zone (Figures 17 and 18). In addition to the differences in fracture structure, there was also
a difference in the macroscopic shape change of the material in the fracture zone, which
was more significant for the specimens tested in the vertical direction.

Figure 18. Fracture view of a specimen of vertical arrangements 2-3.
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(b) (c) (d)

Figure 19. Fractography of the fracture surfaces of horizontal specimens under tension. (a)—Fracture
view of the horizontal specimen 14 at low magnification; (b—d)—fracture view of the horizontal
specimen 1-4 at high magnification.

(b) T (c)

Figure 20. Fractography of the fracture surfaces of vertical specimens under tension. (a)—View of

fracture of horizontal specimen 2-3 at low magnification; (b,c)—view of the fracture of horizontal
specimen 2-3 at high magnification.



Materials 2023, 16, 3901

20 of 22

References

The results of the fractographic analysis of tensile fracture specimens show some
differences in the characteristics of the fracture structure. In general, the picture in the
fracture cross-section of the samples is represented by areas that are characteristic of ductile
and partially quasi-brittle fracture, as evidenced by the presence of equiaxed pits and small
scars or quasi-fractures.

Pitted ductile fractures are typical within the initial 3-phase grains. At the boundaries
of the & and 3 phase grains or plates, the formation of elements in the form of scars with
the trace characteristic of a quasi-brittle fracture is possible. This is due to a high degree of
deformation and hardening of the material during fracture.

4. Conclusions

The investigations that were carried out on the structure and properties of titanium
alloy samples, obtained using wire additive electron beam technology with a welding
wire with a composition of Ti-4Al-3V, show a large grain size, low defect content, and
low strength. Large 3-phase grains, elongated in the direction of heat dissipation, were
formed in the specimens during pressing. During cooling, a mainly two-phase structure
with a low B-phase content is formed. This situation leads to a decrease in the material’s
mechanical properties, as observed in this paper. Plastic deformation and the fracturing of
the specimens occurred unevenly throughout the tensile test. The distribution patterns of
the various strain components showed columnar grains that were located longitudinally
or transversely to the deformation axis. The test reveals high levels of relative local
deformations in different areas, which significantly exceeded the total deformation of
the specimen as a whole. This situation leads to the need to control the heat balance in
the system during the pressing process, in order to reduce the grain size and change the
structural phase state of the material. In the future, we intend to develop approaches to
reduce the size of the formed grains, both by optimizing the energy input from the beam
and the substrate cooling modes and also by revealing the influence of printing strategies,
based on the sequences of beam movements in the scanning plane.
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