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ABSTRACT

Introduction. Laser engineered net shaping (LENS) or Direct metal deposition (DMD) is considered as a
promising method for manufacturing products of complex configurations from titanium-based alloys, as it allows
minimizing the use of machining and loss of material to waste. Currently, neither the LENS technological process
of titanium alloy V723 has not been developed, nor the structural features of the alloy after LENS have not been
studied, which will make it possible to determine the scope of application of the material after LENS. The purpose
of this study is to determine optimal modes of the LENS process for manufacturing of quality parts from titanium
alloy V'T23. Methodology. The alloy specimens obtained with laser power 700+~1300 W in increments of 100 W
and scanning speed 600+1,000 mm/min in increments of 200 mm/min and distance between adjacent laser tracks
0.5-0.9L (L — track width) in increments of 0.2L were analyzed in the study. The elemental composition of the
powder material was studied by X-ray fluorescence analysis and reducing combustion in a gas analyzer, the structure
of the objects obtained by LENS was analyzed by metallographic and X-ray phase analysis methods as well as
microhardness was determined. Results and discussion. It is established that high-quality objects without cracks,
with low porosity can be synthesized from V723 alloy by LENS method using the following modes: laser power
700+1100 W, scanning speed 800—1,000 mm/min, track spacing 0.5-0.7 of the individual track width L. It is shown
that after all investigated LENS modes, the V'T23 alloy had a dispersed (a+p) structure of the “basket weave” type. It
is revealed that regardless of LENS mode the amount of B-phase in the alloy structure is about 30 %. It is shown that
the microhardness of the deposited material does not depend on LENS modes and is 460 HV.

For citation: Bazaleeva K.O., Safarova D.E., Ponkratova Yu.Yu., Lugovoi M.E., Tsvetkova E.V., Alekseev A.V., Zhelezni M. V., Logachev L.A.,
Baskov F.A. The influence of technological parameters of the laser engineered net shaping process on the quality of the formed object from
titanium alloy VT23. Obrabotka metallov (tekhnologiva, oborudovanie, instrumenty) = Metal Working and Material Science, 2024, vol. 26,
no. 2, pp. 186—198. DOI: 10.17212/1994-6309-2024-26.2-186-198. (In Russian).

Introduction

Titanium alloys are known for its high specific strength, corrosion resistance, and crack resistance
and found applications in various industrial sectors, including aerospace [1]. Since many components of
aircraft have a complex configurations, laser engineered net shaping (LENS) is considered as a promising
technology for its production [2—5]. Another reason for utilizing LENS technology in manufacturing parts
from titanium alloys is that these materials are difficult to process mechanically due to its high strength
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and low thermal conductivity, while LENS allows the formation of complex-profiled parts with minimal
mechanical processing. Moreover, diminishing mechanical processing helps reduce the amount of expensive
alloy waste.

It is known that the quality of the objects manufactured by LENS depends on its technological param-
eters. Quality in this case implies the absence of macrodefects like cracks and pores that can form during
laser remelting of the powder material. In [6—13] authors optimize the LENS technological parameters for
manufacturing parts from titanium alloys by varying laser power, scanning speed, powder feed rate, laser
spot diameter, distance between laser tracks and laser operating mode (pulse/continuous) [5]. However, the
practical application of modes developed by other researchers is mainly hindered by two reasons. The first
reason is that most researches have been conducted on the titanium alloy 7i-64/-4V [4-9] and significantly
less studies have been devoted to the development of LENS technology for titanium alloys of different
compositions (7i-Al-Sn-Zr-Mo [10], Ti-Al-Sn-Zr-Mo-Cr [11], Ti-Al-Mo-Zr-Si [12]), and there are almost no
studies on LENS of the Ti-5A4[-4V-2.5Mo-1Cr-0.7Fe-0.1Si alloy (VT23). However, it is known that changes
in the physical properties of the alloy affect the powder material remelting processes, and the alloy com-
position have to be taken into account. Moreover, LENS is a multi-parameter process, while most papers
only provide values for basic parameters. Thermal conditions of powder remelting significantly depend on
the working setup, the initial state of the powder material and even slight changes in re-melting conditions
can result in shift of the optimal parameter range. Thus, developing modes of manufacturing high-quality
objects of a given composition is an integral part of LENS technology.

The purpose of this work was to develop LENS modes on the /nssTek MX-Grande printer for the forma-
tion of high-quality products from a titanium alloy (V723). To achieve this goal, the following tasks were
solved during the research:

— determination of intervals of the LENS technological parameters (laser radiation power, scanning
speed and distance between laser tracks), which make it possible to form a structure without cracks, with
minimal porosity and surface roughness, with penetration into the lower layer less than 40 %;

— metallographic study of the structure formed in the alloy during LENS;

— determination of the phase composition of the alloy after LENS;

— study of the influence of the LENS technological parameters on the microhardness of the obtained
material.

Methods

The objects of the study were specimens manufactured by LENS from titanium alloy V723. X-ray
fluorescence spectral analysis was used to assess the elemental composition of the initial titanium powder,
and the concentrations of gas impurities in the powder were determined by the reduction burning method
(Table 1). The chemical composition of the V723 powder, including the concentrations of gas impurities,
corresponded to OST 1-90013-81 [14]. The dispersion of the powder ranged from 40 to 100 pm. The phase
composition of the initial powder material was determined by X-ray diffraction method and consisted of a
a-7i solid solution with a cubic crystal lattice and titanium oxide 7iO, (rutile) phase with a tetragonal crystal
lattice while B phase was not detected (Figure 1). The presence of the 7iO, phase in the diffraction pattern
is likely associated with a high proportion of the surface oxide layer in the irradiated volume of a dispersed
(less than 100 um) powder material during X-ray analysis.

LENS process was carried out on the InssTek MX-Grande laser system in an Ar protective atmosphere,
and the LENS modes are provided in Table 2.

The selection of LENS modes that allow forming parts of satisfactory quality was carried out in several
steps. In the first step, the selection is based on the geometric parameters of the cross-section of a single
laser track. In the second step, the characteristics of monolayers, i.e., objects with a height of one deposited
layer, are considered, and in the final step, the quality of the volumetric specimen is analyzed.
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Table 1
Chemical composition of the experimental powder
Mass fraction of chemical elements, %
Ti Al V Mo Cr Fe 0] H N C
bal. 4.8 4.5 2.6 1.2 0.4 0.12 0.004 0.018 0.03
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Fig. 1. X-ray diffraction pattern of the initial powder

LENS modes

Table 2

Powder feed rate

10 g/min

coaxial — 10 I/min
transport — 3.5 1/min

Ar gas supply
shield — 20 1/min
Nozzle height above surface 9 mm
Laser spot diameter 1,800 um
700...1.300 W, step 100 W

Laser power

Scanning speed

600...1.000 mm/min, step 200 mm/min

The evaluation of the quality of a single laser track was conducted according to the following criteria:

— the track shape coefficient f

h
f_za

where A is the height of the track above the substrate; L is the width of the track (Fig. 2);
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—melting coefficient d

Sp

d=—"—,
Sp+Sh

where Sp and S, are the areas of the track below and above the substrate surface;

— track width L;

— angle at the base of the track 0 [15, 16—-19].

The acceptable values of these characteristics are provided in Table 3. Additionally, the absence of
cracks is one of the important criteria.

Fig. 2. Shape of the track formed by a laser power
of 1.000 W and laser scanning speed of 1.000 mm/min

Table 3
Geometric parameters of a single laser track evaluation criteria
Parameter Valid value
Shape factor (f) 0.2...0.33
Penetration ratio (d) 0.1...04
Track width (L) 1.7...3.0 mm
Angle at the base (0) <90°

During the formation of monolayers, the distance between adjacent tracks varied in the range from
0.5L to 0.9L, where L is the width of the track determined in the previous step. The requirements for the
geometric parameters of the mono-layers were as follows: the height variation of the mono-layer should not
exceed 30 % of its maximum height, and the depth of melting should be less than 2/3 of the layer height.

For volumetric specimens manufactured under different technological modes, the presence of cracks
and large (more than 1-2 pm) pores in longitudinal and transverse sections was monitored.

The microstructure of the manufactured specimens was investigated using an inverted metallographic
microscope Olympus GX-51. For optical metallography, the specimens were embedded in resin using an
automatic press Struers CitoPress-20 and prepared on a grinding-polishing station Struers Tegramin 25.
Chemical etching in a aqueous solution of hydrofluoric and nitric acids was used to reveal the structure: 3
ml HF, 15 ml HNO,, 82 ml H,0.

The microhardness of the specimens was evaluated using the Vickers method on a microhardness tes-
ter Pruftechnik KB50 SR. The indentation load was 1.9 N (200 g), with a measurement error of no more
than 10 %.
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X-ray diffraction analysis was conducted in the Bruker DS Advance diffractometer with Bragg-Bren-
tano focusing scheme in Cu Ko radiation in the range of diffraction angles 26 = 30°-100° with a step of
A26 = 0.07° and exposure time of 2 seconds per point. The tube voltage was 40 kV, and the tube current
was 35 mA. A semiconductor multichannel detector was used, with a 2 mm slit and Soller slit installed on
the tube, and only a Soller slit on the detector. During the data collection, the specimens were rotated at a
speed of 60 rpm. The spectrum processing was conducted using Diffrac.Eva and Diffrac. Topas software.
For X-ray phase analysis, the specimens were electropolished on a Struers LectroPol-5 in A2 electrolyte
(78 mL HCIO,, 90 mL distilled water, 730 mL C,H 0, 100 mL C H,,0,) for 15 min at 10 V.

614

Results and discussion

According to metallographic analysis, the tracks obtained under all experimental modes (Table 2) are
free from cracks, exhibit minimal porosity, and have defect-free boundaries with the substrate material
(Fig. 2). A heat affected zone (HAZ) with a width of approximately 0.50 + 0.05 mm is observed at the track
boundary.

Analysis the dependence of the track shape coefficient f on power revealed that at a scanning speed of
600 mm/min, the coefficient f exceeds the permissible range (Figure 3). The geometric parameters of the
track obtained at scanning speeds of 800 and 1.00 mm/min meet the requirements for the shape coefficient,
bead width, and melting coefficient of the track. The angle at the base of the track is less than 90 degrees
for almost all experimental laser deposition modes.

a b c

Fig. 3. Dependences of the track width (@), penetration ratio (b), track shape factor (c¢) on the laser power
(green area — range of accepted values)

Microhardness of the tracks manufactured under different modes varies in the range from 386 to 499
HV (Fig. 4). From the graphs, it is evident that increasing the laser power P results in an increase in
hardness, while increasing the scanning speed also results in hardness growth, although this effect is minor.
It is known that during the LENS process, the material cooling rate is relatively high, which may lead to the
formation of a dispersed (o + B) structure and the martensite formation. It can be assumed that the increase
in hardness at high laser power is associated with an increase in the temperature gradient.

Based on the track analysis, seven LENS modes were selected (Table 4).

The structures of the grown monolayers are presented in Figure 5. A compliance assessment of the
monolayers with the specified criteria is shown in the graphs in Figure 6. The manufacturing mode with
a distance of 0.9L between adjacent tracks is considered impractical as height variation in some modes
is close to 90 %. These specimens consisted not of monolithic layers but of a set of individual tracks.
Specimens with a track spacing of 0.5L and 0.7L have approximately the same geometry. The height
variation in both cases differs slightly and ranges from 10 to 20 %. It should be noted that at a spacing of
0.5L, the layer height was smaller for all LENS modes compared to 0.7L (Fig. 6, b). This is likely due to the
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Fig. 4. Dependence of microhardness of single tracks
on laser power for different scanning speeds

Table 4
Laser deposition modes selected according to the shape of a single track
Scanning speed ¥, mm/min 700 800 900 1.000 1.100 1.200 1.300
Laser power P, W 800 1.000 1.000 1.000 1.000 1.000 800

¢
Fig. 5. Structure of monolayers obtained by the LENS method with a scanning speed
of 1.000 mm/min, power of 1.000 W and different distances between tracks:
a—-05L;b—-0.7L; ¢c—0.9L

fact that with a track spacing of 0.5L, the forming molten pool captures more material from the neighboring
solidified track, which may lead to an increase in the proportion of dispersed powder on it. In other words,
these dependencies indicate that the powder material is absorbed to a greater extent with a track spacing
of 0.7L. It is also worth noting that when the laser power exceeds 1.000 W at a scanning speed
of 1.000 mm/min, an increase in the porosity of the monolayers is observed.

CM Vol 26 No. 22024
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a b c
Fig. 6. Effect of the distance between tracks on the relative height difference (Ah/h) (a), monolayer height (k) (b),
ratio of penetration depth to monolayer height (p/h) depending on laser power (c) (green area — area of acceptable
values)

The monolayers microhardness is slightly higher than the one of the previously obtained tracks and
amounts to 487 + 15 HV, while the microhardness value of the monolayer does not depend on the deposition
mode (Fig. 7). This result is likely due to the fact that during the laser deposition of multiple tracks, due to
the re-heating of the already surfaced material, aging processes occur, i.e., the breakdown of supersaturated
solid solutions, resulting in an increase of alloy microhardness.

The modes providing the most uniform layer and the absence of macrodefects were selected to create
bulk specimens (Table 5).

Fig. 7. Dependence of microhardness of monolayers
and bulk specimens on laser power

Table 5
Modes selected according to the structure of monolayers
Laser power P, W 700 700 800 800 900 1.000 1.100
Scanning speed V, mm/min 800 800 1.000 1.000 1.000 1.000 1.000
Distance between tracks 0.5L 0.7L 0.5L 0.7L 0.7L 0.7L 0.7L

Vol. 26 No. 2 2024 %
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The study of the microstructure of the obtained bulk specimens allows us to conclude that there are no
macro-defects. After LENS at a laser power of 1,000 W, the a-phase is observed in the form of areas of the
so-called “basket weave” and areas of a mesh around primary B-grains (Fig. 8). Such structures are charac-
teristic of this alloy both in the quenched state and after LENS [20-23]. Large (~ 100 um) equiaxed regions
of primary B-phase crystals are observed in the scanning plane. Similar structures were observed at other
LENS modes as well.

a b
Fig. 8. Microstructure of V723 alloy after LENS (P = 1,000 W; track distance 0.7L):

a — laser scanning plane; b — cross section of the specimen

When analyzing the dependence of the microhardness of bulk specimens on the deposition mode, it
was found that the hardness level at all modes is approximately the same, measuring 457 + 23 HV (Fig. 7).

Figure 9 presents the results of X-ray phase analysis. All specimens obtained by LENS modes exhibit
(o + B) phase composition, where a and  are phases with BCC and FCC crystal lattices, respectively. Since
the diffraction peaks of a’-martensite coincide with the peaks of the a-phase, it is not possible to definitively
determine its presence in the structure based on the diffraction pattern. It is found that the amount of B-phase
constitutes approximately 30 %.
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Fig. 9. X-ray diffraction pattern of a bulk specimen at P =700 W and 0.5L
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Conclusion

1. The determination of the LENS modes of V723 alloy is conducted, allowing the synthesis of objects
without cracks, with minimal both porosity and surface roughness, with the specified level of fusion
coefficient: laser power P =700...1.100 W; scanning speed v = 800...1,000 mm/min; the distance between
tracks is 0.5...0.7 of the width of the track.

2. Optical metallography revealed that after all experimental LENS modes, the structure of the titanium
alloy resemble a “basket weave” pattern with dispersed a- and B-phase needle-shaped grains.

3. According to X-ray phase analysis, phase composition of V723 alloy doesn’t depend on modes and
consists of 70 % a-phase and 30 % B-phase.

4. Durometric analysis showed that increasing the laser power results in the microhardness increase
of the individual tracks: for a scanning speed of 800 mm/min, increasing the power from 700 to 1.300 W
results in the hardness increasing from 390 to 500 HV. However, the increase in power practically does not
affect the hardness of monolayers and bulk specimens, maintaining it at an average level of 460 HV.
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