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ABSTRACT
The subject of investigation is the process of structure formation and mechanical properties of thin-walled products fabricated 
by additive electron beam melting (EBM) technology from VT6 titanium alloy (Ti–6Al–4V) powder. The alloy is widely used 
in industry due to its high weldability, strength, and fatigue resistance. Spherical VT6 titanium alloy powder with a particle 
size of 40–160 µm, produced by rotary plasma atomisation, was used as feedstock. A computer model was created in Materi-
alise Magics software, from which 36 specimens were printed at beam travel speeds ranging from 500 to 6000 mm/s. It was 
established that a beam travel speed of 500 mm/s combined with an energy density of 40 J/mm³ ensures complete melting 
of the powder layer, stable shape formation, and controlled thermal conditions. This promotes the formation of a balanced 
(α+β)-microstructure with acicular α-phase morphology and α-lamella thickness of 0.5–1.5 µm. The volume fraction of α-Ti 
is 90±3 %, β-Ti — 10±3 %. The microhardness level of the specimens is HV0.1 = 3.5±0.7 GPa. The results demonstrate that 
the combination of high-quality powder feedstock and a rational printing mode ensures high process reproducibility, structural 
stability, and suitability of the technology for manufacturing thin-walled products.

KEYWORDS: additive technology, electron beam, VT6 titanium alloy, Ti–6Al–4V, thin-walled products, process parameters, 
microstructure, chemical composition, microhardness

Introduction
Traditional metal processing methods are often lim-
ited in their capability to produce components with 
complex configurations. This drives the active devel-
opment of additive technologies, which enable the 
fabrication of complex-shaped parts with predicted 
properties [1].

Research on additive manufacturing processes 
is relevant to modern materials science, production 
technologies, and mechanical engineering. Its scien-
tific significance is determined by a set of fundamen-
tal and applied challenges that remain insufficiently 
resolved to date. Industry continuously requires new 
solutions for the fabrication of lightweight, strong, 
and heat-resistant structures. This is especially true 
for components made from titanium alloys that op-
erate under high temperatures, variable loads, and 
aggressive environments [2]. The VT6 titanium alloy 
of the Ti–6Al–4V alloying system is one of the most 
widely used in industry due to its combination of high 
strength, thermal, and corrosion resistance [3]. These 
properties provide for its broad application in the 
aerospace, energy, and medical sectors.

In the field of additive manufacturing, intensive 
development is observed in wire-based technolo-
gies — Wire Arc Additive Manufacturing (WAAM), 
Wire-based Directed Energy Deposition (wire-DED), 

Laser Metal Deposition (LMD) — as well as pow-
der-based methods such as Selective Laser Melting 
(SLM) and Electron Beam Melting (EBM) [4]. In [5], 
thin-walled specimens of Ti–6Al–4V alloy produced 
by wire-DED were investigated. This method is char-
acterised by limited resolution, which complicates its 
application for producing thin-walled products with 
complex geometries. As noted in [6], wire-DED tech-
nology has lower shape formation accuracy compared 
to powder-based methods such as SLM and EBM. 
These technologies use a laser or electron beam as the 
energy source, which ensures stable powder melting 
and precise component geometry. In [7], the mechani-
cal, microstructural, and electrochemical properties of 
Ti–6Al–4V specimens fabricated by EBM and SLM 
are compared. It is shown that EBM provides high-
er strength, uniform elongation, a more favourable 
microstructure, stable temperature conditions, and 
operation in a high vacuum environment, which is 
especially important for chemically reactive titanium 
alloys [3]. However, the comparative nature of that 
study did not allow printing parameters to be deter-
mined for specific product types. A number of techni-
cal issues remain open for further investigation.

In [8], the effect of EBM parameters on the prop-
erties of Ti–6Al–4V products was examined. The 
authors identified process modes ensuring optimal 
morphology and stable material structure. In [9], the 
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influence of EBM parameters on the microstructure 
and microhardness of titanium alloys was studied. It 
was shown that Ti–6Al–4V forms a dense cast struc-
ture with lamellar-acicular αʹ-phase and a uniform mi-
crohardness distribution. However, that study did not 
cover thin-walled components, which are more sensi-
tive to thermal gradients and local defects.

Previous research demonstrates the advantages 
of EBM over other methods (SLM, wire-DED), yet 
leaves open the question of process parameter optimi-
sation for thin-walled products, which are more sus-
ceptible to thermal gradients and local defects. There-
fore, identifying the patterns governing the influence 
of EBM parameters on the structure and properties of 
thin-walled components from VT6 titanium alloy is 
highly relevant.

Thus, research in this direction has both scientif-
ic value — elucidating the mechanisms of structure 
formation and phase transformations — and practical 
value — ensuring the production of components with 
homogeneous structure, stable properties, and high 
reproducibility under industrial conditions.

The aim of the study
is to investigate the patterns of thin-walled specimen 
formation produced by EBM from VT6 titanium alloy 
powder.

To achieve this aim, the following tasks were set:
● to investigate the surface morphology of thin-

walled specimens;
● to determine their macro- and microstructure;
● to investigate chemical and phase composition;
● to measure microhardness;

● to identify printing modes that provide the best 
structural condition.

The object of investigation
is the process of structure formation and mechanical 
properties of thin-walled products fabricated by EBM 
from VT6 titanium alloy powder.

Materials and Equipment
VT6 titanium alloy powder produced by rotary plasma 
atomisation of a rod blank on equipment by Multiflex 
LLC (Ukraine) [10] was used in the study. The pow-
der granules have a spherical shape with diameters of 
40–160 µm, ensuring high bulk density, flowability, 
and uniform melting during printing. The chemical 
composition of the powder is given in Table 1.

Test specimens were fabricated by EBM using 
experimental equipment developed at the PWI. A de-
tailed description of the equipment, process parame-
ters, and control algorithms is given in [11, 12].

Printing was carried out in a vacuum chamber at a 
working pressure of 10‒2 Pa. The accelerating voltage 
of the electron beam gun was 60 kV. The sequence of 
operations, stages of specimen fabrication, and print-
ing process parameters were determined on the basis 
of prior research [12]. Five electron beam scanning 
speed modes in the range of 500–6000 mm/s were em-
ployed. The choice of this range is both technological-
ly and economically justified, as it provides an optimal 
combination of product quality and process efficiency. 
The powder layer thickness was 100 µm; a bidirec-
tional scanning strategy with a trajectory offset step 
of 0.2  mm was selected, with the scanning direction 
of each subsequent layer rotated by 90°. The effective 

Figure 1. Models and products: a — assembly model; b — test products, 1–9 — specimen groups

Table 1. Chemical composition of VT6 powder in accordance with TU U 24.4-31914753-001:2018 [10]

Alloying elements, wt.% of particles Impurities, wt.% of particles

Al V Fe Ti O C N H

5.5–6.75 3.5–4.5 ≤ 0.3 Base ≤ 0.2 ≤ 0.08 ≤ 0.05 ≤ 0.015
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beam diameter was determined by the dynamic focus-
ing current. Two outer contours were used to improve 
geometric accuracy [13]. During printing, the powder 
layer temperature was maintained at 680 °C [12].

A three-dimensional model of the products, incor-
porating fragments of rotor group components of a 
gas turbine engine, was created in Materialise Mag-
ics. Nine groups of specimens were realised, each cor-
responding to a separate printing mode (Figure 1, a).

A total of 36 specimens (Figure 1, b) were printed 
with the following geometric parameters: length  — 
30 mm, working section width — up to 2.5 mm, trailing 
edge thickness — 5 mm, height — 10 mm, of which 5 
mm constitute the technological supports. Each of the 
9 groups contained 4 specimens produced with varying 
beam speed, energy density, and focusing.

Research Methods
Microstructure investigations were performed us-
ing conventional methods. Cross-sectional cuts 
were made on an electro-discharge machine. Spec-
imens were ground on abrasive paper and polished 
with diamond suspension. Surfaces were etched 
in an aqueous solution of 6 % HNO3 and 2 % HF. 
Structures were examined using a Carl Zeiss Jena 

optical microscope. Digital processing of micro-
graphs and quantitative assessment of micro-de-
fects were performed in ImageJ software. Surface 
topography and phase composition analysis were 
carried out using TESCAN VEGA 3 SBH EP scan-
ning electron microscope at an accelerating voltage 
of 20 kV. Chemical composition and element dis-
tribution in the metal structure were determined by 
XRF using Bruker Quantax 610M spectrometer in 
the atomic number range from magnesium (Z = 12) 
to uranium (Z = 92). Phase analysis was carried 
out by X-ray diffraction (XRD) using Inel EQUI-
NOX-1000 diffractometer in grazing incidence ge-
ometry at an angle of incidence of 5° to the surface. 
The X-ray source was a copper anode . Diffraction 
patterns were recorded in the range 2θ = 30–80° us-
ing a radial position-sensitive detector. Experimen-
tal data were processed in Match! software. Phase 
volume fractions were determined by the Rietveld 
method. Microhardness was measured by the Vick-
ers method using PMT-3 instrument. Tests were 
conducted at a load of 0.1 kgf (0.98 N) with a dwell 
time of 10 s. Measurements were performed with a 
step of 250 µm within the cross-section, with one 
indentation at each control point.

Figure 2. Surface morphology of specimens: a — porous; b — dense; c — bumpy

Table 2. Process printing parameters and surface morphology type of specimens

Group (Figure 1)

Beam parameters
Surface morphology 

typeSpeed, mm/s Power, W Energy density, 
J/mm3

Dynamic focus 
current, A

1 6000 2160 18 0

Porous

2 2000 1000 25 0.83
3 2000 1000 25 0
4 4000 1760 22 0
5 4000 1760 22 0.83
6 4000 1760 22 0.55
7 1000 900 45 0 Bumpy
8 500 400 40 0 Dense
9 1000 900 45 1.11 Bumpy
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Results and Discussion

Investigation 
of specimen surface morphology
The surface condition of the specimens (Figure 1, b) 
was evaluated visually. Initial inspection allowed the 
specimens to be classified into three types according 
to surface morphology: porous (Figure  2,  a), dense 
(Figure 2, b), and bumpy (Figure 2, c). The process 
printing parameters and the corresponding surface 
morphology type are given in Table 2.

Analysis of the data (Figure 1, b; Table  2) 
showed that the best (defect-free) surface condi-
tion corresponds to dense morphology, observed in 
Group No.  8 specimens printed at a beam speed of 
500  mm/s. Bumpy morphology is characteristic of 
specimens from Groups Nos 7 and 9, produced at a 
beam speed of 1000 mm/s. Porous morphology with a 
large number of defects is characteristic of specimens 
from Groups Nos 1–6, produced at beam speeds in the 
range of 2000–6000 mm/s.

Based on the data from Figure 1, b and Table 2, it 
was established that surface morphology is significant-
ly dependent on beam travel speed and beam power, 
whereas the effect of focusing parameters proved to be 
less significant. The results are explained by the char-
acteristics of thermal processes in the melting zone. At 
high travel speeds (2000–6000 mm/s), beam power was 

excessive, leading to excessive heat input and porous 
surface formation. Bumpy morphology, characteristic 
of 1000 mm/sspeed may be associated with localised 
overheating causing surface irregularities. Reducing 
the speed to 500 mm/s, however, ensures an optimal 
balance between beam power and speed.

One specimen from each of Groups Nos 1, 3, 4, 7, 
and 8 (Table 2) was selected for further investigation, 
covering the full range of speed modes studied.

Investigation 
of specimen structure
In addition to surface condition, the microstructural 
state is an important material characteristic. Analysis 
of the microsections (Figure 3) revealed defects in the 
form of micropores. Defect assessment was carried 
out by digital processing of micrographs, allowing 
their number, dimensions, and area to be determined. 
Measurement results are given in Table 3.

Analysis of Table 3 data established that Speci-
mens Nos 1, 3, and 4 have a significant number of de-
fects — 10 or more — and porous surface morphology 
(Table 2). The mean defect area was 9124–18294 µm2 
with a mean size of 110–156 µm (Table 3). Specimen 
No. 7 had a bumpy surface type (Table 2). The mean 
defect area did not exceed 7775 µm2 with a mean size 
of 102 µm. The number of identified pores was only 
three (Table 3). Specimen No. 8 was characterised by 
a dense surface (Table 2) with a minimum number of 

Figure 3. Structures of specimens, No.: a — 1; b — 3; c — 4; d — 7; e — 8. The area investigated is marked in red
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defects — 5 pores — with a mean area not exceeding 
7377 µm2 and a mean size of 99 µm (Table 3).

The analysis confirmed a clear correlation between 
surface morphology (Figure 2) and internal defective-
ness (Table 3). The increased number and area of de-
fects in specimens with porous morphology indicates 
that surface condition may serve as an indicator of 
internal structure. The reduction in defectiveness in 
Specimens Nos 7 and 8 demonstrates the possibility 
of optimising printing parameters to achieve a stable 
structure with minimum defects. Specimens Nos  7 
and 8 were selected for further investigation as they 
exhibit the best surface condition and minimum de-
fect area and number.

Metallographic examination of Specimen No. 7 at 
×50 magnification revealed that the metal structure 
consists of crystallites with different etching degrees, 
40–300 µm wide (Figure 4, a). The structure demon-
strates a pronounced zonality arising from local ther-
mal gradients and non-uniform cooling. At the macro 
level (Figure 4, a), a coarse, non-uniform structure is 
observed consisting of columnar α-phase crystallites 
and residual β-phase that did not fully transform. At 
the micro level (Figure 4, b), elongated α-lamellae ori-

ented in one direction are identified, with thin β-phase 
interlayers between them. This morphology is indica-
tive of martensitic transformation of the β-phase due 
to rapid cooling in the upper layers. SEM imaging 
(Figure 4, c) confirms the presence of a basket-weave 
structure with α-lamellae 0.8–1.5 µm thick. Such 
non-uniformity may result in differences in proper-
ties: fine-grained regions with elongated α-lamellae 
potentially exhibit higher hardness, whereas coarse-
grained regions are more prone to local failure due to 
porosity or microcracks.

Investigation of Specimen No. 8 established that the 
metal structure at ×50 magnification is more balanced 
(Figure  4, d). It consists of crystallites with different 
etching degrees, 30–300 µm wide, growing in the di-
rection of the heat flow, while β-phase is partially sta-
bilised in the interlamellar volume. At the micro level at 
×500 magnification (Figure 4, e), an (α+β)-structure is 
identified with α-lamellae between which thin β-phase 
interlayers are located. SEM imaging at ×5000 magnifi-
cation (Figure 4, f) confirms dense packing of α-lamel-
lae 0.6–1.1 µm thick and uniform distribution of the 
β-phase, forming a balanced (α+β)-morphology (Fig-
ure 4, g). Such a structure indicates more stable cooling 

Table 3. Results of internal defect investigations in test specimens

Specimen No. 
(Figure 3)

Defect area (S) and size (D) Number of identified 
defectsSmax, µm2 Dmax, µm Smin, µm2 Dmin, µm Sav, µm2 Dav, µm

1 40477 232 3618 69 18294 156 10
3 40454 232 3182 65 14841 141 10
4 17699 154 3022 63 9124 110 11
7 20733 166 2647 59 7775 102 3
8 13064 132 3212 65 7377 99 5

Figure 4. Microstructures of specimens: No. 7 (a–d); No. 8 (e–h)
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conditions and a more uniform thermal cycle, providing 
better property homogeneity.

Investigation of chemical and 
phase composition of specimens
The investigations showed that chemical composition 
significantly influences the microstructure of speci-
mens, particularly the Al content, which determines 
α-phase stability and the phase balance.

According to the data in Table 4, it was established 
that in Specimen No. 7 the Al concentration (5.059 %) 
is below the standard range (5.3–6.8 %), which causes 
a shift in equilibrium towards the β-phase and struc-
tural non-uniformity. In Specimen No. 8, the Al con-
tent (5.644 %) conforms to the standard, ensuring a 
stable lamellar α-phase. Thus, Specimen No. 8 has 
the required chemical composition for the formation 

of a balanced (α+β)-microstructure, while Specimen 
No. 7 exhibits phase imbalance due to Al deficiency.

X-ray phase analysis allowed the phase composi-
tion of specimens to be determined, and the degree 
of crystallinity, structural purity, and the influence of 
chemical composition on phase equilibrium to be as-
sessed.

XRD results (Figure 5, a) established that Speci-
men No. 7 exhibits α-phase with a hexagonal close-
packed lattice and β-phase with a body-centred cu-
bic structure, where the volume fraction of α-phase 
is 87±3 % and that of β-phase is 13±3 %. As shown 
in [15], a reduction in Al content leads to a shift in 
phase equilibrium towards the β-phase and reduces 
the morphological stability of the α-phase, which may 
adversely affect mechanical properties.

Specimen No. 8 demonstrates a clear coincidence 
of diffraction peaks with reference values (Fig-
ure 5, b). The intensity and sharpness of the reflec-
tions indicate a high degree of crystalline perfection 
of the phases. This is characteristic of a well-formed 
α-phase with a volume fraction of 90±3 %. The vol-
ume fraction of the β-phase is 10±3 %. The obtained 
α/β ratio is characteristic of VT6 alloy. As shown in 
[7] the high crystallinity and the absence of amor-
phous regions are indicative of a stable thermal crys-
tallisation mode during EBM, ensuring homogeneity 
of phase composition and improved mechanical prop-
erties. This is consistent with the chemical analysis 
results, where the Al and V content in Specimen No. 8 

Table 4. Chemical composition of specimens (XRF), wt.% (Ti — base)

Designation
Chemical element

Mg Al Si V Fe Ni Zr

Specimen No. 7 – 5.059 0.058 4.177 0.102 0.022 0.01
Specimen No. 8 – 5.644 0.062 4.091 0.104 0.046 0.0076
VT6 alloy [14] ≤ 0.30 5.3‒6.8 ≤ 0.1 3.5‒5.3 ≤ 0.6 ≤ 0.08 ≤ 0.30

Figure 5. XRD results of specimens: a — No. 7; b — No. 8

Figure 6. Microhardness (HV0.1) variations in specimens, No.: 
1 — 7; 2 — 8
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is within the standard range (Table 4), promoting the 
formation of a balanced (α+β)-microstructure.

Microhardness measurements
To evaluate local mechanical properties, microhard-
ness measurements were carried out for Specimens 
Nos 7 and 8 within the cross-section.

It was established that on the surface of Specimen 
No. 7 microhardness is HV0.1 = 1.3 GPa and it gradual-
ly increases, reaching a maximum of HV0.1 = 2.3 GPa 
at a distance of approximately 3.5 mm (Figure 6). 
This indicates structural non-uniformity of the mate-
rial, a transition from a less stable surface zone to a 
more strengthened internal structure. This behaviour 
is explained by phase instability and reduced Al con-
tent, causing local differences in the α/β phase ra-
tio. The mean microhardness of Specimen No. 7 is 
HV0.1 = 1.8±0.5 GPa, which is reduced compared to 
typical values for VT6 alloy [9].

Specimen No. 8 demonstrates a significant-
ly higher hardness level (Figure 6), ranging from 
HV0.1 = 2.8 to 4.2 GPa. The mean microhardness value 
is HV0.1  =  3.5±0.7  GPa, consistent with characteris-
tic values for VT6 alloy of the Ti–6Al–4V alloying 
system [9] and indicative of a well-formed (α+β)-mi-
crostructure. Hardness fluctuations can be attributed 
to local features of the thermal cycle, which does not 
affect the overall structural stability.

Determination of printing modes 
ensuring the best structural 
condition
The results of the comprehensive analysis confirmed 
that the quality of thin-walled products is significantly 
dependent on the choice of EBM process parameters. 
When determining printing modes that ensure the best 
structural condition, it was established that Specimen 
No.  8 is distinguished by minimum defectiveness 
and a balanced microstructure with a uniform phase 
distribution. Its chemical and phase composition and 
microhardness values are consistent with the charac-
teristic indicates for VT6 alloy.

Specimen No. 8 was printed at a speed of 500 mm/s 
and an energy density of 40 J/mm3. Thus, the imple-
mented process parameters can be considered rational 
for manufacturing thin-walled products from VT6 alloy. 
The obtained results are consistent with data from [7], 
where it is noted that optimisation of beam speed and en-
ergy in the EBM process is key to forming a fine-grained 
microstructure with a minimum defect level.

Despite the positive results obtained, the study has 
a number of limitations. In particular, the printing pa-
rameters were investigated for only one powder type. 
Microstructure analysis was carried out locally, with-

out accounting for scale effects and complex product 
geometry. Furthermore, microhardness was used as 
an assessment of local mechanical behaviour without 
conducting a full range of mechanical tests. These as-
pects should be considered in the practical application 
of the obtained recommendations, as well as in further 
studies aimed at confirming the long-term operational 
reliability of the products.

Conclusions
1. The parameters of the additive electron beam pro-
cess significantly influence the shape formation qual-
ity of thin-walled products. Elevated beam travel 
speeds in the range of 2000–6000 mm/s lead to unsta-
ble melting and increased porosity.

2. A correlation was established between additive 
process parameters, surface morphology, and the lev-
el of internal defectiveness of specimens. Optimisa-
tion of printing modes substantially reduces porosity 
and promotes the formation of a more uniform two-
phase (α+β)-structure. The best structural indicates 
were demonstrated by Specimen No. 8, which is dis-
tinguished by minimum defectiveness and a balanced 
microstructure with uniform phase distribution.

3. It was determined that chemical composition is a 
decisive factor in the formation of the phase state and 
microstructural stability of VT6 alloy. Al deficiency 
(<5.3 %) in Specimen No. 7 causes a shift in phase 
equilibrium towards the β-phase (α-Ti — 87±3  %, 
β-Ti — 13±3 %) and increased structural non-unifor-
mity. Specimen No. 8, whose chemical composition 
meets the standard requirements, exhibits a balanced 
α/β ratio (α-Ti — 90±3 %, β-Ti — 10±3 %) and high 
crystallinity of the structure.

4. Microhardness measurements confirmed the sig-
nificant influence of microstructural condition on the 
local mechanical properties of VT6 alloy. Specimen 
No.  7 is characterised by reduced and non-uniform 
hardness values of HV0.1 = 1.8±0.5 GPa, attributable 
to phase imbalance and structural non-uniformity. 
Specimen No. 8 demonstrates a higher microhardness 
level of HV0.1 = 3.5±0.7 GPa, corresponding to the 
balanced (α+β)-structure, and is consistent with char-
acteristic values for VT6 alloy. Hardness fluctuations 
can be attributed to local features of the thermal cycle, 
which does not affect the overall structural stability.

5. The printing mode of Specimen No. 8 can be 
considered the most rational from the point of view 
of achieving the best structural condition. Application 
of the mode with a beam travel speed of 500 mm/s 
and an energy density of 40 J/mm3 provides for thin-
walled products from VT6 alloy: a dense surface, a 
balanced (α+β)-microstructure, and mechanical prop-
erties consistent with literature data.
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