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The article dials with current issues of refining titanium alloys by electron beam melting
(EBM) to reduce gas saturation, which is important for improving their technological and opera-
tional characteristics. Correlations between the content of aluminium, silicon and mechanical
properties of titanium alloys have been identified, which allows optimizing their composition to
increase the tensile strength. It has been established that the interaction of titanium with gases,
with oxygen, significantly affects the formation of the surface layer, oxide films and changes in
the mechanical characteristics of alloys. An analysis of changes in the surface microhardness
of titanium alloys VT1-0 and VT6S at different temperatures has been carried out. The phase
composition of the surface layer after heat treatment was studied by X-ray diffraction, which
confirmed the formation of oxides and intermetallic, such as TiO,, TisAl and Ti;O5. The results
obtained contribute to further improvement of titanium alloy processing technologies and devel-
opment of materials with improved characteristics for use in aircraft production and materials
science.

Keywords: titanium alloys, phase composition, EPP, phase composition, chemical composi-
tion, mechanical characteristics.

Brouius asmromiHio Ta KpeMHi0O Ha rasoHacudeHHa tutanoBux ciuiasis. C.0. [loniwko,
A.D. Canin, A.B. Jlasuook

YV crarri pos3rISHYTO aKTyasJdbHI MUTAHHS padiHyBAaHHS TUTAHOBHUX CILIABIB METOIOM
enexrporHo-mpomenerol wiasku (EIIIT) 3 meroro 3ameHIIeHHST TA30HACHYEHOCTI, 110 MAa€e CyTTEBE
3HAYEeHHS JJIsI TOKPAIIEeHHs 1X TeXHOJOIYHUX Ta eKCILIyaTAIliHUX BJIACTUBOCTeH. BussiieHO
KOPEeJAIlfHl 3B’A3KM MIK BMICTOM AJIIOMIHIIO, KPEMHI0 Ta MEXaHIYHUMM BJIACTUBOCTSIMU
TUTAHOBUX CILJIABIB, III0 JO3BOJISIE OIMITUMI3YBATH IX CKJIAJ JIJIS ITLIBHUINEHHS TPAHUIL MIITHOCTI.
BeramosieHo, 1110 B3aemMo/1isi TATAHY 3 ra3aMu, 30KpeMa 3 KUCHEM, 3HAYHO BILTUBAE HA (DOPMYBaAHHS
TIOBEPXHERBOTO IIAPY, YTBOPEHHS OKCUIHUX ILTIBOK TA 3MIHY MeXaHIYHUX XaPAKTePUCTUK CILIABIB.
IIpoBeneno anasia 3mMiH MIKpoTBepIocTi 1oBepxHi TuTanoBux ciiasis BT1-0 ra BT6C mpu pisaux
Temieparypax. MerogoMm perTreHorpadii JoCaiaeHo (PA30BHII CKJIA] IIOBEPXHEBOIO IIapy
MmicJIs TepMIYHOI 00pPOOKH, IO INATBEPIUJIO YTBOPEHHS OKCHIIB TA 1HTEPMETAJIIIB, TAKUX AK
TiO,, TizAl Ta TisO5. OTpuMaHi pesyIbTaTH CIPUAIOTH HOJATBIIOMY BIOCKOHAIEHHIO TEXHOJIOTIH
00pOOKHM TUTAHOBUX CIJIABIB TA PO3pO0Ill MaTepiasIiB i3 MOINIIIEHUMA XapPaKTePUCTUKAMU JIJIsT
BUKOPUCTAHHS BUPOOHUIITBA JITAJIBHUX allapaTiB i MaTepiaio3HaBCTBA.
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1. Introduction

Since the middle of the last century, non-fer-
rous metals have been smelted and refined in
Ukraine and abroad by the electron beam melt-
ing (EBM) method. After that, it became pos-
sible to improve the properties of metals by re-
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moving harmful impurities [1-7]. Production of
commercial ingots of electron beam welded tita-
nium has also begun. This direction is promis-
ing. As a rule, industrial ingots are produced by
a duplex method: EBM + vacuum arc remelting
(VAR). At the same time, the influence of gas
impurities in titanium alloys remains insuf-
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ficiently studied, which is of practical interest
and makes this research topic relevant.

The formation of the surface layer of tita-
nium and its alloys is greatly influenced by
their interaction with gases, which results in
the formation of chemical compounds and solid
solutions. This causes a significant change in
technological and operational properties. The
most important is the interaction of titanium
with oxygen in the air. Due to the high affin-
ity of titanium for oxygen, an oxide film forms
on the surface of the metal even at room tem-
perature. All technological processes for manu-
facturing products from titanium alloys are
associated with repeated heating and holding
at high temperatures. In this case, gas absorp-
tion increases and leads to irreversible changes
in properties. Up to 80% of oxygen is spent on
the formation of oxide films. When developing
technologies for processing titanium alloys, it
is necessary to take into account the change in
the surface state of semi-finished products due
to gas saturation [8—12].

In this regard, it was necessary to deter-
mine the phase composition, analyze the ther-
modynamic characteristics, and investigate the
structure of the surface layer of titanium alloys,
which are most widely used in the industry of
Ukraine.

2. Results and discussion

The degree of gas saturation is determined
by microhardness measurements. Fig. 1 shows
the change in the microhardness of the sur-
face of the VT1-0 and VT6S alloys relative to
the initial value. The microhardness of unal-
loyed titanium VT1-0 began to change signifi-
cantly at a temperature of 650 °C (by 20%); in
the VT6S alloy, these changes began at lower
temperatures. The relative difference in the
microhardness of the surfaces of the heat-
treated and initial samples was 4% at 500 °C

and 15.5% at 600 °C. With a further increase
in temperature, the nature of the change in
microhardness in the two alloys was different.
In the temperature range from 650 to 800 °C,
the microhardness of the VT'1-0 alloy changed
slightly, while for the VT6S alloy it gradually
increased. At temperatures of 900 and 1000 °C,
the microhardness of the VT'1-0 alloy increased
sharply - by 151 and 229%, respectively, which
indicated significant gas absorption. This is due
to the acceleration of diffusion processes asso-
ciated with both an increase in temperature
and the phase transition a— 3, which occurs
at 882 °C in titanium. In the VT6S alloy at 870
°C, the relative change in microhardness was
only 45%, even less than at 800 °C; with further
increase in temperature, it increased, but much
less than in the VT1-0 alloy [13-15].

Thus, the increase in microhardness in the
VT6S alloy turned out to be almost two times
less than in VT'1-0. This was apparently due to
the action of vanadium, which slows down the
gas saturation of titanium. The non-monoton-
ic nature of the dependence of the increase in
microhardness on temperature can be caused
by phase transformations in the base metal,
changes in the degree of alloying of the surface,
the formation of oxide films and their partial
peeling.

To determine the effect of the treatment
temperature on the phase composition of the
alloy surface, X-ray studies were carried out
on samples cut from industrial sheets of one of
the most common industrial alloys, VT6S, after
heat treatment under various conditions. The
results of X-ray phase analysis of the samples
are given in Table 1.

From Table 1 it is seen that at temperatures
of 500 and 600 °C only o+ B-phases were detect-
ed, although it is known that the oxide film is
formed even at room temperature. Obviously,

Table 1 — Phase composition of VI'6S alloy samples after heat treatment

Heat treatment mode

Phase composition

Initial a+B
500 °C, 20 min a+B
600 °C, 20 min a+B
700 °C, 20 min at B, TiO,
800 °C, 20 min a+ B, TiO,

870 °C, 20 min

a+ B, TiO,, Ti,N, Ti Al

870 °C, 60 min
970 °C, 20 min

a+ B, TiO, , TizO5 , TiO, TiAl
a+ B, TiO,, Ti,N, TizAl

Functional materials, 32, 2 2025

233



S.0. Polishko et al. /| Aluminum and silicon influence on ...

250

a)
£ 200
3
5
S
5 150
=]
EX 100
Q
g
< 50 2725
5 =
: o, 2 L 1 o000
E 500 550 600 650 700 800 900 1000
Temperature , ° C
250
b)
200

Relative change in
microhardness , %

400 500 870 920 970

600 700 800
Temperature , °© C

Fig. 1 Relative change in surface microhardness
of titanium alloys at different temperatures: a)
alloy VT1-0, b) alloy VT6S

its thickness is too small to be determined by
the X-ray method.

At temperatures of 700, 800 °C, the phase
composition is represented by o+ B-phases and
TiO, oxide in the form of rutile, which coincides
with the literature data [16—18].

During holding for 20 min at 870 and 970 °C,
titanium nitride TiyN and the intermetallic TizAl
additionally appear. An increase in the holding
time to 60 min at 870 °C leads to the formation
of oxides Ti;Og and TiO along with rutile TiO,.
The appearance of the intermetallic TizAl indi-
cates the enrichment of the surface layer of the
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Fig. 2 Correlation coefficients showing the influ-
ence of aluminum and titanium on the ultimate
strength

metal with aluminum up to ~ 10%. This is the
concentration required to form an intermetallic
compound in the temperature range from 870
to 970 °C according to the phase diagram. The
VT6C alloy contains from 5.3% to 6.5% TizAl.
Diffusion of aluminum to the sample surface
can be caused by an increase in the amount of
the a-phase in the surface layer under the ac-
tion of oxygen. Due to the difficulty of diffusion
in the hexagonal lattice of a-titanium, enrich-
ment with aluminum of local microvolumes of
the metal is possible, in which the intermetallic
is formed. The chemical composition and me-
chanical properties of the VT'1-0 alloy are given
in Table 2 [19].

Sponge titanium contains a number of im-
purities, most of which are not standardized,
namely: Al, V, Mo, Sn, Zr, Mn, Cr, Fe, Ti, Si, ClI,
Mg, Na, Ca, K, S, Ni, As, Sc, Sb, Bi, Au, Ag. Their
concentrations are very low, but as a result of
their interaction with titanium and with each

Table 2. Chemical composition and mechanical properties of alloy VT1-0

. Chemical content, %
Tensile
No. strength
o, MPa Fe Al Y o) N c H
1. 415 0.069 0.1 0.03 0.01 0.01 0.047 0.005
2. 415 0.088 0.12 0.03 0.01 0.01 0.045 0.005
3. 413 0.096 0.1 0.03 0.01 0.01 0.047 0.005
4. 415 0.086 0.13 0.03 0.01 0.01 0.046 0.005
5. 410 0.084 0.1 0.03 0.011 0.005 0.04 0.005
6. 412 0.089 0.1 0.03 0.011 0.005 0.04 0.005
7. 414 0.1 0.12 0.03 0.012 0.005 0.04 0.004
8. 415 0.1 0.1 0.03 0.012 0.005 0.045 0.005
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Table 3. Characteristics of the crystal lattices of titanium and its oxides

. Crystal lattice peri- Relative difference in the periods of the crystal
Substance | Crystal lattice type ods, nm lattice of Ti and oxides, %
a-Ti GPU a-0.2951, c-0.4673 . ,
a-Ti B-T1
B-Ti FCC 0.3302
) a-0.2959 anm/a =02 am/a =10
7,0 Hexagonal 5-0.4845 with p; /with , =3.5 and oy /8 5, =47
) am/a,  =43.9 _
Tio FCC 0.4246 with /5 6. anq/a,, =28
a-0.515
la  =T4.5 am/a . =bH6
Hexagonal s-1,361 AT o T Ti’™ ox ™"
Ti,04 /a9, 64 with ; /with | =190.8 and /s, =312
. ap/a =835 _
Rhombic a-0.5414 witthi /gXOX =15.7 an/a =64
a-0.3754 an/a =27 am/a =14
Rhombic b-0.9474 with /b | =222 and /b =187
s-0.9734 with . / with __ =229 and ./ with __ =195
Ti.O Ti 0X. Ti (04
37e 2-0.9752 with g /a =230 apla, =195
Monoclinic b-0.3802 and /b =29 and /b =15
s-0.944 with m. / wit = and . / wit =
0.9442 ith p; / with , =220 d g/ with =186
, a-0.4584 and py /s ,, =0.07 am/a =39
TiO, Tetragonal 5-0.2953 with p / and ,, =2 and p;/ with , =11

other, a noticeable change in primarily plastic
properties is possible. The pair and group cor-
relation coefficients between aluminum, silicon
in the ensemble with other components were
determined, which are shown in Fig. 2.

From Fig. 2, it follows that Kov-Al=0.47 is a
moderate positive correlation between the alu-
minum (Al) content and the tensile strength o
in the titanium alloy VT1-0. This means that
with increasing aluminum content, the tensile
strength increases, but the effect is not very
strong. The next coefficient Kov-Si=0.17 shows
a weak positive correlation between the silicon
(Si) content and the tensile strength. This in-
dicates that silicon has almost no effect on the
tensile strength or the effect is minimal. The
group correlation coefficient Kov-Al+Si = 0.53
shows that the simultaneous presence of these
elements in a certain proportion can have a
more significant effect on the mechanical prop-
erties of the material than each of them sepa-
rately.

It can also be noted that Kov-Al = 0.47 and
Kov-Al+Si = 0.53 are quite significant indica-
tors, especially for real materials, where the
correlation rarely reaches high values (0.7 and
more). Kov-Si = 0.17 is quite low and, perhaps,
statistically insignificant. Silicon has a lim-
ited effect on the tensile strength of titanium
alloys.
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Aluminum has a moderate effect on the ul-
timate strength of the alloy, indicating its im-
portance in strengthening the material. This
may be due to its ability to form a solid solu-
tion in the titanium matrix or to contribute to
the formation of a more stable microstructure.
Silicon, unlike aluminum, has little effect on
the strengthening of the alloy. The combined
effect of Al and Si is more significant than the
effect of each element alone. This may indicate
a synergistic effect at certain concentrations
that improves strength.

To assess the probability of the formation of
a particular oxide, the thermodynamic charac-
teristics and crystal structure of titanium ox-
ides were analyzed. Table 3 presents data on
the type and periods of the crystal lattices of
titanium oxides.

The lattices of TiO, and Ti,O oxides are most
compatible with the lattice of a-Ti. The rela-
tive difference of the period "a” of a-Ti and “¢”
of rutile is only 0.07%, and the difference of “c”
of a-titanium and “a” of rutile is 2%. Titanium
oxide Ti,O has a hexagonal crystal lattice, like
a-titanium, the relative differences in the peri-
ods "a” and “¢” of their crystal lattices are 0.2%
and 3.5%, respectively, but the formation of
Ti,O was not detected radiographically.

Titanium compounds with oxygen are dis-
tinguished by a variety of chemical bonds —
from metallic to ionic. The most stable is tita-
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Fig. 3 Surface structure of industrial titanium alloys after holding for 4 hours at 800 °C: a) alloy VT1-0,

b) alloy VT6, c) alloy VT23, x 600

nium oxide TiO,, which uses all four valence
electrons. Rutile is an n-type semiconductor,
oxygen vacancies in which provide preferen-
tial diffusion of oxygen ions through the oxide
crystal lattice compared to titanium ions. As a
result, oxygen is transferred into the depth of
the scale, it grows on the metal-oxide interface.
At the same time, at elevated temperatures, a
noticeable diffusion of titanium ions is mani-
fested.

Fig. 3 shows the surface structure of sam-
ples of industrial alloys VT'1-0, VT6, VT23 after
holding for 4 h at 800 °C. As can be seen, the
most continuous oxide layer was formed on the
surface of samples of alloy VT'1-0. With increas-
ing alloying degree, cracking and scale delami-
nation increased. This could be facilitated by
the uncontrolled formation of complex oxides
of alloying elements, intermetallic phases, for
example, TizAl (Table 1), with different physi-
cal characteristics. The disruption of the oxide
film density facilitated the penetration of oxy-
gen deep into the metal. These results correlate
with the data obtained by us earlier on the gas
absorption of alloys VT'6S and VT3-1 [20].

236

The formation of continuous thin oxide films
on the surface of titanium alloys, especially
technical titanium VT1-0 and alloys doped with
vanadium (VT6, VT6S), by controlled oxidation
is a promising direction for protecting titanium
semi-finished products from gas absorption
during technological processes associated with
heating and holding at high temperatures.

3. Conclusions

The study examines the importance of elec-
tron beam melting (EBM). Its implementation
in the production of titanium alloys has signifi-
cantly reduced the level of harmful impurities
and improved the properties of the metal, which
is a relevant direction in metallurgy.

It is shown that the interaction of titanium
with oxygen and other gases leads to changes in
the material structure, affecting its mechanical
properties, particularly microhardness. In the
VT1-0 alloy, a significant increase in microhard-
ness begins at 650°C and rises sharply at 900—
1000°C, indicating intensive gas saturation.

It has been proven that the VT6S alloy
demonstrates more stable characteristics since

Functional materials, 32, 2, 2025
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vanadium slows down gas diffusion, reducing
its impact on the material. At 500—-600°C, the
VT6S alloy retains its two-phase state (a+B).
At 700-800°C, titanium oxide (TiO,) appears,
indicating an active oxidation process. At 870—
970°C, additional phase components, including
TioN, TizAl, and Ti;Op, are formed, which af-
fect the structure and strength of the surface
layer.

It was found that the aluminum content
has a moderate positive effect on the ultimate
strength of the VT1-0 alloy (correlation coef-
ficient 0.47). Silicon has almost no effect on
strength (correlation 0.17), but its combina-
tion with aluminum slightly improves the alloy
characteristics (correlation 0.53).

The obtained results are important for im-
proving titanium alloy heat treatment technol-
ogies to reduce gas absorption and enhance the
operational characteristics of materials used in
Ukrainian industry.

References

1. A.V.Ovchinnikov, Yu.M.Tkachenko, V.G.Kudin,
V.F.Scull. Construction, Materials Science, Me-
chanical Engineering, 41, 178-183(2007).

2. P.E.Markovsky, J.Janiszewski, S.V.Akhonin,
V.I.Bondarchuk, V.0.Berezos, K.Cieplak,
0.P.Karasevska, M.A.Skoryk. Progress

in Physics of Metals, 3, 438-475 (2022).
https://doi.org/10.15407/ufm.23.03.438.

3. O.M.Ivasishin, D.V.Kovalchuk, P.E.Markovsky,
D.G.Savvakin, 0.0.Stasiuk, V.I.Bondarchuk,
D.V.Oryshych, S.G.Sedov, V.A.Golub. Progress
in Physics of Metals, 1, 75—-105 (2023).

4. M.Koike, K.Martinez, L.Guo, G.Chahine,
R.Kovacevic, T.Okabe. Journal of Materials Pro-
cessing Technology, 211, 1400-1408 (2011).

5. V.A.Dekhtyarenko, T.V.Pryadko, O.I.Boshko,
V.V.Kirilchuk, H.YuMykhailova, V.I.Bon
darchuk. Progress in Physics of Metals, 2, 276—
293 (2024).

6. J.M.Windajanti, M.S.Rajapadni, D.J.D.H. Sant-
jojo, M.A.Pamungkas, A.Abdurrouf, T.Aizawa.
Progress in Physics of Metals, 1, p. 90-107
(2022).

7. K Vutova, V.Vassileva, V.Stefanova,
D.Amalnerkar, T.Tanaka. Metals, 9(6), 683
(2019). https://doi.org/10.3390/met9060683.

8. A.Powell, U.Pal, J.van den Avyle, B.Damkroger,
J.Szekely. Metallurgical and Materials Transac-
tions, 28, 1227-1239 (1997).

9. O.E.Kozhevnikov, M.M.Pylypenko, A.P.Shcher-
ban, O.A.Datsenko, V.M.Pelykh, V.D.Virych.
Problems of Atomic Science and Technology, 1,

Functional materials, 32, 2 2025

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

6-12 (2022). https://doi.org/10.46813/2022-137-
006.

0.V.Shapovalov, I.A.Markova, T.I.Ivchenko.
Vesnik Academies Mint Services Ukraine, 3, 53—
57 (2005).
0O.M.Shapovalova, A.V.Shapovalov, E.V.Zolotko.
Phase transformations in complex alloyed tita-
nium alloys VT3-1 and VT23. Phase Equilibria,
Phase Stability and Metastable States in Metal-
lic Systems, K.: IPM Publishing House, 1993, p.
168-183.

S.V.Akhonin, A.Yu.Severin, V.O.Berezos,
0.M.Pikulin, V.A.Kryzhanovskyi, O.G.Yerokhin.
The Paton Welding Journal, 3, 49-53 (2022).
https://doi.org/10.37434/sem2021.04.03.
O.M.Shapovalova, I.A.Markova, T.I.Ivchenko.
Bulletin of Engine Engineering, 1, 125-128
(2009).

S.Polishko. Problems of Atomic Science and
Technology, 5, 137-142 (2023). https://doi.
org/10.46813/2023-147-137.

S.Polishko. Visnik Dnipropetrovsk National
University im. Olesya Gonchar. Series “Rocket
and Space Technology”, 4(29), 124-132 (2021).
https://doi.org/10.15421/452113.

O.M.Shapovalova, O.V.Shapovalov. Titanium
alloys: Patent 71465 Ua 71465 C 22C14/00
(2004.11). Soviet Department of Intellectual
Power, 1, No. 11:7, 2004 [in Ukrainian].

O.M.Shapovalova, 0.V.Shapovalov, T.I.Iv-
chenko. Titanium alloy: Patent 71466 Ua 71466
C 22C14/00 (2004.11). Soviet Department of
Intellectual Power, 1, No. 11:7, 2004 [in Ukrai-
nian].

S.A.Rysenko, T.V.Nosova, S.I.Mamchur,
S.A.Polishko. Modification of titanium alloys
used for the manufacture of ball cylinders. XXI
International Youth Scientific and Practical
Conference “People and Space”, D.: DNU, 2021,
p. 176.

S.Polishko, D.Shypovalova. Studies on increas-

ing the plasticity of titanium alloy VT1-0 melted
by the electron beam method. Proceedings of the
9th International Scientific and Practical Con-
ference, BoScience Publisher, Chicago, USA,
2022, p. 118-122. URL: https:/sci-conf.com.
ua/ix-mezhdunarodnaya-nauchno-praktiches-
kaya-konferentsiya-modern-directions-of-scien-
tific-research-development-23-25-fevralya-2022-
goda-chikago-ssha-arhiv/.
S.Polishko, Methods development for increasing
mechanical characteristics during deformation
of titanium alloys with energy costs minimiza-
tion, in: Sbornik nauchnykh trudov “System De-
sign and Analysis of Aerospace Equipment”, Vol.
35, No. 2, Dnipro (2024), pp. 79-85.

237



