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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-

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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Вплив алюмінію та кремнію на газонасичення титанових сплавів. С.О. Полішко, 
А.Ф. Санін, А.В. Давидюк

У статті розглянуто актуальні питання рафінування титанових сплавів методом 
електронно-променевої плавки (ЕПП) з метою зменшення газонасиченості, що має суттєве 
значення для покращення їх технологічних та експлуатаційних властивостей. Виявлено 
кореляційні зв’язки між вмістом алюмінію, кремнію та механічними властивостями 
титанових сплавів, що дозволяє оптимізувати їх склад для підвищення границі міцності. 
Встановлено, що взаємодія титану з газами, зокрема з киснем, значно впливає на формування 
поверхневого шару, утворення оксидних плівок та зміну механічних характеристик сплавів. 
Проведено аналіз змін мікротвердості поверхні титанових сплавів ВТ1-0 та ВТ6С при різних 
температурах. Методом рентгенографії досліджено фазовий склад поверхневого шару 
після термічної обробки, що підтвердило утворення оксидів та інтерметалідів, таких як 
TiO2, Ti3Al та Ti3O5. Отримані результати сприяють подальшому вдосконаленню технологій 
обробки титанових сплавів та розробці матеріалів із поліпшеними характеристиками для 
використання виробництва літальних апаратів й матеріалознавства. 
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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 VT1-0 alloy changed 
slightly, while for the VT6S alloy it gradually 
increased. At temperatures of 900 and 1000 °C, 
the microhardness of the VT1-0 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 α→ β, 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 VT1-0. 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 α+ β-phases were detect-
ed, although it is known that the oxide film is 
formed even at room temperature. Obviously, 

Table 1 – Phase composition of VT6S alloy samples after heat treatment

Heat treatment mode Phase composition
Initial α+β

500 °C, 20 min α+β
600 °C, 20 min α+β
700 °C, 20 min α+ β, TiO2
800 °C, 20 min α+ β, TiO2
870 °C, 20 min α+ β, TiO2, Ti2N, Ti3Al
870 °C, 60 min α+ β, TiO2 , Ti3O5 , TiO, Ti3Al

970 °C, 20 min α+ β, TiO2, Ti2N, Ti3Al
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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 α+ β-phases and 
TiO2 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 Ti2N and the intermetallic Ti3Al 
additionally appear. An increase in the holding 
time to 60 min at 870 °C leads to the formation 
of oxides Ti3O5 and TiO along with rutile TiO2. 
The appearance of the intermetallic Ti3Al indi-
cates the enrichment of the surface layer of the 

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% Ti3Al. 
Diffusion of aluminum to the sample surface 
can be caused by an increase in the amount of 
the α-phase in the surface layer under the ac-
tion of oxygen. Due to the difficulty of diffusion 
in the hexagonal lattice of α-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 VT1-0 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, Cl, 
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

No.
Tensile 

strength 
σ, MPa

Chemical content, %

Fe Al V 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

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

Fig. 2 Correlation coefficients showing the influ-
ence of aluminum and titanium on the ultimate 
strength
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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 Kσv-Al = 0.47 is a 
moderate positive correlation between the alu-
minum (Al) content and the tensile strength σ 
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 Kσv-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 Kσv-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 Kσv-Al = 0.47 and 
Kσv-Al+Si = 0.53 are quite significant indica-
tors, especially for real materials, where the 
correlation rarely reaches high values (0.7 and 
more). Kσv-Si = 0.17 is quite low and, perhaps, 
statistically insignificant. Silicon has a lim-
ited effect on the tensile strength of titanium  
alloys.

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 TiO2 and Ti2O   oxides are most 
compatible with the lattice of α-Ti. The rela-
tive difference of the period "a” of α-Ti and “c” 
of rutile is only 0.07%, and the difference of “c” 
of α-titanium and “a” of rutile is 2%. Titanium 
oxide Ti2O has a hexagonal crystal lattice, like 
α-titanium, the relative differences in the peri-
ods "a” and “c” of their crystal lattices are 0.2% 
and 3.5%, respectively, but the formation of 
Ti2O 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-

Table 3. Characteristics of the crystal lattices of titanium and its oxides

Substance Crystal lattice type Crystal lattice peri-
ods, nm

Relative difference in the periods of the crystal 
lattice of Ti and oxides, %

α-Ti GPU a-0.2951, c-0.4673
α-Ti β-Ti

β-Ti FCC 0.3302

Ti2O  Hexagonal a-0.2959 
s-0.4845

a Ti /a ox =0.2 
with Ti /with ox =3.5

a Ti /a ox =10 
and Ti /s ox =47

TiO FCC 0.4246 a Ti /a ox =43.9 
with Ti /a ox =9.2 a Ti /a ox =28

Ti2O3   
Hexagonal

a-0.515 
s-1,361 
c/a-2.64

a Ti /a ox =74.5 
with Ti /with ox =190.8

a Ti /a ox =56 
and Ti /s ox =312

Rhombic a-0.5414 a Ti /a ox =83.5 
with Ti /a ox =15.7 a Ti /a ox =64

Ti3O5   

Rhombic
a-0.3754 
b-0.9474 
s-0.9734

a Ti /a ox =27 
with Ti /b ox =222 

with Ti / with ox =229

a Ti /a ox =14 
and Ti /b ox =187 

and Ti / with ox =195

Monoclinic
a-0.9752 
b-0.3802 
s-0.9442

with Ti /a ox =230 
and Ti /b ox =29 

with Ti / with ox =220

a Ti /a ox =195 
and Ti /b ox =15 

and Ti / with ox =186

TiO2 Tetragonal a-0.4584 
s-0.2953

and Ti /s ox =0.07 
with Ti / and ox =2

a Ti /a ox =39 
and Ti / with ox =11
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nium oxide TiO2 , 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 VT1-0, 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 VT1-0. 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, Ti3Al (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 VT6S and VT3-1 [20].

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 

Fig. 3  Surface structure of industrial titanium alloys after holding for 4 hours at 800 °С: a) alloy VT1-0, 
b) alloy VT6, c) alloy VT23, x 600
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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 (α+β). 
At 700–800°C, titanium oxide (TiO2) appears, 
indicating an active oxidation process. At 870–
970°C, additional phase components, including 
Ti2N, Ti3Al, and Ti3O5, 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.
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