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IHJTOTHOCTb KAPOIMTPOYHBIX TUTAHOBBIX CIIJIABOB,
JJETUPOBAHHBIX TAHTAHOM U PEHUEM

II.A. Ocunos, P.A. Hlasxmemosa, A.b. Cazvinovikos, A.B. Ilanuuxkun, A.A. Kaau

AHHOmauyusi. C uvcnonb3oBaHWeM KOMMblOTEpPHOM nporpaMMbl Thermo-Calc TeopeTuyecku paccumtaH hasoBhblIit
N MO3MEMEHTHbIN COCTaB XapomnpoyHbIX TUTaHOBLIX cnnaBoB Ti-5Al-5Mo-5V-3Cr, Ti-5Al-5Mo-5V-3La n Ti-5Al-5Mo-
5V-3Re B LUMPOKOM TeMMepaTypHOM MHTEpBarne v NMOCTPOeHbl AnarpaMmbl KX cOCTOsiHUA. OTMEYEHO, YTO B cnnaBax
Ti-5AI-56Mo-5V-3Cr HabniogaeTca YeTbipexdas3Hoe npeBpalleHne, 3aMeHa B yKa3aHHOM CrnaBe Xpoma Ha naHTaH
NPUBOAUT K Pe3KOMy COKpalleHuto obpasyolumxcs a3, a gobasrneHve K CnnaBy pPeHWst MOBbILIAET TemnepaTtypy
Havana obpasoBaHus aByxdasHoin obnactu go 850 °C. MeTogamu yaenbHbIX 06bEMOB paccyMTaHbl MIOTHOCTM 3TUX
cnnaBoB Npu pasHbix Temnepatypax. OTMeYeHo, YTO 3HayeHue MnnoTHocTen [B-chasbl, oboraléHHoN MonubaeHom
N XPOMOM, 3aMETHO BbilLE MIIOTHOCTU a-hasbl, COAepKaLlen MNOBbILIEHHOE KONMMYECTBO antoMUHKSA, U 3Ta pasHuua
pacTteT C yMeHblUeHWeM TemnepaTtypbl, B oTnuvyue oT crnnaBoB Ti-5AI-5Mo-5V-3Re, raoe peHun, KOHLEHTpUpYsACh
B OCHOBHOM B 0-(base, yMeHblUaeT 310 pasnuyne 4o 1 %. bonblume 3HaveHus nnotHocTen B,- n A-dhas B cnnasax
Ti-5AI-5Mo0-5V-3Cr 0bycrnoBneHbl BbICOKUM COAepXKaHWeM B HUX MONMOAeHa, BaHaaust 1 Xxpoma.

Krroyeeble crioea: xaponpoyHble TUTAHOBbIE CMaBbl; MaHTaH; PeHuid; yaerbHble o6bembl; MIOTHOCTb; (has3oBoe
CTpoeHue.

JAHTAH )KAHA PEHUM KO YJITAH BICBIKKA YBIJAMIYY
TUTAH OPUTMEJIEPUHUH TbhIT'bI3/IbITbI

II.A. Ocunos, PA. Illaaxmemosa, A.b. Cazvinovikos, A.B. ITanuuxkun, A.A. Kanu

AHHOmayus. Makanaga Thermo-Calc komnbloTEpAUK NpPOrpamMmachiH KOMAOHYY MEHEH bICblKka YblgaMayy TuTaH
aputmenepu Ti-5Al-5Mo-5V-3Cr, Ti-5Al-5Mo-5V-3La xaHa Ti-5Al-5Mo-5V-3Re chasanbik xaHa anemeHTTep 6otoHYa
KypaMbl TEOPUAMbIK XaKTaH KeH TeMnepaTtypanbIk Anana3oHao acenTenreH xaHa anapablH abanbiHbIH Anarpammanapbl
Ty3ynreH. Ti-5AlI-5Mo-5V-3Cr asputmenepuHge TepT dasanyy TpaHcdopmauus Garkanbin, KepceTynreH aputMmene
XPOMAYH OPAYH NaHTaH MeHeH anmaluTbipyy nanga 6onroH dasanapiblH KECKWH KbiCKapbllblHa anbin Kenepwm
OenruneHreH, an amMu 3puTMere peHunauM Kowyy 3Kku asanyy ammakTblH GawTanbiWwblHbIH TemnepaTypacbiH
850 °Cre uenuH xoropynartar. Ap KaHgan TemnepaTypanapga canbilTelpMa Kenemaepy blikmanapbl MEHEeH yLuyn
3PUTMENEPAVH ThIrbI3Abirbl acenTenreH. MonubaeH xaHa XpoM MeHeH GanbiTbinraH (-gasacbiHbliH ThIrbI3AbIrbIHbIH
MaaHUCK anioMUHWAOUH KebenreH en4YeMyH KamTbiraH o-pasacbiHbliH Thirbi3ApirblHAH - Gankanapnblk  Xoropy
akeHaurn GenruneHet, xaHa Oyn aviblpMavbifblK TemnepaTypaHblH TemeHaewy MeHeH keberet, Ti-5Al-5Mo-5V-
3Re apuTMenepuHeH anblpManaHbin, MblHAA HErM3MHeH a-da3afa TOMTOMrOH peHuin Byn anbipMaHbl 1%ke YennH
asavTar. Ti-5A-5Mo-5V-3Cr sputmenepuHaery B,- xaHa A-cbasanapaplH Thirbi3fbirbiHbIH YOH MaaHunepy anapgarb
MonNUBAEHAMH, BaHAANNAMH XaHa XpoMAYyH ken 6onyLly MeHeH LuapTTanraH.

TyliyHOyy ce30ep: biCbikka Yblgamiyy TUTaH SpUTMENepW; NaHTaH; pPeHuid; canbluTblpmMa Kenemaep; Tbirbi3abik;
dasanbik Ty3ynyL.

DENSITY OF HEAT-RESISTANT TITANIUM ALLOYS DOPED
WITH LANTHANUM AND RHENIUM

PA. Osipov, R.A. Shayakhmetova, A.B. Sagyndykov, A.V. Panichkin, A.A. Kali

Abstract. The phase and elemental composition of Ti-5Al-5Mo-5V-3Cr, Ti-5Al-56Mo-5V-3La and Ti-5AI-5Mo-5V-3Re heat
resistant titanium alloys in a wide temperature interval and their state diagrams have been theoretically calculated using
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the Thermo-Calc computer program. It is noted that in alloys Ti-5Al-5Mo-5V-3Cr, four-phase transformation is observed,
replacement in the specified alloy of chromium by lanthanum leads to a sharp reduction of the phases formed, and the
addition to the alloy of rhenium increases the temperature of the beginning of the two-phase region formation to 850 °C.
The densities of these alloys at different temperatures are calculated using specific volume methods. It is noted that the
value of the densities of the B-phase enriched with molybdenum and chromium is noticeably higher than the density of
the a-phase containing an increased amount of aluminum, and this difference increases with decreasing temperature,
unlike Ti-5Al-5Mo-5V-3Re alloys, where rhenium concentrating mainly in the a-phase reduces this difference to 1%.
The high densities of the B,- and A - phases in Ti-5AI-56Mo-5V-3Cr alloys are due to the high content of molybdenum,
vanadium and chromium in them.

Keywords: heat-resistant titanium alloys; lanthanum; rhenium; specific volumes; density; phase structure.

The main advantages of titanium alloys are their high specific strength and corrosion resistance [1, 2].
To increase the strength, heat resistance and technological plasticity of titanium alloys, aluminum is primarily
used as alloying elements. It strengthens the a-phase, being an a-stabilizer and reduces the density of alloys.
Along with a-stabilizers, elements that stabilize the f-phase are used [3—6]. Depending on the content of these
elements, it is possible to obtain alloys with a § and (o+f) structure. The advantage of two-phase, (a+)-
alloys is their ability to harden during heat treatment, which makes it possible to obtain a significant gain in
strength and heat resistance [7-9].

In most cases, B-stabilizers are elements with a large atomic weight, such as molybdenum, chromium and
others. One of the new aspects in this direction can be considered alloys with the addition of rare earth metals,
as well as rhenium, which change the phase structure of alloys and allow significantly raising the operating
temperature of products [10-13]. Such doping significantly increases the density of these alloys, resulting
in problems associated with an increase in the mass of products. Therefore, knowledge of their physico-
chemical characteristics and especially in a wide temperature range is a very urgent task.

The aim of the work is to conduct a qualitative and quantitative analysis of the phase composition of heat-
resistant titanium alloys of the Ti-5A1-5Mo-5V-3Cr type, as well as alloys in which chromium is replaced by
lanthanum or rhenium, by computer modeling methods and calculation of their density taking into account
the fractions of each phase, the crystal structure of the main lattice, temperature and temperature coefficient of
expansion of all the elements that constituting the alloy.

To construct phase diagrams, a specialized Thermo-Calc computer program (TCWS5 version) with the
TTTIAL1 database was used: Thermotech TiAl-based Alloys Database [14, 15], which allows predicting the
behavior of titanium alloys depending on composition and temperature in areas where experimental data are
not available.

As the earlier studies have shown the model calculations of the density of titanium alloys Ti-5Al-5Mo-
5V-3Cr and Ti-5A1-5Mo-5V-1Re made by the methods of specific volumes have a good agreement with the
experimental results [16], which was used in this work.

The essence of the method is that the total volume of the alloy V, consists of the sum of the volumes of
the components that make up the alloy.

I/(/?/:ZI/i’

m.
where V; = — —is the volume occupied by Ti, Al, Mo, V, Cr, and Re atoms, and m, and p, are their mass and

density, respectively.
With this in mind, the calculated dependence of the alloy density will have the following form:

Mal_ ﬂ
e

Since m; =1, * M, , the density value, after some simple transformations of the above expression, can

be written in the following form:
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where i —is Ti, Al, Mo, V, Cr, La or Re, and n and p are their mass fraction in the alloy and density, respectively.
In the expanded form, this expression takes the following form:

p=1/ ey Tay e T e Tve W
Pri Pau Pwmo Pv Por Pre
The obtained calculated values are given for the room temperature of 20-25 °C. Since the heat-resistant
alloys under consideration are expected to operate at elevated temperatures, it is therefore of some interest to
consider the change in the density characteristics in a wide temperature range.
With increasing temperature, the density of all metals and alloys in the solid state decreases. Strictly
speaking, the graph of the p = f(#) function is not a straight line for a solid state, however, experimental

data with small errors are usually well approximated by straight-line dependencies even in a wide temperature
range. Therefore, the reference books usually provide an average linear dependence of
density on temperature [17, 18]:

P, = Pyl = bt =20)),

where p,, p, — is the density of the metal at 20 °C and the temperature under consideration; b — is the
coefficient that can be taken for technical calculations & = 3k , k — is the temperature coefficient of linear
expansion, t — is the temperature.

To calculate the density of alloys at different temperatures, it is necessary to substitute the obtained values
of individual metal densities at the temperatures under consideration into formula 1.

In the case of multiphase alloys, we first calculate the densities of each phase taking into account the
chemical composition of the elements according to formula (1), and then calculate the density of the alloy
according to the following formula:

o ’7 77 a,

p =1/ (e 2Ly 2ty @)
Pu  Pp  Pap

where n, n, 1, — content in the alloy a and S-phase, or some sort of intermediate (a, ) phase component,

andp , Py Py ~ their density, respectively.

Using formula (2) will reduce the error in determining the density of a multiphase alloy having differences
in phase densities.

Titanium, like iron, is a polymorphic metal and has a phase transformation at a temperature of 882 °C.
Below this temperature, a hexagonal close-packed(HCP) crystal lattice of o — titanium is stable, and above it
is a body-centered cubic (BCC) lattice of p — titanium [18].

The calculations of phase diagrams of multicomponent alloys of the Ti-5A1-5Mo-5V-3Cr system using
temperature and concentration dependences of the component distribution coefficients are carried out, and
their phase states are considered when replacing chromium with lanthanum and rhenium.

The calculated theoretical values of fractions and phase compositions of Ti-5SAI-5Mo-5V-3Cr alloys at
characteristic temperatures are given in table 1.

The calculation in these ranges showed the presence of the following phases: o — solid solution based on
the HCP lattice (a-Ti); f — solid solution based on the BCC lattice (B-Ti); B2 — solid solution with an increased
content of B-stabilizers; A — phase based on the compound TiX, (Laves phase). Large amounts of phases and
phase transitions are also observed in some other titanium alloys [19].
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Table 1 — Quantitative parameters of the phase composition of Ti-5A1-5Mo-5V-3Cr alloy
at characteristic temperatures

QM, % Element content, % (mass)
T,°C Ph
’ e (mass.) Ti Al Mo v Cr

1000 B 100 81,9 5,12 4,89 5,14 2,95
800 B 100 81,9 5,12 4,89 5,14 2,95
700 B 98,43 81,74 5,1 4,96 5,21 2,99

o 1,57 90,9 7,59 0,3 0,95 0,26
600 B 61,06 76,01 4,14 7,75 7,59 4,5

o 38,93 91,65 6,83 0,31 0,93 0,27
500 B 40,68 68,43 3,29 10,78 10,72 6,38

o 59,32 92,22 6,55 0,27 0,72 0,26

B 22,38 68,62 1,21 12,86 13,27 4,04
400 B, 1,44 25,73 0,24 26,85 31,39 15,69

o 73,5 89,24 6,53 1,85 1,61 0,83

A 2,66 10,62 1,24 19,22 23,27 45,85

6,5
6
5,5 -
5
o |alley | B alloy a |alley allery
700 600 500 400

Figure 1 — Calculated values of phase densities and alloys of Ti-SAI-5Mo-5V-3Cr systems
at different temperatures

The calculated values of the alloy densities and various phases of the Ti-5A1-5 Mo5 V3Cr system
performed by the specific volume method at characteristic temperatures are shown in Figure 1.

It is expected that the o phase containing an increased amount of aluminum is noticeably lighter than
the /5 phase enriched with molybdenum and chromium in the entire temperature range. The difference in the
densities of the a and S phases of the same alloys is approximately 6.5-15 % and increases with decreasing
temperature. The abnormally large values of the densities of the f,- and A-phases in the alloys under
consideration are due to their low content in the alloy of 1.5-2.5 %, which allowed them to diffuse a relatively
large amount of molybdenum, vanadium and chromium, and the A-phase (Laves phase) is traditionally
considered the densest phase of alloys, in our case it is almost half it consists of chromium.

Doping of titanium alloys with rare earth metals leads to significant improvements in their properties
[10, 12]. Table 2 shows the calculated values of the fractions and phase compositions of Ti-5A1-5 Mo-5V-3La
alloys depending on the composition and temperature.
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Table 2 — Calculated values of quantitative fractions and phase compositions of Ti-SAI-5 Mo-5V-3La alloys
at characteristic temperatures

- Phase Q. % Element content, % (mass)

' (mass.) Ti Al Mo \Y La
1000 B 100,0 81,67 5,06 4,97 5,15 3,15
800 B 100,0 81,67 5,06 4,97 5,15 3,15
730 B 96,42 81,79 4,63 5,06 5,25 3,26
a 3,57 86,16 7,07 2,47 2,39 1,76

700 B 59,78 78,92 3,23 7,06 6,99 3,93
o 40,22 86,52 7,78 1,86 2,42 1,49

600 B 31,95 76,12 2,13 9,7 8,06 4,2
a 68,04 84,6 6,5 2,75 3,7 2,42
400 B 12,07 49,65 1,42 15,25 21,61 11,99
a 87,93 86,37 5,58 3,37 29 1,75

5,5

4,5

Figure 2 — Calculated values of alloy densities and various phases of Ti-5A1-5Mo-5V-3La systems made by the method
of specific volumes at different temperatures

The introduction of lanthanum into the heat-resistant alloy of the Ti-5A1-5Mo-5V-3Cr system leads to
a significant change in the phase composition. In the alloy under consideration, a two-phase transformation
takes place, instead of three-phase and four-phase for the same systems without lanthanum. No new
intermetallides were found in the considered five-dimensional system. Similar reductions in the number of
phases were observed for alloys with tantalum and niobium [20], however, in our case, changes occur at
lower concentrations of lanthanum.

The calculated values of the densities of alloys and various phases of the Ti-5A1-5 Mo-5V-3La system
performed by the method of specific volumes at different temperatures are shown in figure 2.

Here, as in the previous alloy, the value of the f—phase densities is noticeably higher than the a—phase
density and this difference increases with a decrease in temperature from 4 % at 780 °C to 20 % at 400 °C.
The higher differences in phase densities in these alloys are due to the increased content of lanthanum in the
B-phase, which has a relatively high density.
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Table 3 — Calculated values of fractions and phase compositions of Ti-5Al-5 Mo-5V-3Re alloys
depending on temperature

o Q, % Element content, % (mass)
L.°C Phase | (hass) Ti Al Mo v Re
1000 B 100,0 81,68 4,98 5,12 5,08 3,14
900 B 100,0 81,68 4,98 5,12 5,08 3,14
850 B 87,46 81,24 4,93 5,56 5,56 2,71
a 12,54 84,56 5,32 2,08 2,03 6,01
200 B 49,78 80,69 4,68 6,45 6,99 1,19
a 50,22 82,65 5,28 3,82 3,24 5,01
700 B 13,58 77,4 4,32 7,99 9,54 0,75
a 86,41 82,33 5,09 4,68 4,39 3,51
600 a 100,0 81,68 4,98 5,12 5,08 3,14
400 o 100,0 81,68 4,98 5,12 5,08 3,14
5
a5 -
a 4

Figure 3 — Calculated values of phase densities and Ti-5Al-5Mo-5V-3Re alloys
at different temperatures

To increase the plasticity of these alloys of the Ti-5A1-5Mo-5V-3Cr system, it is necessary to weaken
the covalent bond between Ti and Al by alloying elements with a large number of valence electrons. A new
aspect in this direction can be considered alloys with the addition of rhenium, which has a large number of
collectivized electrons that change the phase structure of alloys and allow to significantly raise the operating
temperature of products [13]. Table 3 consider the effect of rhenium on the properties of the alloy when it
replaces chromium.

It can be seen from this table that the number of phases in the alloys under consideration has sharply
decreased. This confirms the assumption that a large number of free electrons on rhenium atoms can
significantly change the structure of the alloy, converting them into a structure with a lower phase content and
even into a single-phase region already at 600 °C and below. The two-phase o + f region is formed already at
850 °C, which is significantly higher than that of Ti-5A1-5Mo-5V-3Cr alloys. Rhenium, unlike molybdenum,
vanadium or chromium, is concentrated in the a -region, and this difference can reach five or more times. The
calculated values of the alloy densities and various phases of the Ti-SAI-5 Mo-5V-3Re system at different
temperatures are shown in Figure 3.
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The difference in the densities of the a- and S-phases in Ti-5A1-5Mo-5V-3Re alloys is relatively small.
This is due to the fact that rhenium is concentrated mainly in the a-phase and, due to the large density value,
compensates for the total effect of molybdenum, chromium and vanadium, which are mainly in the § phase.
At these concentrations of rhenium, it, being mainly in the a-phase, practically equalizes the densities of the
o and f phases, bringing their differences to only 1%.

Density calculations of these alloys at different temperatures were carried out using specific
volume methods.

It is shown that the density of the B-phase enriched with molybdenum and chromium is noticeably higher
than the density of the a-phase containing an increased amount of aluminum, and this difference increases
with decreasing temperature. For Ti-5A1-5Mo-5V-3Re alloys, the difference in the densities of the a and
S phases is less than 1 %. This is explained by the fact that rhenium, concentrating mainly in the a-phase,
compensates for the total effect of the remaining heavy elements in the f-phase.

The abnormally high densities of f, and A-phases in Ti-5A1-5Mo-5V-3Cr alloys are due to the high
content of molybdenum, vanadium and chromium in them.

Hoctynuna: 20.02.23; peuensuponana: 07.03.23; npunsara: 10.03.23.
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