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ABSTRACT

Report 71 p., 15 figures; 7 tables, 14 sources, 6 appendices.
Keyword:titanium alloys, rhenium-containing alloys, heat-resistant alloys, strengthening phases, alloying, phase diagrams, isothermal sections, phase transformations.
Object of research: promising heat-resistant titanium alloys.
Purpose: development of high-heat-resistant titanium alloys doped with rhenium.
Results and their novelty. Titanium alloys of high heat resistance doped with rhenium have been developed. High-temperature tests of the mechanical properties of these alloys for compression and tension at a temperature of 600oC were performed. It is shown that the addition of 1% rhenium to Ti-5Al-5Mo-5V-3Cr alloy has a positive effect on the morphology of the crystal lattice, which increases the high-temperature strength characteristics of the alloy in the area of elastic and plastic deformations. Replacing chromium with 3% rhenium reduces the strength properties of the alloy in the area of elastic deformations, improving them in the area of plastic.
The microstructure of the alloys under consideration is investigated. It is shown that a two - phase (α+ β) structure of alloys with an α-phase content of 30-40% was formed during heat treatment. It was found that after reaching the critical values of high-temperature deformation, recrystallization and polygonal processes occurred due to the movement of dislocations.
The results obtained will allow us to scientifically justify the choice of ligatures in multicomponent systems based on titanium.
Significance of the work. Development and creation of samples of new alloyed heat-resistant titanium alloys containing rhenium will increase their high-temperature strength characteristics and increase the temperature range of operation of titanium alloys.
The developments relate to the field of titanium metallurgy and materials science.
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TERMS AND DEFINITIONS

The following terms and definitions are used in this research report

Alloy - a product of joining two or more components, one of the required metal, obtained by co-melting or dissolving ratios that meet GOST and specifications.
Heat resistance - the ability of structural materials to resist deformation and destruction at elevated temperatures (0.3-0.8 Tm) for a long time.
A phase is a certain part of the system that has a clear interface, when passing through from which the structure and properties change.
Liquidus - a line or surface on the phase diagram showing the temperature of the onset of crystallization of the alloy.
Solidus - a line or surface on the phase diagram showing the temperature of the end of crystallization of systems.
State diagram (phase diagram) - a graphical representation of all possible states of a thermodynamic system depending on temperature, pressure and composition (usually expressed in molar or mass fractions of components).
A component is a chemical individual, the smallest number of which is sufficient for the formation of all phases of a thermodynamic system.
Alloying - adding impurities to the alloy composition to change the physical and / or chemical properties of the base material.
Polymorphism is the ability of some minerals and other crystalline substances to exist at the same chemical composition in states with different atomic crystalline structure.
A chemical compound is a complex substance consisting of chemically bound atoms of two or more elements (heteronuclear molecules).


LIST OF ABBREVIATIONS AND DESIGNATIONS

The following abbreviations and designations are used in this research report

PD - phase diagrams
TD - thermodynamic properties
GPU - hexagonal close-packed lattice
(Ti) - titanium solid solution
(Al) - aluminum solid solution
ZhTS - heat-resistant titanium alloy



INTRODUCTION

Titanium alloys are widely used in the chemical and aerospace industries due to their high specific strength and good thermal and corrosion resistance [1]. Most titanium alloys are two-phase in which the low-temperature α-phase has high strength and corrosion resistance, and the high-temperature β-phase shows the best plasticity and formability. The existence of the α↔ β transformation means that as a result of heat treatment in the alloy, various microstructural combinations can be achieved, which makes it possible to adapt the obtained properties to the specific requirements of customers [2–3].
Ti-5Al-5V-5Mo-3Cr alloy is one of the most successful structural materials for aircraft that can withstand high-load conditions for a long time in a wide temperature range. Well-matched balance between alloying elements: Al, α -phase stabilizer, which reduces alloy density; V and Mo are isomorphic β– stabilizers, imparting plasticity and refractory properties; Cr, a eutectoid-forming stabilizer that increases the temperature range of existence of (α + β) - phases, gives interesting properties such as high specific strength, good ductility, acceptable heat and corrosion resistance [4, 5].
One of the important aspects of increasing the temperature range of operation of titate alloys is alloying with rhenium, which has a large number of valence electrons, which change the phase structure of the alloys and increase its operating temperature by 80-100 C [6-8].
The stages of the synthesis of titanium alloys and their final result depend significantly on the method of introducing alloying elements and their ratio. The use of ligatures gives more stable results. The composition of the ligatures is selected so that they have the most favorable properties for better assimilation of alloying components. Therefore, in the development of technological methods for preparing master alloys, it is envisaged that the alloying elements are bound into chemical compounds that are less exposed to evaporation and have lower melting points [9]. In this case, a decrease in the difference in the densities of the master alloy and the melt is achieved, which will not allow the alloying component to sink to the bottom of the crucible, or float on the surface if its density significantly differed from the density of the melt.
Aims and objectives of research, their place in the implementation of research work in general. The aim of the project is to develop and create new titanium alloys of increased heat resistance alloyed with refractory metals. Research task in 2018: selection of the chemical composition of new promising high-temperature titanium alloys, temperature regime and processing conditions based on model calculation and construction of isothermal phase diagrams of high-temperature titanium alloys using modern software (2018 report, inv. No. 0218RK00574). Research objective in 2019: study and selection of technological modes for obtaining promising high-temperature rhenium-containing titanium alloys (report 2019, inv. No. 0219RK00902). The aim of the 2020 research phase was to create samples of new heat-resistant titanium alloys and study the physicochemical and mechanical properties. The task of research in 2020 was to obtain new heat-resistant alloys of the Ti-5Al-5Mo-5V-3Cr, Ti-5Al-5Mo-5V-3Re and Ti-5Al-5Mo-5V-3Cr-1Re systems from ligatures, to study their mechanical properties in heat-treated state at a temperature of 600 ° C, as well as a study of the effect of mechanical loads on deformation mechanisms.

















MAIN PART OF THE RESEARCH REPORT

1 Development of titanium alloys with increased heat resistance alloyed with rhenium

To develop titanium alloys of increased heat resistance doped with rhenium, in 2018, the selection of the optimal composition of rhenium-containing titanium alloys was carried out using the Thermo-Calc software (TCW5 version) and the TTTIAL1 database. The program made it possible to obtain the necessary results without carrying out a large number of experiments.
For this purpose, model calculations of heat-resistant titanium alloys of the systems Ti-5Al-5Mo-5V-3Cr, Ti-Al-Mo-V-Cr-Re were carried out at temperatures of 400-800 ° C.
Isothermal sections of alloys of the Ti-5Al-5Mo-5V-3Cr, Ti-Al-Mo-V-Cr-Re systems calculated at 400 and 800 ° C are shown in Figures 1-4.

[image: ][image: ][image: ]
а) 				                   b)                                      c)
а) Ti-5V-3Cr; b) Ti-5Mo-3Cr; c) Ti-5Al-3Cr

Figure 1 - Isothermal section Ti-Al-Mo-V-Cr at 400 ° C
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                         а)                                       b)	                                     c)
а) Ti-5V-3Cr; b) Ti-5Mo-3Cr; c) Ti-5Al-3Cr

Figure 2 - Isothermal section Ti-Al-Mo-V-Cr at 800 ° C
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а)                                   b)	                                     c)
а) Ti-5V-3Cr-1Re;b) Ti-5Al-5V-1Re; c) Ti-5Al-3Cr-1Re

Figure 3 - Isothermal section Ti-Al-Mo-V-Cr-Re at 400 ° С
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а)                                        b)	                                 c)

Figure 4 - Isothermal section Ti-Al-Mo-V-Cr-Re at 800 ° C

From the data presented it follows that the introduction of an additional alloying component of rhenium into the titanium alloy increases its melting point by 100 ° C. The recommended temperature for melting the alloy of the Ti-5Al-5V-5Mo-3Cr-1Re system is 1800 - 1900 o C.
Heat treatment of castings of these alloys, which makes it possible to eliminate casting defects and improve mechanical properties, must be carried out below the temperature of nonequilibrium crystallization, i.e. below 880 0С, and for the alloy of the Ti-5Al-5V-5Mo-3Cr system, heat treatment of castings can be carried out at a higher temperature (15300 С).
In this case, it is of particular interest to determine the proportion of excess phases (QM), which is very problematic to do using traditional experimental methods. The calculation methods from these positions look much more attractive. In addition to the mass quantities of phases (Qm), the calculation allows one to determine their chemical composition. The results are shown in the table



Table 1 - Quantitative parameters of the phase composition of the Ti-5Al-5Mo-5V-3Cr-1Re alloy (mol %) at characteristic temperatures
	Т, ºС
	Phase
	QM, % (маss.)
	Content of elements,% (mass.)

	
	
	
	Ti
	Al
	V
	Mo
	Cr
	Re

	1400
	β
	100,0
	76,19
	2,65
	5,00
	9,42
	3,06
	3,65

	1200
	β
	100,0
	76,19
	2,65
	5,00
	9,42
	3,06
	3,65

	800
	β
	100,0
	76,19
	2,65
	5,00
	9,42
	3,06
	3,65

	700
	β
	63,87
	73,38
	2,43
	6,19
	12,93
	3,60
	1,44

	
	α
	36,12
	81,23
	3,03
	2,86
	3,14
	2,11
	7,62

	600
	β
	31,95
	65,30
	2,10
	7,84
	19,76
	4,27
	0,72

	
	α
	68,04
	81,63
	2,92
	3,59
	4,27
	2,46
	5,12

	500
	β
	16,83
	55,73
	1,79
	9,10
	28,14
	4,78
	0,43

	
	α
	83,16
	80,81
	2,84
	4,07
	5,20
	2,67
	4,38

	400
	β
	10,42
	45,71
	1,50
	9,98
	37,34
	5,19
	0,26

	
	α
	89,57
	80,38
	2,81
	4,31
	5,59
	2,77
	4,12



Thus, the compositions of rhenium-containing titanium alloys of the Ti-5Al-5Mo-5V-Cr-Re system were studied, depending on the content, mol%: rhenium 0.5-2.0; chromium 1-5. The temperatures of liquidus and solidus were determined for equilibrium and non-equilibrium crystallization for each composition. Recommended rhenium-containing titanium alloys of optimal composition, mass. %: 2.7 Al, 4.7 Mo, 9.4 V, 3.1 Cr, 3.7 Re, the rest is titanium. The temperature of the melting process is 1800 - 1900 ° C. The temperature of the annealing processes should not exceed 880 ° C.




2 Research and development of optimal technological modes for obtaining titanium alloys with increased heat resistance

	To develop heat-resistant titanium alloys of the Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Re systems, we carried out thermodynamic calculations and constructed polythermal sections of phase diagrams.
Fragments of polythermal sections of the Ti-5Al-5Mo-5V-3Cr system,
Ti-5Al-5Mo-5V-3Cr-1Re applied to β-stabilizers, calculated at constant concentrations of three components and varying concentrations of the fourth component are shown in Figures 5-6.
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a)                               b)                              c)                               c)
a) Ti-5Mo-5V-3Cr, variable Al; b) Ti-5Al-5Mo-3Cr, variable V;
c) Ti-5Al-5V-3Cr, variable Mo; c) Ti-5Al-5Mo-5V, variable Cr

Figure 5 - Polythermal section of the Ti-5Al-5Mo-5V-3Сr system
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	              а				b	                     c
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			                   d                                         e 	
a) Ti-5Mo-5V-3Cr-1Re, variable Al; b) Ti-5Al-5Mo-3Cr-1Re, variable V; c) Ti-5Al-5V-3Cr-1Re, variable Mo- d) Ti-5Al-5Mo-5V-1Re, variable Cr, e) Ti-5Al-5Mo-5V-3Cr-1Re variable Re

Figure 6 - Polythermal section of the Ti-5Al-5Mo-5V-3Cr-1Pe system
It has been established by computer simulation methods that the introduction of rhenium into a heat-resistant alloy of the Ti-5Al-5Mo-5V-3Cr system in an amount of 1% leads to a significant change in the phase composition. In the alloy under consideration, a two-phase (+)  transformation takes place, instead of three-phase(++λ+2)  and four-phase (++2) for the same systems without rhenium, in addition, in alloys of the Ti- 5Al-5Mo-5V-3Cr-1Re the formation of a two-phase (+)- area occurs almost 100˚С higher, which will increase their operating temperature range.
The technological modes of obtaining rhenium-containing titanium alloys have been studied and selected. Alloying with Ti-Re, Ti-V, Ti-50 Mo master alloys has been proposed, which give stable results on the composition of the alloys.
Technological modes of heat treatment of titanium alloys have been developed. It was found that the investigated Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Re alloys after heat treatment have a two-phase structure, consisting of solid solutions based on α- and β-titanium, making the alloys more plastic ...






3 Creating samples of new heat-resistant titanium alloys and studying their physical and chemical properties 

  3.1 Research methods
The alloys were smelted in a laboratory vacuum arc furnace "Arc200" with a cooled copper hearth in Figure 7.
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                  a - general view                                            b - copper water-cooled       
                         	crucible

Picture 7 - Vacuum arc furnace with a copper water-cooled crucible 
«Arcast Arc200»

After loading the charge, the furnace was evacuated to a pressure of 10-3 Pa and filled with argon with a purity of 99.995% to a pressure of 0.6 atm. To homogenize the composition over the cross-section of the alloy, 5 turns of the ingot were carried out, followed by remelting. The resulting melt was poured into a metal mold, which made it possible to obtain cylindrical ingots with a diameter of 15 mm.
For the preparation of ligatures and alloys used titanium iodide TU 48-4-286-82, aluminum A99 GOST 11069-2001 (table 2), vanadium VnM-1 TU 48-4-272-73, molybdenum MCh-1 TU48-19-245 -84, electrolytic chromium ERH-0 GOST 5905, rhenium Re-0 TU 48-19-92-80. They were used to obtain ligatures Ti-50% Mo (mass.), Tpl. 1945 ° C; Ti-20% Re (mass.), Mp - 1910 ° C; Ti-30% V (mass.) Tpl 1605 ° C, which were used to prepare the studied alloys.







Table 2 - Chemical composition of aluminum A995 and titanium
	
Material
	Content of basic elements,% mass.

	
	impurities, no more

	
	Ni
	C
	Si
	Fe
	Cu
	Mn
	Mg
	Ti
	Ga

	Al(А995)
	-
	-
	0,0015
	0,0015
	0,001
	0,001
	0,001
	0,001
	0,0030

	Iodide titanium
	0,005
	0,01
	-
	0,005
	-
	-
	-
	-
	-



After blending, the methods of casting and heat treatment are important aspects in the technology for producing titanium alloys, since the chemical and phase composition, mechanical and operational properties of castings depend on them. The obtained samples were subjected to heat treatment at a temperature of 850 oC for 3 hours, cooling with an oven to 760 oC; exposure 3 hours; air cooling to room temperature; heating to 650 C for 4 hours followed by quenching in oil.
Heating and subsequent cooling at a certain rate and under certain conditions was established based on the properties and structure of the initial alloy and the corresponding phase diagrams of heat-resistant titanium alloys [6, 9]. Considering that the decomposition of the β-phase in the alloys under study occurs very slowly, the completion of the phase synthesis after cooling was carried out with holding at a temperature of 760 ° C, which ensured the formation of a (α + β) microstructure close to equilibrium.
Such a variation in the heating and holding temperature is also used to obtain similar titanium alloys from powdery materials [10] and allows one to adjust the ratio between the achieved degree of chemical homogeneity and microstructural parameters. The implementation of these high-temperature processes with the ability to change the phase composition of the metal provides a flexible tool for creating materials with the required properties.
Procedure for determining the mechanical properties of titanium alloy samples
The cast specimens were tested for mechanical properties (ultimate strength –σv, yield point –σ0.2, and elongation – δ) according to the results of uniaxial tensile tests on a tensile testing machine of the R-10 type. The tests were carried out in accordance with GOST 1497-84. The test speed was 5mm / min.
Compression test. Compression tests for all samples were carried out on a Zwick Z250 universal electromechanical testing machine (Figure 16a). Cylinders 6 mm in diameter and 10 mm in height were used. the samples were heated by direct transmission of an electric current. Thermocouples (S-type) were welded to the sample surface to control the temperature directly. Tests with a depth of about 10-4 mm Hg were carried out in a vacuum.
The dependences of Young's modulus were determined by the test results, the proportionality limit and the yield point in the temperature range 20-100 ° C.
Tensile tests. To carry out tensile tests, rods were cast from each alloy into a metal mold in accordance with GOST 1583-93.
Tensile tests for all samples were carried out on a Zwick Z250 universal electromechanical testing machine (Figure 8). The mechanical properties of the samples were evaluated according to the values ​​of ultimate strength (σw), conditional yield stress (σ0.2) and relative elongation (δ).

[image: C:\Users\RGP_User4\Desktop\УИМ.jpg]
						
Figure 8 - Zwick Z250 universal electromechanical testing machine

Force measurement range 0.5 to 250 kN, traverse speed from 0.0005 to 600 mm / min, force measurement accuracy 0.5-1%, automatic contact strain gauge TC-EXMACRO for measuring elongation / deformation of a sample with an initial calculated length of 10 -100 mm.
Hardness measurement. In this work, standard measurements of Brinell hardness were carried out in accordance with GOST 6012-59 [22]. To measure the hardness, a multi-functional stationary hardness tester HB 250 kgf (Figure 9) with a steel ball indenter diameter of 2.5 mm was used. A load of 62.5 kg was applied to the indenter. The time for each test was 15 seconds. A series of three measurements was made for each sample.

[image: C:\Users\Алия\Downloads\Твердомер.jpg]

Picture 9 - Universal hardness tester DIGI-TESTOR 930 HB 250 kgf
[bookmark: _Toc294696187]
The purpose of these studies was to determine the critical temperatures of phase transformations in alloys for plotting fragments of phase diagrams and to compare the results with calculated data.
3.2 Investigation of the density of heat-resistant titanium alloys Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Re
Preparation of alloys Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-1Re was carried out on a laboratory argon-vacuum arc furnace "Arcast Arc200" with a water-cooled copper tray. After loading the charge, the furnace was evacuated and filled with argon. To homogenize the composition over the cross section of the ingot, 5 turns of the ingot were carried out, followed by remelting. The melt was poured into a metal mold and cylindrical ingots with a diameter of 15 mm were obtained.
The obtained samples were subjected to heat treatment at a temperature of 850 ° C for 3 hours, followed by holding at a temperature of 760 ° C for 4 hours and quenching in oil, which ensured the formation of an α + β- microstructure close to equilibrium.
The phase composition and microstructure of cast and heat-treated samples were studied using a Tescan Vega 3 LM scanning electron microscope (SEM) with an EDX Oxford X-Max80 attachment. X-ray phase analysis was carried out on a Bruker D8 Advance diffractometer using Cu Kα monochromatic radiation. The microstructure of the investigated alloys was revealed by chemical etching in a mixture of acids 2.5% HNO3 + 1% HF + 1.5% HCl. Typical microstructures of Ti-5Al-5Mo-5V-3Cr-1Re alloys obtained by SEM are shown in Figure 10.
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	a - an increase of 200, b - an increase of 500

Figure 10- Microstructure of SEM alloy Ti-5Al-5Mo-5V-3Cr-1Re:
	The figures show microstructural inhomogeneity arising from the existence of a concentration gradient of alloying elements. The internal structure of grains is formed mainly in the form of small colonies of β - phases with interlayers of α - plates, which is caused by incomplete processes of chemical homogenization. A similar behavior was noted for other titanium alloys with refractory metals [6]. The light zones in the photo show the places where the alloys are enriched in heavy elements, in our case, these are Mo and Re.
	The compositions of the alloys Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-1Re, measured by micro X-ray spectral analysis (MRSA), are shown in Table 3.

Table 3 - Compositions of Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-1Re alloys according to MRSA data
	Alloy
	Content of alloying elements, wt. %

	
	Ti
	Al
	Mo
	V
	Cr
	Re

	Ti-5Al-5Mo-5V-3Cr
	82,1
	5,1
	5,2
	4,8
	2,9
	-

	Ti-5Al-5Mo-5V-3Cr-1Re
	81,0
	4,9
	4,9
	5
	3,1
	1,2



The density of the obtained alloys was determined by the method of hydrostatic weighing on a laboratory balance "Vibra" with a gravimeter function to determine the density of the samples. In the gravimeter mode, the alloy samples were weighed in air and in distilled water. The results of measuring the density (ρex) of alloys
Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-1Re are shown in Table 4, column 2.



Table 4 - Experimental and calculated densities of Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-1Re alloys, g / cm3
	Alloy
	ρэкс
	ρад
	∆ρад/ ρэкс, %
	ρуд
	∆ρуд/ ρэкс, %

	Ti-5Al-5Mo-5V-3Cr
	4,603
	4,852
	5,41
	4,583
	0,43

	Ti-5Al-5Mo-5V-3Cr-1Re
	4,656
	5,053
	8,46
	4,633
	0,49



The increased density of the Ti-5Al-5Mo-5V-3Cr-1Re alloy is explained by the presence of heavy rhenium atoms in it.
Often, when determining any properties of mixtures, alloys or other complex substances, the method of additive addition is used. Its essence lies in the assumption that the properties of complex mixtures change linearly and depend mainly on the concentration of the added components. The density of the alloys with the additive approximation ρad is calculated by the following formula:

                                                                                        	(1)

where i is Ti, Al, Mo, V, Cr or Re, and ηi and ρi are their mass fraction in the alloy and density, respectively.
For all alloys in expanded form, formula (1) will have the following form:

     pсп=ηTi× ρTi + ηAl × ρAl+ ηMo × ρMo+ ηV ×ρV+ ηCr х ρCr + ηRe × ρRe        (2)

The calculated ρad data for alloys of the Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-1Re systems, depending on the composition of the analysis obtained from the MRSA analysis and the metal density data [9], are given in Table 3, column 3.
It can be seen that the calculated data differ from the obtained experimental results by 5.5–8.5% (column 4). This is because this addition results in a significant averaging of the results obtained. For a more accurate determination of density, the method of specific volumes can be used, the essence of which is that the total volume of the alloy Vsp consists of the sum of the volumes of the components that make up the alloy.

                                                                     (3)

	where Vi = mi / ρi is the volume occupied by Ti, Al, Mo, V, Cr or Re atoms, and mi and ρi are their mass and density, respectively.
Taking this into account, the calculated dependence of the density of the alloy will have the following form:


                                 (4)

	Since mi = ηi * Msp, the density value after appropriate transformations of the above expression, calculated by the method of specific volumes, can be represented as:

              		                   	(5)

	in expanded form, expression (3) looks like this:

      (6)

The values of the density of alloys of the systems Ti-5Al-5Mo-5V-3Cr -1Re and Ti-5Al-5Mo-5V-1Re, calculated by the method of specific volumes, are also presented in Table 3 (column 5) and have a much better agreement with the experimental results than in the method of additive addition (column 6).
The good agreement between the calculated and experimental densities can be explained by the fact that the volume of the mixture is not in all cases equal to the sum of the volumes of the individual components. This is due to the interpenetration of substances (atoms or molecules) into free spaces. In addition, alloying the alloy with atoms of different sizes leads to distortion of the crystal structure, which changes the average sizes between atoms and, accordingly, also affects its density. Most likely, in this case, there was a mutual attenuation of these influences, which led to a good coincidence of the calculated data obtained by the method of specific volumes with experiment.
The above calculations were performed without taking into account the phase structure of the alloy. In practice, most real alloys have a complex multiphase structure. If the alloy in the solid state has a structure consisting of solid solutions  and -phases, then in the calculation formulas it is necessary to take into account the fractional component and composition of each phase.
In this case, the densities of each phase are first calculated using formula 4 or 6, depending on the calculation method, and then the total density is calculated. For additive addition, use the formula:

                                  		                    	(7)

In the method of specific volumes:

                           	                              	(8)

where η, η are the content of each of the phase components in the alloy, ,  are their densities, respectively.
The phase composition, the compositions of the structural components, measured by the MRSA method, as well as the calculated values of the densities of various phases of the alloys of the Ti-5Al-5Mo-5V-3Cr-1Re and Ti-5Al-5Mo-5V-1Re systems performed by various methods are shown in Table 5.

Table 5 - Calculated values of the densities of various phases and alloys, depending on the composition
	Analysis area
	Phase fraction,%
	Content of alloying elements, wt. %
	ρад
	ρуд

	
	
	Ti
	Al
	Mo
	V
	Cr
	Re
	
	

	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Ti-5Al-5Mo-5V-3Cr

	α-phase
	30
	89,5
	7,9
	0,9
	1,3
	0,4
	-
	4,458
	4,323

	β-phase
	70
	78,97
	3,9
	6,5
	6,59
	4,05
	-
	5,021
	4,704

	Calculation of the density of the alloy ρad by the formula (3), ρsp by the formula (4)
	4,851
	4,582

	Ti-5Al-5Mo-5V-3Cr-1Re

	α-phase
	35
	89,1
	7,1
	0,9
	1,6
	0,4
	0,8
	4,617
	4,383

	β-phase
	65
	76,79
	3,72
	7,05
	6,83
	4,25
	1,36
	5,277
	4,781

	Calculation of the density of the alloy ρad by the formula (3), ρsp by the formula (4)
	5,048
	4,632



It is clearly seen that with all calculation methods, the -phase containing an increased amount of aluminum is noticeably lighter than the -phase enriched in molybdenum and chromium. With an additive addition in Ti-5Al-5Mo-5V-3Cr alloys, the difference in the densities of the  and - phases is 10.1%, and in Ti-5Al-5Mo-5V-3Cr-1Re alloys, 12.5%. In the method of specific volumes, the difference in the densities of the  and - phases of the same alloys is 6.65% and 8.3%, respectively.
The calculation of the density of the alloy, taking into account the density of the  and - phases, by the methods of additive addition and specific volumes, coincides well with the density of these alloys obtained by the same methods without taking into account the phase state of the alloy, Table 4 (columns 3 and 5).
Thus, experimentally, the density of heat-resistant titanium alloys Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Re was determined by the method of hydrostatic weighing.
Based on the MRSA data, the densities of these alloys were calculated by the methods of additive addition and specific volumes taking into account their composition. It was revealed that with additive addition the discrepancy with the experiment is 8-10%, and in the method of specific volumes 0.3-0.5%.
Calculations of the density of titanium alloys Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Re are also performed taking into account the phase structure. It is shown that the difference in the densities of the  and  -phases for all alloys is 6.5 - 10.1%, while good agreement with the calculated density of these alloys made without taking into account the phases is noted.
Based on the above, when calculating the density of complex alloyed titanium alloys, it is recommended to use the method of specific volumes and ignore the phase component of the alloy.



2.3 Study of mechanical properties of new alloys with recommendations for their use
The microstructure and phase composition of heat-treated samples were studied using a tescan Vega 3 LM scanning electron microscope with an EDX Oxford X-Max 80 prefix. The microstructure of the studied alloys was detected by chemical etching in a mixture of 2.5% HNO3+ 1% RA + 1.5% HC acids.
The mechanical properties of the obtained samples were determined using a universal testing machine Zwick Z250. Compression tests were performed at a temperature of 600oC on cylindrical samples with a diameter of 8 mm and a height of 12 mm to a degree of deformation of 50%. The results of mechanical compression tests are shown in figure 11.
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Figure 11 - mechanical compression tests of ti-5Al-5Mo-5V-3Re (1 - 3), Ti-5Al-5Mo-5V-3Cr-1Re (4 - 6), Ti-5Al-5Mo-5V-3Cr (7-9) alloys in the heat-treated state

It can be seen that all alloys initially have elastic deformation up to the stress of 750-900 MPa, which then turns into plastic deformation caused by the processes of dynamic recrystallization and polygonation. Adding 1% rhenium to the ti-5Al-5Mo-5V-3Cr alloy increases the strength properties of the alloy in the zone of elastic deformation by 2 - 3% , and in the zone of plastic deformation it reduces by 3-4%. In the ti-5Al-5Mo-5V-3Re alloy, where chromium is replaced by rhenium, the strength properties deteriorated by 1.5-2% in the elastic deformation zone, and in the plastic deformation zone (if sample №1 is not taken into account), the strength properties increased by 2-3%. The relative shortening of all alloys is approximately the same and is approximately 36-38%.
The mechanical properties of the tested tensile samples were also carried out on a Zwick Z250 test machine at a temperature of 600 oC. For this purpose, cylindrical samples of a special shape were used. The results of mechanical tensile tests are shown in figure12.
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Figure 12 - Mechanical tensile tests of ti-5Al-5 M5 V3 (1) ti-5Al-5 M5 V3 (2) and Ti-5Al-5 Mo-5V-3 Cr1 Re (3) alloys at 600 C.

For all alloys, the transition from elastic to plastic deformation is clearly marked as peaks. In this case, these peaks can be considered the beginning of the dynamic recrystallization process and polygons that occur during hot deformation in a certain range of strain rates.
Replacement of chromium in ti-5Al-5 Mo-5V-3 Cr alloy with rhenium leads to a 13-15% decrease in strength properties, and the elongation increases to 45%. Adding 1% rhenium to this alloy increases the tensile strength by 20% and the elongation by up to 64%.
One of the important physical and mechanical properties of alloys is the hardness, which was determined in the samples under study using the Brinell method. During the tests, the following parameters were used: the diameter of the inductor is 2.5 mm, the load is 62.5 kg, and the holding time is 15 seconds. The hardness values of heat-treated samples are shown in table 6, where they are compared with the mechanical properties of these alloys during compression and tensile tests.

Table 6 - Hardness, yield strength and relative shortening under compression and tension
	Alloy
	Hardness,
HB
	Compression
	Stretching

	
	
	σ0,2, МПа
	Ψ,%
	σ0,2, Мпа
	δ, %

	Ti-5Al-5Mo-5V-3Cr
	280
	775
	37
	297
	35

	Ti-5Al-5Mo-5V-3Re
	275
	765
	36
	256
	45

	Ti-5Al-5Mo-5V-3Cr-1Re
	315
	798
	38
	358
	64


After adding rhenium to the Ti-5Al-5Mo-5V-3Cr alloy, the hardness increased by 12.5%, however, in alloys where chromium is replaced by rhenium, the hardness decreased by 2%. This is due to the fact that the addition of a larger rhenium atom in the alloys, which also has a significant number of collectivized electrons, increases the lattice period, increasing the stacking fault energy. All this affects the diffusion mobility of titanium atoms and alloying components, thereby changing the resistance to high-temperature creep of the alloy.
When 1% rhenium is added to the titanium alloy Ti-5Al-5Mo-5V-3Cr, changes in the morphology of the crystal lattice have a positive effect on the strength characteristics of the alloy in the range of elastic and plastic deformations. As a result of replacing chromium by 3% rhenium, the distortions in the crystal lattice are greater and the increased stacking fault energy already reduces the strength properties of the alloy in the region of elastic deformations, however, facilitates diffusion mobility and simplifies the sliding of dislocations, which improves the mechanical properties of these alloys during plastic deformation [11- 12].
Since the investigated alloys operate mainly in elastic deformation zones, the optimal alloying should be the addition of 1% rhenium to the Ti-5Al-5Mo-5V-3Cr alloy, and the replacement of 3% chromium by 3% rhenium in these alloys worsen these properties.
Typical photographs of the microstructure of heat-treated alloys of the Ti-5Al-5Mo-5V-3Cr, Ti-5Al-5Mo-5V-3Re and Ti-5Al-5Mo-5V-3Cr-1Re systems after compression and tensile tests at various magnifications are shown in the figures 13-15.
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Figure 13 - Typical microstructures of heat-treated alloys of the Ti-5Al-5Mo-5V-3Cr systems after tensile (a) and compression (b) tests at various magnifications
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Figure 14 - Typical microstructures of heat-treated alloys of the 
Ti-5Al-5Mo-5V-3Re systems after tensile and compression tests at various magnifications 
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Figure 15 - Typical microstructures of heat-treated alloys of the Ti-5Al-5Mo-5V-3Cr-1Re systems after tensile (a, b) and compression (c, d) tests at different magnifications

The structure of these alloys is a two-phase mixture. Allocations of the α-phase are dispersed, mainly in the form of plates and are located in the body of the β-phase. The particle sizes of the α-phase and their volume fraction are presented in Table 7.

Table 7 - Particle size of the α -phase and their volume fraction
	Alloy
	Particle size of the α-phase, microns
	Volume fraction
α - phases, %

	
	Length
	Width
	

	Ti-5Al-5Mo-5V-3Cr
	10± 3
	1,0± 0,3
	30

	Ti-5Al-5Mo-5V-3Re
	3± 1
	0,5± 0,1
	15

	Ti-5Al-5Mo-5V-3Cr-1Re
	15± 5
	1,5± 0,5
	35



In the alloys of the Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Re systems, the size of the α-phase particles is approximately the same, and in the alloys of the Ti-5Al-5Mo-5V-3Re systems, their size is almost three times less. In this case, the volume fraction of particles of the α-phase in the Ti-5Al-5Mo-5V-3Re alloy is also smaller.
No distortions of the structure of particles of the α-phase and microstructural changes in the bodies of the β-phase after high-temperature mechanical loads were found in the alloys under study. This suggests that the processes of polygonization and dynamic recrystallization took place in polycrystalline bodies of the β-phase, the mechanism of which can be described as the nucleation and growth of new grains when critical values of plastic deformation are reached at a sufficiently high temperature [13].
The mechanisms of dynamic recrystallization and polygony are controlled by the stored energy of deformation and cannot be determined only by the processes of elemental diffusion, since they will be absorbed by the high energy of the stacking fault in complex alloyed titanium alloys. The state of the internal structure has a decisive influence on the mechanical properties of polycrystalline materials. Recrystallization takes place with a change in a number of physical properties and structure of the material. First of all, the shape and size of the grains change. The nature of the changes depends on the temperature, the amount of deformation, the chemical composition of the alloy, the initial grain size, while the shape of the recrystallized grains is predominantly equiaxed.
At present, the process of dynamic recrystallization is recognized as one of the main mechanisms of softening during hot deformation of crystalline materials [14] and is largely determined by the motion of dislocations, which are found in the form of etching pits in the places where dislocations emerge on the crystal surface, which is clearly seen in Figures 13b and 14b. ). For Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Re alloys, their dimensions are 5-10 microns (Figures 13b and 14b), and for Ti-5Al-5Mo-5V-3Re 3 alloys -5 μm (Figure 15a).
At a high degree of deformation, the density of dislocations increases and their manifestations after mechanical loads can look like solid lines formed as a result of etching out the deformed regions. The number of the latter is insignificant, however, they have rather large sizes up to 200 μm for the Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Re alloys (Figures 13a and 14c, 15d).
In Ti-5Al-5Mo-5V-3Re alloys, due to the high energy of the stacking fault in the crystal lattice, dislocation manifestations are hindered, the sizes of the deformed regions are smaller and amount to 3-5 microns, but their number in some areas is quite large and appear as small lines (Figure 15 a) or wrinkled sweet (Figure 14b). It should be noted that the morphology of the lamellar structure is preserved after deformation and almost all recrystallization and polygonic processes occur in the  phase, practically without affecting the harder α- phase.
Microstructural observations indicate that the dynamic recrystallization of grains in Ti-5Al-5Mo-5V-3Cr alloys upon deformation leads to the alignment of grains along the direction of compression (Figure 15a). The resulting grains remain straight, slightly elongated, and run in two directions. The structure of grains in Ti-5Al-5Mo-5V-3Cr-1Re alloys is generally rectangular, the newly formed grains are located at right angles to each other (Figures 15a, 15b). In Ti-5Al-5Mo-5V-3Re alloys, many of the newly formed grains are significantly smaller and are also mutually perpendicular, similar to the previous alloy (Figure 15).




CONCLUSION
Basic research results. New titanium alloys of high heat resistance alloyed with refractory metals have been developed.
At the stage of 2018, using modern software products, model calculations were carried out and isothermal phase diagrams of heat-resistant titanium alloys of the systems Ti-5Al-5Mo-5V-3Cr, Ti-5Al-5Mo-5V-3Cr-Re at temperatures of 400-1400°C were constructed.
Compositions of rhenium-containing titanium alloys of the Ti-5Al-5Mo-5V-Cr-Re system have been studied depending on the content, mol%: chromium 1-5, rhenium 0.5-3.0. It has been established that the introduction of rhenium into a heat-resistant alloy of the Ti-5Al-5Mo-5V-3Cr system in an amount of 1% leads to a significant change in the phase composition. In the alloy under consideration, a two-phase (+ ) transformation takes place, instead of three-phase (+ + 2), four-phase (++λ+2) for the same systems without rhenium, the presence of this phase increases the heat-resistant properties of the alloy.
Recommended rhenium-containing titanium alloys of optimal composition, wt. %: 2.7 Al, 4.7 Mo, 9.4 V, 3.1 Cr, Re, the rest is titanium; melting process temperature 1800 - 1900°C; annealing temperature not higher than 880oC.
At the stage of 2019, technological methods for introducing alloying components into titanium alloys were developed. It is recommended to use ligatures of the following composition, %mass, for their uniform distribution and obtaining stable results on the composition of alloys. : Ti-20Re, Ti-30V, Ti-50 Mo.
It was found that in alloys of the Ti-5Al-5Mo-5V-3Cr-1Re system, the formation of a two-phase (+)-region occurs almost 100°C higher than in the known alloys of the Ti-5Al-5Mo-5V-3Cr system. This contributes to an increase in the temperature range of operation of rhenium-containing titanium alloys.
Technological modes of heat treatment of titanium alloys have been proposed, which make it possible to regulate the ratio between the achieved degree of chemical homogeneity and microstructural parameters: temperature 850oC for 3 hours, cooling with a furnace to 760oC; exposure 3 hours; air cooling; heating to 650 C for 4 hours followed by quenching in oil.
It was found that the investigated Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Re alloys after heat treatment have a two-phase structure consisting of solid solutions based on α- and β-titanium, making the alloys more ductile. In the alloys under study, the α-phase is enriched only with aluminum, the concentration of all other alloying agents is higher in the β-phase. This is especially noticeable for molybdenum and chromium, metals with large atomic sizes, the concentration of which increases by 8.2 and 1.6 times, respectively. Rhenium is concentrated mainly in the α-phase.




At the stage of 2020, samples of new heat-resistant titanium alloys were created and their physical and chemical properties were investigated.
High-temperature tests of the mechanical properties of the created new heat-resistant alloys 5Al-5Mo-5V-3Re and Ti-5Al-5Mo-5V-3Cr-1Re for compression and tension at a temperature of 600oC have been carried out.
It is found that the addition of 1% rhenium to the Ti-5Al-5Mo-5V-3Cr alloy has a positive effect on the morphology of the crystal lattice and increases the high-temperature strength characteristics of the alloy in the range of elastic and plastic deformations. It is shown that replacing chromium by 3% rhenium reduces the strength properties of the alloy in the region of elastic deformations, improving them in the plastic region.
The microstructure of new complex alloyed alloys 5Al-5Mo-5V-3Re and Ti-5Al-5Mo-5V-3Cr-1Re is investigated. It is shown that during heat treatment a two-phase (α + β) structure of alloys with an α-phase content of 30-40% was formed. No structural or microstructural distortions were found in the alloys under study after high-temperature mechanical loads.
The absence of distortion of the microstructure in the samples under study suggests that, after reaching the critical values of high-temperature deformation, recrystallization and polygonal processes occurred in them, due to the motion of dislocations. The presence of etching pits in the places where these dislocations emerge onto the crystal surface are noted. At a high dislocation density, they look like solid lines and have sizes up to 200 μm.
The density of heat-resistant titanium alloys Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Re was determined experimentally, by the method of hydrostatic weighing, as well as by calculation methods of additive addition and specific volumes. It was revealed that with additive addition the discrepancy with the experiment is 8-10%, and in the method of specific volumes 0.3-0.5%. The use of the specific volume method is recommended.
Assessment of the completeness of the solution of the tasks. New titanium alloys of increased heat resistance alloyed with refractory metals have been developed and created. All tasks set in the project were completed in full accordance with the schedule.
Recommendations and initial data on the specific use of research results. Assessment of the technical and economic efficiency of implementation. The results obtained during the implementation of the project will allow the creation of new heat-resistant titanium alloys operating at higher temperatures than the known ones.
Assessment of the scientific and technical level of the performed research work in comparison with the best achievements in this area. This development was carried out at a high scientific and technical level using modern research equipment, based on the latest achievements in the field of metallurgy and materials science of titanium alloys.
The most important advantages of titanium alloys over other structural materials are their high specific strength and corrosion resistance. However, titanium alloys can operate at relatively low temperatures up to 500°C. One of the topical aspects of increasing the temperature range of operation of titanium alloys is alloying them with refractory metals.
This work shows the possibility of obtaining new alloyed heat-resistant titanium alloys containing rhenium. Additional alloying with rhenium changes the phase structure of the alloys and increases its operating temperature by 80-100°C.
The research results were reported at an international scientific-practical conference, 3 scientific articles were published in a domestic scientific publication with a non-zero impact factor, 2 scientific articles in a journal with a non-zero impact factor of the Web of Science database.
Organizational and material - technical provision for performing research. Scientific research work on the project was carried out in the RSE «National Center on complex processing of mineral raw materials of the Republic of Kazakhstan», Almaty, "Kazakh National Research Technical University" named after K.I. Satpayev, Almaty and NUST MISIS, Moscow.
The team of performers, including 1 doctor of technical sciences, 3 candidates of sciences, 1 PhD, 2 PhD students, has significant research and practical experience in the field of metallurgy and metal science.
The project executors are provided with the necessary regulatory and methodological materials, have hosted devices and certification methods for carrying out experimental work.
For the successful implementation of the tasks of the project, there are laboratory facilities equipped with the appropriate infrastructure, as well as an experimental workshop for conducting enlarged laboratory tests. The laboratories are equipped with instruments and equipment necessary for conducting research and enlarged laboratory tests.
During the implementation of the project, modern research and analytical equipment was used. To carry out the research, we used computer programs for the analysis and processing of experimental data, as well as programs for calculating phase transformations Thermo-Calc.
The alloys were melted in a laboratory argon-vacuum arc furnace "Arcast Arc200" with a water-cooled copper tray. The microstructure of cast and heat-treated samples was studied using a Tescan Vega 3 LM scanning electron microscope (SEM) with an EDX Oxford X-Max80 attachment. X-ray phase analysis was carried out on a Bruker D8 Advance diffractometer using Cu Kα monochromatic radiation.
The mechanical properties of the obtained samples were determined using a Zwick Z250 universal testing machine. The density of the alloys was determined by the method of hydrostatic weighing on a laboratory balance "Vibra" with a gravimeter function.
Economic feasibility of the requested amount of funding for R&D. Project costs include the following items: salary with deductions, travel expenses, purchase of materials, others (translations, registration fees), project support.
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Tpunowenns 1.2
x Jlorosopy Ne__ ot 2018r.
Ha rpaNTOROE iHaNcHpoBaHHE

ECKASI CIEUN®UKATIIMS W
KAJIEHJIAPHBIN TLIAH PABOT

Tlo sorosopy Neol69 or olf Mz 2018 rona

ICKOE roCy1apCTBEHHOE NPENPHATHE Ha IIPaBe XOIAHCTBEHHOTO BeIeHUS

BHBIH LLEHTP 110 KOMILIEKCHOI iepepaboTke MHHEPAILHOTO chipbst PecnyGimkn

Kasaxcran» Komurera MHIYCTPHAILHOTO PA3BUTHS M NIPOMBINILICHHOM Ge3onacHocTn
MunmctepeTsa no uisecTHIMIM 1 passutHio PecnyGankn Kasaxcran

1.1 Tlo npuoputety: Paunonaibhoe menonb3osanme NPHPOAHBIX, B TOM HHCIE BOAHBIX
PECYPCOB, ICOI0MHA, niepepaGoTKa, HOBHIC MATCPHATHI H TEXHONOTMH, GE3ONACHbIC HICTHS W
KOHCTPYKUHH E v

1.2Tlo nozmproputery: 1.17 [Npoussonctso 0GpaGoTka MeTa108 1 MaTepHATIOB

1.3 To Teme npoekta: AP 05133378/T®5 «Pa3paGoTka M CO3/aHME HOBBIX THTAHOBHIX
CIUIaBOB MOBLILICHHOH KAPONPOUHOCTH JICTHPOBAHHKIX TYFOMIABKHMH METALIAMHY

1.4 Cymma npoekta: 24 160 000 (1Bannats UETBIPE MUIUIHOHA CTO WIECTBACCAT ThICAY)
TEHIE, B TOM 4HCJIE C Pa3GHBKOI 110 rojiam, JUsl BBINOHEHHS PpaBoT coriacHo nynkry 3:

- Ha 2018 roz - B cymme 8 000 000 (BOCEMb MHILIHOHOB) Tenre;

- Ha 2019 rox — B cymme 8 072 000 (Bocems MHLTHOHOB CEMBJIECHT JIBE THICAYH) TEHIE;

- Ha 2020 rox — B cymme 8 088 000 (Bocems MHLHOHOB BOCEMBJICCHT BOCEMb ThICS') TCHIE.

2. Xapakrepueruka mayuano-rexuuueckoii NMPOAYKUHH 110 KBATHGHKAUMOHHBIM
TIPHIHAKAM M YKOHOMHYECKHE nokazarean

2.1 Hanpan:ienue paGoThi: npuK:iabie Hece0panms,

22 OGnacts npumenenus: TTPOMBILIIEHHBIC  NIPC/ANPHATHA  MALIMHOCTPOHTENLHOTO ¥
MeTajuypriieckoro npoussoacrsa, HUM, BY3u1, 21a6OpaTopHH, KOMMEpUecKie GUPMBL.

2.3 Koneunbiii KOHKpETHBII pe3yibtar:

3a 2018 rox:  PaspaGotambi THTaHOBBiC criaBhi TIOBBILIICHHON  KapONPOUHOCTH
Jleruposanibie pernem. OnyGiukoawa omma crates B PeUCH3MPYEMOM  3apyGeskHOM i
OTCUCCTBCHHOM HAY{HOM H3AQHHH C HEHYICBIM HMIAKT-(AKTOPOM.

3a 2019 rox: Hcenenosansi u PaspaboTatbi ONTHMATLHBIC TEXHOIOIHYECKHE PEIKHMBI
NOJYHCHHS THTAHOBBIX CILIABOB TOBBILICHHOM KapONpPOYHOCTH.

Byzer onyGankosana oma wayunas crates B KypHane ¢ HEHYJICBLIM HMIAKT-(akTopom
Gasbt Scopus - Web of Science..

3a 2020 ron: co3anbl OGPa3ILBl HOBBIX KAPONPOUHBIX THTAHOBLIX CILIABOB H HCCIEI0BAHBI
DUIMKO- XMMHUECKHE M MeXaHHuecKHe cBOFCTB. Onybiukosana oma nayunas crates s
PEUCH3UPYEMBIX 3apYGEKHBIX MM OTCHECTBEHHBIX HAY4HOM M3IAHMAX C HEHY/ICBBIM MMIAKT-
(aktopom, oana nayumas crates B KYPHAUIE ¢ HEHYJICBBIM HMNAKT-(akTopom Gassi Scopus wam
Web of Science.

2.4 [atenTocnocoGHoCTh: natenTocnocotna.

2.5 Hayuno-Texuuueckuii yposetb  (HoBH3HA): Byayr nonyuensl aHanHTHueckme
JABUCHMOCTH JUIA PACteTa W NOCTPOCHHS (a3oBLIX MAIPaMM MHOTOKOMIOHEHTHBIX CHCTeM ia
OCHOBE THTaHa C NIPHMEHEHHEM CTICHMATHIHPOBAHHBIX KoMmnbioTepubix nporpamm Thermo-Cale u
Gasbl nannbix TTTIAL] Thermotech TiAl-based Alloys Database. Brepasie Gyayr TIOCTPOCHE!
(basoBbie MArPaMMbI  MHOFOKOMIOHCHTHBIX CHCTEM Ha OCHOBE THTAHAa C HCIIOABIOBAHMEM
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STUDY OF THE INFLUENCE OF RHENIUM ON THE STRUCTURE
AND PROPERTIES OF HEAT-RESISTANT TITANIUM ALLOYS

A ZH TERLIKBAEVA,P A.OSIPOV,R. A. SHAYAKHEMETOVA,
A M ALIMZHANOVA*

National center on compiex processing of mineral raw marerials of the Republic
of Kazakhstan, Aimaty, Kazakhstan
E-mail: aliyuchca@rambierru

ABSTRACT

Using Thermo-Calc software and experimental methods, a quantitative analysis
of the influence of rhenium on the formation of the structure and phase composi-
tion of the alloys of the Ti-5A1-5Mo-5V-3Cr-1Re system during casting and heat
treatment was carried out.

Key words: phase composition, Ti-5SA1-5Mo-5V-3Cr and Ti-5A1-5Mo-5V-3Cr-1Re
systems, isothermal and polythermal cuts, heat treatment, microstructure

AIMS AND BACKGROUND

due to their high strength-to-mass ratio, high heat resistance, corrosion resistance
and biocompatibility'~’. However, their low wear resistance and tendency to abra-
of titanium alloys, while maintaining their corrosion resistance and biocompati-
‘bility, numerous surface treatment technologies were studied, including various
(PII) and plasma nitriding A number of works™* devoted to the study of coatings
resistant to abrasion and those with high tribological properties, note that many
authors see the solution to the problem in the formation of molybdenum-alumi-
pum-titanium-chromium-containing complexes on the surface. At the same time,
pew titanium alloys and products from them must possess the necessary set of
technological and operational properties, in particular, strength, ductility, and
beat resistance, which is achieved by adding alloying elements to the composition
* For correspondence.
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change the phase structure and temperature transformations” .

Thus, the offered alloys immediately solve twoproblems: toincrease the ducality
of such alloys and to loosen the covalent bond between their main componeats Ti
and Al It can be proposed that doping with elements with a large atomic radius or
with as many valence electrons as possible, in particular tantalum, molybdeaum
and beavy metals. Examples of this approach can be found in Refs 11-14. One of the
Dew aspects in this direction can be considering alloys with the addition of rhenium,
‘which has a large number of collectivized electrons, changing the phase structure
of alloys and allowing to raise the working temperature of products by 80-100 °C
(Refs 15, 16). But together with the addition of molybdenum and chromium, it is
expected that products from the proposed alloys will not need special coatings to
ensure high tribological properties and wear resistance.

The aim of the work is to conduct a qualitative and quantitative analysis
of the phase composition of heat-resistant alloys as applied to the Ti-5Al-5Mo-
5V-3Cr-1Re system in comparison to the known Ti-5A1-5Mo-5V-3Cr system by
computer simulation and experimental methods.

CALCULATION OF THE PEASE COMPOSITION OF ALLOYS OF SYS-
TEMS Ti-5A1-5Mo-5V-3Cr-1Re AND Ti-5A)-5Mo-5V-3Cr

Creation and development of promising alloys, advanced technologies for their
heat treatment are carried out on the basis of phase diagrams of the correspond-
ing systems'. In this work, by modeling, phase transformations for titanium al-
loys are considered using specialized Thermo-Calc computer programs (TCW5
version) and the TTTIALI database designed to calculate stable and metastable
phases in multicomponent titanium alloys'™-**.

There are no data in the literature on studying the state diagram of the Ti-
Al-Mo-V-Cr-Re system, although their binary systems have been studied quite
completely. Based on the calculated data, phase equilibria in the Ti-Al-Mo-V-Cr-
Re system are established. In the studied gear-system, there are solid solutions of
those phases that are present in the initial binary systems. Isothermal sections of
alloys of the TiSAISMo5V3CrlRe system calculated at 700 °C are shown inFig. 1.

Calculations in the indicated ranges showed the presence of the following
phases: a - solid solution based on the HCP lattice (a-T3); p - solid solution based
on the BCC lartice (B-T3); B, - solid solution with a high content of f-stabilizer;
@, - solid solution based on Ti Al aluminide; X is the phase based on the TiX2
compound (Laves phase).

The introduction of rhenium into the heat-resistant alloy of the Ti-SAl-5Mo-
5V-3Cr system in an amount of 19 leads to a significant change in the phase
composition.
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Fig. 1. Isothermal section of the Ti-Al-
Mc-V-Cr-Re system at 700 °C: @) Ti-SA- a
SV-3Cr. 3) Ti-5AL-5Mo- 3Cr
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No pew intermetallic compounds were found out in the considered gear-
dimensional system.

In the alloy under consideration, there is a two-phase (§ + o) transformation,
instead of three-phase (B + a + a,) and four-phase (B + a + & + a)) for the same
systems without rhenium A similar decrease in the number of phases was
observed for similar alloys with niobium™, however, in our case, changes occur at
lower rhenium concentrations.

Fragments of polythermal sections of the Ti-5A1-SMo-5V-3Cr system, as they
‘were applied to f stabilizers, cakulated at constant concentrations of three components
and varying concentrations of aluminum or molybdenum are shown in Fig. 2.

The analysis of polythermal sections shows a large number of different
phases, and it should be noted that, at high temperatures, molybdenum behaves
as a typical B-stabilizer, the addition of which increases the temperature of the
appearance of the f-phase. On the other hand, at temperatures below 600° C (1e,
obviously in the range of operation of titanium alloys), the B, phase appears. With
decreasing temperature, the boundary of the appearance of the §2 phase shifts
toward a decrease in the concentration of this element and at 350°C it is about
0.1 moPe Mo.

Fig. 2. Fragmeat of a poly-
thermal secticn of the Ti-
SAL-5Mo-5V-3Cr system:
a) TiSMo-5V-3Cr;

8) Ti-SAl-SV-3Cr
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Fig. 3. A fragment of 2 polythermal section of the Ti-Al-Mo-V-Cr-Re system:
a) Ti-5Mo-5V-3Cr-Re; ) Ti-5A1-5V-3Cr-Re

Fragments of polythermal sections of the Ti-5Al-5Mo-5V-3Cr-Re system
with a change in the content of aluminum and molybdemum in the alloy and
constant concentrations of the remaining components are shown in Fig. 3.

This suggests that a large number of free electrons on rhenium atoms can
significantly change the structure of the alloy even at its low concentrations,
transferring them to a structure with a Jower phase content and even to a single-
phase region.

Quantitative parameters of the phase composition of the alloys of the system
Ti-5A1-5Mo-5V-3Cr, Ti-5A1-5Mo-5V-3Cr-1Re (Qm) at various temperatures and
their chemical composition are given in Tables 1, 2.

Table 1. Quantitative parameters of the phase composition of the alloy Ti-SAl-SMe-5V-3Cr (mol %)
2t characteristic temperatures

Contexat of Elemeants, % (zas)
e Phae 9;?.-.’..; T Al MoV Gr
1900 B 100 ™2 272 968  s1 313
1200 3 100 M9 2 96 s 3Is
500 3 100 M9 2 968 sS4 IS
™ 8 1000 M9 2m 968 sS4 31S
. 8 9843 WOT 20 9% 520 319
« 156 %413 403 060 095 028
- 8 606 043 220 1496 730 481
e 3893 9451 38 08 000 003
8 152 9% 013 39 AP 13
. [ 11 48 12 B35 1B 44
e 39 9538 347 043 06  on
s 26 3194 066 001 1627 5109
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Table 2. Quantitative parameters of the phase composition of the alloy Ti-JAl-5Mo-5V-3Cr-1Re
(=00l.%) at characteristic texparatures

Q= Conteat of Elements, % (mass)
L. PR wmau) TT Al Mo VG

Re
1400 ] 1000 810 50 500 500 300 100
1200 ] 1000 810 50 500 500 300 100
800 ] 1000 810 50 500 500 300 100
2% ] 9642 %18 26 969 510 31 .25
@ 357 7643 297 248 2R 1M 1396
700 B 6387 7338 243 1293 619 360 143
@ 3612 8123 303 314 286 210 782
€00 B 3195 6530 210 19% 78 427 oM
@ 68.04 816 2, 427 3% 246 s
00 B 1841 373 1™ 281 910 4W 043
@ 8159 8081 284 520 407 267 438
200 ] 1207 4571 150 3734 988 519 026
@

§793 8038 281 539 432 27 412

It was revealed that alloys within the temperature range 800-1400°C are
single-phase and consist of f-phase. Deformation in the -region does not make
1t possible to obtain a structure with high operational properties due to intensive
grain growth and coarse intragranular structure.

These fragments show that the number of phases in the alloys under
consideration are sharply decreased.

The optimal structure can be obtained by deformation in the (a + f) region,
where the ductility decreases and the resistance to metal deformation increases.
Therefore, the presence of an (@ + f) — region in which the oumber of a— and f—
phases are comparable (in our case, this is approximately 60% of the f— phase),
enhances the heat-resistant properties.

Lowering the temperature to 700 °C in the Ti-5A1-5Mo-5V-3Cr system trans-
fers the alloy to a two-phase (a + f) state, but the amount of phase is more than
98% and it only decreases to 61% at 600 “C. For the Ti-5A1-5Mo-5V-3Cr-1Re
system, the two-phase (e + ) region appears already at 780 °C, and at 700 °C the
amount of the phase is 63%.

Thus, alloys of the Ti-5A1-5Mo-5V-3Cr-1Re system fall into the two-phase
region at 700 °C, while for the Ti-5Al-5Mo-5V-3Cr system, a similar phase ratio
occurs oaly at 600 °C, that is, ceteris panbus, Ti-5A1-5Mo-5V-3Cr-1Re alloys can
operate at a temperature of 100 °C higher than Ti-5A1-5Mo-5V-3Cr alloys.

EXPERIMENTAL TECHNIQUE AND DISCUSSION OF RESULTS

The alloys were molten in an Arcast Arc200 laboratory vacuum arc furnace
with a copper cooled hearth. After loading the charge, the furnace was evacuat-
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ed to a pressure of 10~ Pa and filled with argon with a purity of 99.9995% to a
pressure of 0.6 atm. The alloy was melted from the following materials: titanium
iodide, A99 aluminum, electrolytic chromium ERCr-0, Ti-30% V ligature (wt),
Ti-50% Mo ligature (mass ), Ti-20% Re ligature (mass) To homogenize the com-
position over the cross section of the ingot, 5 turns of the ingot were performed
followed by remelting After a fivefold re-melting, the alloy was cast into a copper
mold with a bar 70 mm long and 12.5 mm in diameter.

The obtained samples were subjected to heat treatment at a temperature of
850°C for 3 hours, cooling down with an oven to 760°C; excerpt 3 bours; air
cooling; heating to 650°C, 4 hours; with quenching in oil This mode of heat treat-
ment will allow you to adjust the ratio between the achieved degree of chemical
bomogeneity and microstructural parameters. Considering that the decay of the
B-phase in this alloy occurs very slowly, the completion of the phase synthesis
after cooling was carried out with exposure at a temperature of 760°C, which
ensures the formation of an a + § microstructure close to equilibrium.

The phase composition and microstructure of cast and heat-treated samples
were studied using a Tescan Vega 3 LM scanning electron microscope (SEM)
with an EDX Oxford X-Max80 attachment. X-ray phase analysis was carried out
on a Bruker D8 Advance diffractometer using Cu K_ monochromatic radiation

The microstructure of the studied alloys was revealed by chemical etching
in a mixture of acids 2.5% HNO3 + 1% HF + 1.5% HCL. The microstructures of
alloys of the Ti-5A1-5Mo-5V-3Cr-1Re and Ti-5A1-5Mo-5V-3C systems in the cast
state obtained by SEM are shown in Figs 4 and 5.

They show microstructural heterogeneity arising from the existence of a
concentration gradient of alloying elements. A pronounced dendritic segregation
1s associated with a high cooling rate and nonequilibrium crystallization.

Fig. 4. SEM microstructare of Ti-SAl-SMo-5V- Fig. 5. Microstructure of the SEM alley Ti-
3Cr alloy SEM: 500x SAl-5Mo-5V-3Cr-1Ra: 500x

850





image79.png
Table 3. Results of MRSA (X-ray spectral azalysis) alloys in the cast state

The context of alloying elements,
Area of analysis mass. %
T Al MoV . Re
Ti-3AL-5Mo-5V-3Cr
The average composition of the alloy 814 sl 45 34 35 -
Lighe area (coll conter) $17 53 65 45 20 -
Dazk area (cell periphary) 812 50 38 60 40 -
Ti-SA}5Mo-5V-3Cr1Re

The average compositicn of the alloy 812 54 49 31 30 09
Light area (coll comter) 811 54 60 44 20 12
Dazk azea (coll periphary) 814 51 37 352 40 06

A similar behaviour was observed for other alloys of titanium with refrac-
tory metals”. The light zones in the photo show the alloy enrichment sites with
beavy elements, in our case, Mo and Re. The compositions of the alloys and struc-
tural components, measured by the method of X-ray spectral analysis (MRSA),
in Table 3.

The internal structure of the grains is formed mainly in the form of small
colonies of § - plates with interlayers of the a-phase, which is caused by incom-
plete processes of chemical homogenization. The center of the dendritic cell is
enriched in refractory elements Mo and Re and vice versa depleted in Cr and
V, which correlates well with the photo microstructure (Figs 4, 5), in which the
center of the cell is lighter. The distribution of Ti and Al over the cross section of
the dendritic cell is approximately uniform, which is typical of titanium alloysl‘.

Typical X-ray diffraction spectrograms of the Ti-5A1-5Mo-5V-3Cr-1Re alloys
in the molten state are represented in Fig. 6.

It can be seen from the obtained data that the structure of all alloys in the
«cast state is single-phase and it represents a solid solution of all alloying elements
in B-titanium.

Fig. 6. Difraction pattern of the
alloy Ti-SAISMo-SV-3CrIRe in .
the cast state

BT

Inseasty (mooav. wes)
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Fig7. Microstructure of the alloy Ti-SAl-SMo- Fig. 8. Microstructure of the alloy Ti-SAISMo-
5V-3Cr after maintesance: 500x V-3Cr-1Rs after maintezance: 500x

Figures 7, 8 show the microstructures of Ti-5Al-5Mo-5V-3Cr and Ti-5Al-
5Mo-5V-3Cr-1Re alloys after heat treatment (TO) obtained by SEM.

The internal structure of the alloys after heat treatment is a two-phase
mixture formed mainly in the form of small f-colonies with interlayers of the
a-phase, uniform throughout the composition. The precipitations of the a-phase
are dispersed and are located mainly in the body of the grain of the f-phase. This
15 due to the formation of a fairly stable two-phase state during the formation of
@- and B-phases around the corresponding alloying particles due to solid-phase
diffusion, which is the basis for the interconnected processes of redistribution of
alloying elements during the formation of the microstructure. The grain sizes
of the B-phase and particles of the a-phase, as well as their volume fraction, are
represented in Table 4.

The alloys have almost the same grain size of the p-phase, however, the par-
ticle size of the a-phase in the alloy with the addition of rhenium is half as much.
In this case, the volume fraction of particles of the a-phase in them is greater.

Such behaviour is caused by the introduction of an alloying element of rhe-
nium, which differs significantly in physicochemical and thermodynamic prop-
erties and in the parameters of interaction with titanjum_ which complicates the
processes of both structural and chemical homogenization.

Table 4. Sizos of grains of the B-phase, particles of the a-phase and the volume fraction of struc-
tural components

The size of the The size of the s
B pl::.niaam c-pt;:.mx a-phaets

Ti-SAl-5Mo-5V-3Cr 306236 53207 3
Ti-SAl-5Mo-5V-3Cr-1Re 311252 26202 40

Alloy
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Table 5. Rosults of MRSA alleys in a heat-treated state.

. The conteat of alloying slements. 3t %
Asea of azalyils T Al Mo v = s
Ti-SAl-SMo-5V3Cr
apae 968 659 105 m 057 -
Bphase 509 52 54 54 32 -
TE-SAI-SMe-5V-3Cr1Re
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The compositions of the structural componeats in the samples after TO,
measured by the method of X-ray microspectral analysis (MRSA) are shown in
Table 5.

In the studied alloys, the a-phase is enriched only in aluminium; the concen-
tration of all other alloying ones is higher in the B-phase. This is especially no-
ticeable for molybdenum and rhenium, metals with large atomic sizes. The results
of X-ray phase analysis of alloys of the Ti-5A1-5Mo-5V-3Cr-1Re system after heat
treatment are represented in Figure 9.

It is clearly seen that the studied alloys after heat treatment have a two-phase
structure, coasisting of solid solutions based on a- and f-titanjum making the
alloys more plastic.

CONCLUSIONS

Computer simulation methods have shown that the introduction of rhenium into
the heat-resistant alloy of the Ti-5A1-5Mo-5V-3Cr system in an amount of 1%
leads to a significant change in the phase composition. In the alloy under consid-
eration, there is a two-phase (§ + o) transformation, instead of three-phase (8 +
@+ a) and four-phase (B + a + A +a) for the same systems without rhenium, in

853
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addition, in alloys of the Ti- system 5Al-5Mo-5V-3Cr-1Re the formation of a two-
phase (B + a) region occurs at almost 100°C higher temperature, which will allow
0 increase the temperature range of operation.

Model calculations are confirmed by experimental studies, which showed
differences in the structure of alloys of the systems T3-5A1-5Mo-5V-3Cr and Ti-
5A1-5Mo-5V-3Cr-1Re both in the molten state and after heat treatment.
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