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Abstract: This study investigates the impact the hot extrusion process variables on the physical and mechanical properties of Ti–3Al–

2.5V alloy tubes. The research examines four tube segments extracted from various hot-extruded tubes of Ti–3Al–2.5V alloy, with an 

outer diameter (OD) of 90 mm and a wall thickness of 20 mm. The manufacturing process involves expanding sleeves with a horizontal 

hydraulic press to achieve an OD of 195 mm, followed by heating to 850–865 °C prior to extrusion. The tube segments are labeled as 1, 

2, 3, and 4, corresponding to their order of production. Our findings demonstrate that an increase in the number of extrusions in the 

α + β area from tube 1 to tube 4 leads to a reduction in the primary α-phase volume fraction and an increase in the β-transformed structure 

volume fraction. These changes are attributed to the higher final extrusion temperature resulting from more intense deformation heating 

during hot tooling (die and mandrel) processes. Additionally, elevating the final extrusion temperature from tube 1 to tube 4 leads to 

a notable decrease in the residual β-solid solution volume fraction and a reduction in the “sharpness” of the α-phase tangent-oriented 

texture. The alterations in the structural and phase state of the alloy from tube 1 to tube 4 are found to inf luence the contact modulus of 

elasticity and microhardness. These identified relationships can be utilized to optimize the process variables for the extrusion of multiple 

Ti–3Al–2.5V alloy tubes.
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Introduction

Pseudo-α-titanium alloys exhibit a distinctive com-

bination of advantageous properties, such as high spe-

cific strength, corrosion resistance, and excellent man-

ufacturability. They find application in the production of 

critical components, including tubes [1—4]. One such al-

loy is the Ti—3Al—2.5V pseudo-α-titanium alloy which 

conforms to the ASTM B338 Standard Specification 
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Аннотация: Исследовано влияние изменения параметров горячего прессования на физико-механические свойства труб из 

сплава Ti–3Al–2,5V. Материалом для исследования служили четыре патрубка, отобранные от разных горячепрессованных 

труб из сплава Ti–3Al–2,5V с внешним диаметром 90 мм и толщиной стенки 20 мм, полученных из экспандированных гильз с 

внешним диаметром 195 мм на горизонтальном гидравлическом прессе. Экспандированные гильзы перед прессованием на-

гревались до температуры 850–865 °С. Образцам исследуемых горячепрессованных труб присвоены номера 1, 2, 3 и 4 согласно 

последовательности их получения в промышленных условиях. Показано, что увеличение количества проведенных прессовок 

в α + β-области от трубы 1 к трубе 4 приводит к закономерному уменьшению объемной доли первичной α-фазы в их структу-

ре, а также к росту объемной доли β-превращенной структуры вследствие повышения температуры окончания прессования, 

вызванного более активным деформационным разогревом из-за увеличения температуры инструмента (матрицы и иглы). Об-

наружено, что фиксируемое структурно повышение температуры окончания прессования от 1-й трубы к 4-й влечет за собой 

характерное уменьшение объемной доли остаточного β-твердого раствора и снижение «остроты» наблюдаемой тангенциаль-

ной текстуры α-фазы. Установлено, что выявленные изменения структурно-фазового состояния сплава от 1-й трубы к 4-й 

оказывают закономерное влияние на получаемый в них уровень свойств – контактного модуля упругости и микротвердости. 

Полученные закономерности необходимо учитывать при разработке технологического режима многоразового прессования 

труб из сплава Ti–3Al–2,5V.
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for Seamless and Welded Titanium and Titanium Alloy 

Tubes for Condensers and Heat Exchangers. This alloy 

is widely employed in the manufacturing of tubes [5; 6], 

and its manufacturability allows for the production both 

hot-extruded [7] and cold-drawn tubes [8; 9].

Nikol’skii L. et al. [10], Kosmatskiy Ya. et al. [11] 

have observed that the hot extrusion process used to fab-
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ricate tubes and other products from the Ti—3Al—2.5V 

alloy can exhibit temperature and deformation varia-

tions. These variations arise due to deformation heat-

ing of the workpiece and tooling, as well as potential 

cooling of the product surfaces when they come into 

contact with a colder tool.

Kosmatskiy Ya. et al. [12], Tarin P. et al. [13], and 

Illarionov A. et al. [14] conducted research on the Gra-

de 9 alloy and found that temperature fluctuations dur-

ing hot drawing in the α + β two-phase region influence 

the ratio of α- and β-phases, thermophysical properties, 

and deformation forces. Additionally, Pyshmintsev I. 

et al. [7] reported that such temperature variations im-

pact the final structure, phase composition, and texture 

after cooling. Consequently, these variations are likely 

to affect the physical and mechanical properties of the 

end product.

Despite the existing research on the topic, there is a 

notable absence of studies investigating the effects of the 

structure and phase composition formed under non-sta-

tionary hot extrusion conditions on the properties of 

Ti—3Al—2.5V alloy tubes. Therefore, the purpose of this 

study is to address this research gap and explore the spe-

cific impact of non-stationary hot extrusion conditions 

on the properties of the Ti—3Al—2.5V alloy tubes.

Materials and methods

The samples consisted of four tube segments extract-

ed from various hot-extruded Ti—3Al—2.5V alloy tubes, 

with an outer diameter (OD) of 90 and a wall thickness 

of 20 mm. These tubes were manufactured by utilizing 

195 mm outer diameter expanded sleeves and a horizon-

tal hydraulic press. Prior to the extrusion process, the 

expanded sleeves were heated to 850—865 °C. The spe-

cific extrusion process variables, including temperature 

and strain rate, were detailed in a previous work by the 

authors [15]. The four samples of the hot-extruded tubes 

were numbered 1, 2, 3, and 4 according to the sequence 

of their manufacturing.

In this study, three main analytical techniques were 

employed to characterize the samples. Optical micros-

copy, X-ray diffraction (XRD), and micro-indentation 

were utilized to measure the Vickers hardness and con-

tact modulus of elasticity of the tubes. The microstruc-

ture of the tubes was analyzed using a GX51 microscope 

(Olympus, Japan). For sample preparation, micro slides 

were etched using an aqueous solution consisting of a 

mixture of hydrofluoric and nitric acids (1 part HF +

+ 3 parts HNO3 + 5 parts H2O) as suggested by Anosh-

kin N. et al. in [16], following the method suggested by 

Anoshkin N. et al. in [16]. XRD analysis was performed 

on a Bruker D8 Advance X-ray diffraction platform 

(Bruker, Germany) using copper CuKα radiation in the 

2θ = 34°÷102° range. The XRD data were analyzed using 

Rietveld refinement [17] with the TOPAS® 4.2 software 

package.

Microgeometry and contact modulus of elasticity 

measurements were carried out using the Oliver-Farr 

micro indentation hardness test [18]. A MHTX micro 

indenter (CSM Instruments, Switzerland) was utilized, 

applying a 9 N load with 6 measurements conducted 

per sample.

Results and discussion

In order to assess the phase state of the tubes, X-ray 

diffraction (XRD) analysis was conducted on the longi-

tudinal sections of the samples (Fig. 1).

The Rietveld refinement of the XRD patterns (Fig. 2) 

yielded the identification of two distinct phases, name-

ly, α-phase and β-phase lines. The lattice parameters of 

both the α + β- and β-phases were estimated from the 

XRD patterns, and the corresponding volume fraction 

of the β-phase was determined. The results are summa-

rized in the table below.

The olume fraction of the β-phase in all the sam-

ples varied between 4.8 to 6.2 %. There is a noticeable 

correlation between changes in the volume fraction of 

the β-phase and the lattice period; the period slightly 

increases with the volume fraction. This outcome is in 

line with expectations, as the presence of β-stabilizers 

(vanadium and iron impurities) in the β-solid solution 

Fig. 1. The three directions are denoted as follows

RD – radial direction, TD – tangential direction, 

ED – extrusion direction

Рис. 1. Эскиз трубы с указанием трех основных 

направлений, связанных с внешним воздействием

РН – радиальное направление, ТН – тангенциальное 

направление, НП – направление прессования
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decreases. Prior research [19—21] has established that 

these stabilizers contribute to the reduction of the lattice 

period.

Regarding the tube samples (labeled as 1-4), the 

c/a parameter of the α-phase falls within the range of 

1.5904 to 1.5911 (refer to the table). This value is lower 

than the c/a values for the original sleeves, which range 

from 1.5913 to 1.5915, and these sleeves were expanded 

at a temperature similar to that of the hot extrusion 

process. This discrepancy suggests that the diffusion 

processes in the α-phase, which occur during cooling 

down from the extrusion temperature, are less com-

plete compared to those in the the phase formed dur-

ing cooling after expansion. The reason behind this 

observation is that the wall of the hot-extruded tubes is 

72 % thinner than that of the expanded sleeves, leading 

to higher cooling rates and consequently reducing the 

diffusion period.

Fedulov V. et al. [22] conducted a study on the VT23 

titanium alloy, which shares a similar temperature of 

polymorphic α + β → β transformation with the Ti—

3Al—2.5V alloy [1]. In their research, it was demonstrat-

ed that when the wall thickness is reduced by 65—75 % 

during cooling from 850 °C (close to the tube extrusion 

temperature), the cooling rate along the cross-section 

more than doubles.

An analysis of the X-ray diffraction (XRD) pat-

terns of the tubes allowed for a comparison of the 

intensities of the α-phase lines. It was observed that 

the (002)α line exhibits the highest intensity in the 

hot-extruded tube samples 1—4. Interestingly, for the 

sleeves after expansion, the (101)α line, not the (002)α 

Lattice periods of the α- and β-phases, the volume fraction of the β-phase in hot-extruded tube samples 1–4

Периоды решеток α- и β-фаз, объемная доля β-фазы в образцах 1–4 горячепрессованных труб

Sample No.

α-phase β-phase

Lattice parameter, nm
c/a Lattice period, nm Volume fraction, %

а с

1 0.29370 0.46724 1.5909 0.32242 6.2

2 0.29408 0.46770 1.5904 0.32222 5.4

3 0.29388 0.46757 1.5911 0.32202 5.0

4 0.29391 0.46761 1.5910 0.32196 4.8

Fig. 2. XRD patterns of the hot-extruded tubes 1–4

Shooting in the tangential direction

Рис. 2. Дифрактограммы образцов 1–4 горячепрессованных труб

Съемка в тангенциальном направлении
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line, displayed the highest intensity. This discrepan-

cy indicates that the hot extrusion process creates a 

tangent-oriented basic texture of the α-phase (Fig. 3) 

in the two-phase region of the tube samples 1—4. 

In other words, the normal to the basis plane (0001) 

in the α-phase grains is predominantly oriented in the 

tangential direction. This finding aligns with the work 

of Forney C. et al. [23], who reported that reduction 

drawing, as in our case, facilitates the formation of a 

tangent-oriented basic texture. It should be noted that 

the quality of the texture varies from tube to tube, as 

evidenced by the changes in the relative intensities of 

the primary α-phase lines in the XRD patterns relative 

to the (002)α line (Fig. 4).

As evident from Fig. 4 and the table, there exists a 

correlation between the quality of the tangent-oriented 

texture and the volume fraction of the β-phase: the high-

er the fraction, the more intense the line becomes (ref-

lected by the higher I(002) /I(hkl)) ratio). This observation 

leads to the conclusion that the XRD pattern analysis for 

the β-phase volume fraction indicates the resistance to 

decomposition during cooling of the high-temperature 

β-solid solution. Moreover, this resistance is linked to 

the relationship between the condition of the α-phase 

texture and the physical and mechanical properties (as 

depicted in Fig. 5). Specifically, as the volume fraction 

of the β-phase decreases, both the contact modulus of 

elasticity and microhardness exhibit a corresponding 

decrease.

The observed relationship between the values can 

be explained as follows. Samples 1 and 2 retain a larger 

amount of β-phase, indicating less complete decom-

position of the high-temperature β-solid solution and 

α-phase separation during cooling, in comparison to 

samples 3 and 4. The less complete decomposition of 

the high-temperature β-phase usually occurs when 

the initial β-solid solution contains more β-stabilizers 

Fig. 5. Variations of the average microhardness (a) 

and contact modulus of elasticity (b) in samples 1–4

Рис. 5. Изменение средних значений микротвердости (а) 

и контактного модуля упругости (b) в образцах 1–4 
горячепрессованных труб

Fig. 3. Characteristic arrangement of the α-phase hexagonal 

cell as the tangent-oriented texture is formed 

in the Ti–3Al–2.5V alloy

Рис. 3. Характерное расположение гексагональной 

призмы α-фазы при формировании тангенциальной 

текстуры в сплаве Ti–3Al–2,5V

Fig. 4. I(002) /I(hkl) ratio variations at the max intensity 

of the α-phase lines with different (hkl) indices 1–4

Рис. 4. Изменение отношения I(002) /I(hkl) 

для максимальной интенсивности линий α-фазы 

с различными индексами (hkl) на дифрактограммах 

для горячепрессованных труб 1–4
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before cooling. The presence of more β-stabilizers in 

the initial state is a result of a lower initial cooling 

temperature of the tube compared to the other tubes. 

This effect arises from the lesser deformation heating 

of the first Ti—3Al—2.5V alloy tubes manufactured by 

hot extrusion. Subsequent extrusions cause additional 

heating of the tools (die and mandrel), leading to re-

duced heat removal from the tube to the tool. Similar 

effects have been observed in other metal extrusion 

processes [24; 25].

The proposed explanation is further supported by the 

microstructural analysis of the tubes. A thorough exam-

ination of typical structures found in most areas of the 

longitudinal tube section revealed that samples 1 and 2 

(Fig. 6, a, b) are dominated by primary α-phase grains 

elongated along the direction of extrusion. Small regions 

of the β-transformed structure exist between the grains, 

appearing as clusters of secondary α-phase thin plates 

with different orientations and β-phase interlayers. The 

formation of the β-transformed structure occurs as a 

consequence of the high-temperature β-solid solution 

decomposition during cooling from the extrusion tem-

perature.

A notable characteristic of the structure in sam-

ples 3 and 4 (Fig. 6, c, d) compared to samples 1 and 

2 is a significant decrease in the volume fraction of 

the primary α-phase elongated along the direction of 

extrusion. This reduction results in an increase in the 

volume fraction of the β-transformed structure areas. 

The primary α-phase exhibits partial fragmentation 

and spheroidization, indicating dynamic recovery 

processes [26]. Furthermore, the β-transformed struc-

ture areas become broader, and the secondary α-plates 

are enlarged.

The observed difference in the structure of the 

tube samples can be logically explained by the gradual 

increase in the end-extrusion temperature from sam-

ple 1 to sample 4. This temperature rise occurs due 

to higher deformation heating caused by the increas-

ing temperature of the die and mandrel during the 

extrusion process of tubes 1 to 4. Consequently, this 

intensifies relaxation recovery and dissolution of the 

Fig. 6. Predominant longitudinal section microstructure of the 1 (а), 2 (b), 3 (c) and 4 (d) hot-extruded tube samples, 

Ti–3Al–2.5V alloy

Рис. 6. Преобладающая микроструктура в продольном сечении горячепрессованных труб 1 (а), 2 (b), 3 (c) и 4 (d) 

из сплава Ti–3Al–2,5V

a

c d

b
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primary α-phase, leading to an increase in the volume 

fraction and size of the high-temperature β-phase ar-

eas during the extrusion process. Upon cooling, the 
β-phase decomposes in these areas, forming plates of 

the secondary α-phase.

The observed decrease in microhardness from sam-

ple 1 to sample 4 (see Fig. 5) can be attributed to the 

more intense recovery processes in the primary α-phase, 

which are associated with the removal of deformation 

hardening, and the enlargement of decomposition prod-

ucts in the β-transformed matrix. This conclusion is fur-

ther supported by comparing the β-phase volume frac-

tion with the thermodynamic analysis conducted in the 

ThermoCalc software [14].

The increase in extrusion temperature in the two-

phase α + β region leads to a higher amount of β-solid 

solution and a depletion of β-stabilizers (vanadium and 

iron). This, in turn, reduces the resistance of the β-phase 

to decomposition during subsequent cooling. As a re-

sult, in samples 3 and 4, which were heated to higher 

temperature during extrusion compared to samples 1 

and 2, the decomposition of the β-solid solution starts at 

higher temperatures and leads to the formation of larger 

secondary α-phase plates. Additionally, the decompo-

sition process is more complete, resulting in a smaller 

volume fraction of the residual β-solid solution (as indi-

cated in the table).

Unlike the primary phase, the secondary α-phase 

plates were not deformed during extrusion. Therefore, 

they lack a clear orientation or pronounced texture. 

The XRD patterns demonstrate a decrease in the in-

tensity of the (002)α lines from sample 1 to sam-

ple 4 relative to the intensity of other α-phase lines. 

This indicates a decrease in the sharpness of the tan-

gent-oriented prism texture. Consequently, there is a 

slight decrease in the contact modulus of elasticity (E), 

measured in the tangential direction, from sample 1 to 

sample 4. This is consistent with the well-known fact 

that the α-phase exhibits the maximum E value along 

the <001> direction [27].

In our view, the dominant high-modulus orientation 

<001> in the direction of the contact modulus of elas-

ticity measurements results in average modulus values 

(ranging from 103 to 110 GPa) that are close to or even 

above the upper values typical for Ti—3Al—2.5V alloy 

products (ranging from 95—105 GPa) [2].

Conclusions

1. The study demonstrates that an increase in the 

number of α + β-area extrusions, from tube 1 to tube 

4, leads to a reduction in the volume fraction of the pri-

mary α-phase and an increase in the volume fraction 

of the β-transformed structure due to end-of-extrusion 

temperature rise caused by more intense deformation 

heating of the die and mandrel.

2. Furthermore, the investigation reveals that the el-

evation of the final extrusion temperature from tube 1 

to tube 4 results in a distinctive decrease in the volume 

fraction of the residual β-solid solution and a reduction 

in the “sharpness” of the α-phase tangential texture.

3. Additionally, it was observed that the aforemen-

tioned changes in the structure and phase state, from 

sample 1 to sample 4, have an impact on the contact 

modulus of elasticity and microhardness.

4. These established relationships provide valuable 

insights for adjusting the process variables in the multi-

ple Ti—3Al—2.5V alloy tube extrusion.

References

1. Ilyin A.A., Kolachev B.A., Polkin I.S. Titanium alloys. 

Composition, structure, properties: Reference book. 

Moscow: VILS–MATI, 2009. 520 p. (In Russ.).

 Ильин А.А., Колачев Б.А., Полькин И.С. Титановые 

сплавы. Состав, структура, свойства: Справочник. 

М.: ВИЛС—МАТИ, 2009. 520 с.

2. Pumpyanskiy D.A., Illarionov A.G, Vodolazskiy F.V., 

Kosmatskiy Y.I., Popov A.A. Promising titanium al-

loys for manufacture of cold-worked pipes. Metallurg. 

2023;1:37—48. 

 https://doi.org/10.52351/00260827_2023_01_37

 Пумпянский Д.А., Илларионов А.Г., Водолазс-

кий Ф.В., Космацкий Я.И., Попов А.А. Перспектив-

ные сплавы титана для изготовления холодноде-

формированных труб. Металлург. 2023;1:37—48. 

 https://doi.org/10.52351/00260827_2023_01_37

3. Romantcev B.A., Goncharuk A.V., Aleshchenko A.S., 

Gamin Yu.V. Production of thick-wall hollow profiles and 

tubes made of titanium alloys by screw rolling. Izvestiya. 

Non-Ferrous Metallurgy. 2015;(4):38—41. (In Russ.). 

https://doi.org/10.17073/0021-3438-2015-4-38-41

 Романцев Б.А., Гончарук А.В., Алещенко А.С., Га-

мин Ю.В. Получение полых толстостенных про-

филей и труб из титановых сплавов методом винто-

вой прокатки. Известия вузов. Цветная металлургия. 

2015;(4):38—41. 

 https://doi.org/10.17073/0021-3438-2015-4-38-41

4.  Pilipenko S.V. Analysis of the influence of cold pipe 

rolling technological factors on the change in Q-factor 

distribution along the deformation cone. Izvestiya. Non-

Ferrous Metallurgy. 2019;(3):30—35. (In Russ.). 

 https://doi.org/10.17073/0021-3438-2019-3-30-35

 Пилипенко С.В. Анализ влияния технологических 



Известия вузов. Цветная металлургия  •  2023  •  Т. 29  •  № 4 •  С. 60–69

67

Илларионов А.Г., Водолазский Ф.В., Илларионова С.М. и др. Влияние структурно-фазового состояния на физико-механические...

факторов процесса холодной прокатки труб на из-

менение распределения Q-фактора вдоль конуса 

деформации. Известия вузов. Цветная металлургия. 

2019;(3):30—35. 

 https://doi.org/10.17073/0021-3438-2019-3-30-35

5. Boyer R., Welsch G., Collings E.W. Materials roperties 

Handbook: Titanium alloys. ASM Int., The Material 

Information Society, 1994. 1176 p. 

6. Chen S., Li X., Xu D. Manufacture of Gr9 titanium 

alloy tube for small size and extra-thin wall. In: Chine-

se Materials Conference. High Performance Structural 

Materials. 2018. Р. 531—538. 

 https://doi.org/10.1007/978-981-13-0104-9_56

7. Pyshmintsev I.Y., Kosmatskii Y.I., Filyaeva E.A., Illa-

rionov A.G., Barannikova N.A. Alloy Ti—3Al—2.5V 

hot-extruded pipe metal structure and properties. 

Metallurgist. 2018;62(3-4):374—379. 

 https://doi.org/10.1007/s11015-018-0671-5 

 Пышминцев И.Ю., Космацкий Я.И., Филяева Е.А., 

Илларионов А.Г., Водолазский Ф.В., Бараннико-

ва Н.А. Структура и свойства металла горячепрес-

сованной трубы из сплава Ti—3Al—2,5V. Металлург. 

2018;4:70—75.

8. Li H., Wei D., Zhang H.Q., Yang H., Zhang D., Li G.J. 

Tooling design—related spatial deformation behaviors 

and crystallographic texture evolution of high-strength 

Ti—3Al—2.5V tube in cold pilgering. The International 

Journal of Advanced Manufacturing Technology. 2019;104:

2851—2862. 

 https://doi.org/10.1007/s00170-019-04151-w

9. Yang Q., Hui S., Ye W., Xu Z., Dai C., Lin Y. Effect 

of “Q” ratio on texture evolution of Ti—3Al—2.5V alloy 

tube during rolling. Materials. 2022;15(3):817. 

 https://doi.org/10.3390/ma15030817

10. Nikol’skii L.A., Figlin S.Z., Boitsov V.V., Kalpin Y.G., 

Baharev A.V. Hot stamping and extrusion of titanium 

alloys. Moscow: Mashinostroenie, 1975. 285 p. (In Russ.).

 Никольский Л.А., Фиглин С.З., Бойцов В.В., Кал-

пин Ю.Г., Бахарев А.В. Горячая штамповка и прес-

сование титановых сплавов. М.: Машиностроение, 

1975. 285 с.

11. Kosmatskiy Ya.I., Fokin N.V., Filyaeva E.A., Barich-

ko B.V. Deformation ability research of the titanium alloy 

Ti—3Al—2.5V and the assessment of the technological 

capability production of hot-extrusion tube from him. 

Titan. 2016;2(52):18—22. (In Russ.).

 Космацкий Я.И., Фокин Н.В., Филяева Е.А., Ба-

ричко Б.В. Исследование деформационной спо-

собности титанового сплава Ti—3Al—2,5V и оцен-

ка технологической возможности изготовления из 

него горячепрессованных труб. Титан. 2016;2(52):

18—22.

12. Kosmatskiy Ya.I., Filyaeva E.A., Fokin N.V., Yakovle-

va K.Yu. Determination of the production possibilities 

to preparing a new form of seamless TREX pipes of 

Ti—3Al—2.5V alloy. Kachestvo v obrabotke materialov. 

2016;2:15—22. (In Russ.).

 Космацкий Я.И., Филяева Е.А., Фокин Н.В., Яков-

лева К.Ю. Определение технологической возмож-

ности изготовления нового вида бесшовных труб 

TREX из титанового сплава Ti—3Al—2.5V. Качество 

в обработке материалов. 2016;2:15—22.

13. Tarin P., Corral N., Simon A.G. Evolution of alpha-beta 

transformation in Ti—3Al—2,5V alloy. Microstructural 

changes and properties obtained. In: Proceedings of the 

12 th World Conference on Titanium. Beijing: Science 

Press., 2012. Vol. 1. P. 481—484.

14. Illarionov A.G., Vodolazskiy F.V., Barannikova N.A., 

Kosmatskiy Y.A., Khudorozhkova Y.V. Influence of 

phase composition on thermal expansion of Ti—0.4Al, 

Ti—2.2Al—2.5Zr and Ti—3Al—2.5V alloys. Journal of 

Alloys and Compounds. 2021;857:158049. 

 https://doi.org/10.1016/j.jallcom.2020.158049

15. Illarionov A.G., Kosmatskii Y.I., Filyaeva E.A. Vo-

dolazskii F.V., Barannikova N.A.,  Experimental deter-

mination of temperature parameters for evaluating the 

possibility of manufacturing alloy Ti—3Al—2.5V hot-

extruded tubes. Metallurgist. 2017;9-10(60):983—988. 

 https://doi.org/10.1007/s11015-017-0396-x 

 Илларионов А.Г., Космацкий Я.И., Филяева Е.А., 

Водолазский Ф.В., Баранникова Н.А. Эксперимен-

тальное определение температурных параметров 

для оценки возможности изготовления горячепрес-

сованных труб из сплава Ti–3Аl–2,5V. Металлург. 

2016;9:83—87. 

16. Anoshkin N.F., Borisova E.A., Bochvar G.A., Brun 

M.Ya., Glazunov S.G., Kolachev B.A., Korobov O.S., 

Malkov A.V., Moiseev V.N., Notkin A.B. and etc. 

Metallography of titanium alloys. Moscow: Metallurgiya, 

1980. 464 p. (In Russ.).

 Аношкин Н.Ф., Борисова Е.А., Бочвар Г.А., Брун М.Я., 

Глазунов С.Г., Колачев Б.А., Коробов О.С., Маль-

ков А.В., Моисеев В.Н., Ноткин А.Б. и др. Титано-

вые сплавы. Металлография титановых сплавов. 

М.: Металлургия, 1980. 464 с.

17. Rietveld H.M. A profile refinement method for nuclear and 

magnetic structures. Journal of Applied Crystallography. 

1969;2:65—71.

18. Oliver W.C., Pharr G.M. An improved technique for 

determining hardness and elastic modulus using load and 

displacement sensing indentation experiments. Journal of 

Materials Research. 1992;7(6):1564—1583. 

 https://doi.org/10.1557/JMR.1992.1564

19. Shao G., Miodownik A.P., Tsakiropoulos P. ω-phase 



68

Izvestiya. Non-Ferrous Metallurgy  •  2023  •  Vol. 29  •  No. 4 •  P. 60–69 

Illarionov A.G., Vodolazskiy F.V., Illarionova S.M. et al. Effect of structure and phase composition on the physical and mechanical...

formation in V—Al and Ti—Al—V alloys. Philosophical 

Magazine A. 1995;71(6):1389—1408.

20. Aurelio G., Fernandez Guillermet A., Cuello G.J., 

Campo J. Metastable Phases in the Ti—V System: Pt. I. 

Neutron Diffraction study and assessment of structural 

properties. Metallurgical and Materials Transactions A. 

2002;33A:1307—1317. 

 https://doi.org/10.1007/s11661-002-0057-x

21. Zhelnina A.V., Kalienko M.S., Illarionov A.G., Shchet-

nikov N.V. Transformation of the structure and parameters 

of phases during aging of a titanium Ti—10V—2Fe—3Al 

alloy and their relation to strengthening. Fizika metallov 

i metallovedenie. 2020;121(12):1220—1226. (In Russ.). 

https://doi.org/10.1134/S0031918X20120133

 Желнина А.В., Калиенко М.С., Илларионов А.Г., 

Щетников Н.В. Трансформация структуры, пара-

метров фаз при старении сплава титана Ti-10V—

2Fe—3Al и их связь упрочнением. Физика металлов и 

металловедение. 2020;121(12):1220—1226. 

 https://doi.org/10.1134/S0031918X20120133

22. Fedulov V.N. Prediction of the efficiency of thermal 

hardening of titanium alloys, Lit’ye i metallurgiya. 2006;

1(37):130—135. (In Russ.).

 Федулов В.Н. Прогнозирование эффективности 

термического упрочнения титановых сплавов. 

Литье и металлургия. 2006;1(37):130—135.

23. Forney C.E., Meredith S.E. Ti—3Al—2.5V seamless 

tubing engineering guide. Sandvik special Metals Corp., 

Kennewick, Wash., USA, 1990. 3rd ed. 144 p. 

24. Loginov Y.N., Semenov A.P. Changing the temperature 

of the tool during hot pressing of copper and brass bars. 

Kuznechno-shtampovochnoe proizvodstvo. Obrabotka 

materialov davleniem. 2006;4:10—13. (In Russ.).

 Логинов Ю.Н., Семенов А.П. Изменение температу-

ры инструмента при горячем прессовании прутков 

из меди и латуни. Кузнечно-штамповочное производ-

ство. Обработка материалов давлением. 2006;4:10—13.

25. Loginov Yu.N. Pressing as a method of intense 

deformation of metals and alloys. Yekaterinburg: UrFU, 

2016. 156 p. (In Russ.). https://elar.urfu.ru/bitstream/

10995/40656/1/978-5-7996-1623-6_2016.pdf

 Логинов Ю.Н. Прессование как метод интенсивной 

деформации металлов и сплавов. Екатеринбург: 

Изд-во УрФУ, 2016. 156 с. https://elar.urfu.ru/bitstream/

10995/40656/1/978-5-7996-1623-6_2016.pdf

26. Weiss I., Semiatin S.L. Thermomechanical processing 

of alpha titanium alloys — an overview. Materials Science 

and Engineering A. 1999;263:243—256. 

 https://doi.org/10.1016/S0921-5093(98)01155-1

27. Zwicker U. Titan und titanlegierungen. Berlin, Heidel-

berg: Springer-Verlag, 1974. 717 р. 

 https://doi.org/10.1007/978-3-642-80587-5

Информация об авторах Information about the authors

Анатолий Геннадьевич Илларионов – к.т.н., доцент кафед-

ры «Термообработка и физика металлов», Уральский 

федеральный университет имени первого Президента 

России Б.Н. Ельцина (УрФУ); науч. сотрудник Инсти-

тута физики металлов им. М.Н. Михеева УрО РАН. 

http://orcid.org/0000-0002-7571-1179

E-mail: a.g.illarionov@urfu.ru 

Федор Валерьевич Водолазский – к.т.н., доцент кафедры 

«Термообработка и физика металлов», УрФУ.

http://orcid.org/0000-0002-6311-131X

E-mail: f.v.vodolazskiy@urfu.ru 

Светлана Михайловна Илларионова – зав. лабораторией 

кафедры «Термообработка и физика металлов», УрФУ.

Scopus-ID: 56572890900

E-mail: s.m.illarionova@urfu.ru

Ярослав Игоревич Космацкий – д.т.н., зам. ген. директо-

ра по научной работе, АО «Русский научно-исследова-

тельский трубный институт». 

Scopus-ID: 36166718600

E-mail: Kosmatski@rosniti.ru 

Anatoly G. Illarionov – Cand. Sci. (Eng.), Associate Professor 

of the Department “Heat Treatment and Physics of Metals”, 

Ural Federal University named after the First President 

of Russia B.N. Yeltsin (UrFU); Research Scientist, Institute 

of Metal Physics named after M.N. Mikheev of the Ural 

Branch of the Russian Academy of Sciences.

http://orcid.org/0000-0002-7571-1179

E-mail: a.g.illarionov@urfu.ru 

Fedor V. Vodolazskiy – Cand. Sci. (Eng.), Associate Professor 

of the Department “Heat Treatment and Physics of Metals”, 

UrFU.

http://orcid.org/0000-0002-6311-131X

E-mail: f.v.vodolazskiy@urfu.ru

Svetlana M. Illarionova – Head of the Laboratory of the 

Department “Heat Treatment and Physics of Metals”, UrFU.

Scopus-ID: 56572890900

E-mail: s.m.illarionova@urfu.ru

Yaroslav I. Kosmatskiy – Dr. Sci. (Eng.), Deputy General 

Director for Scientific Work, The Russian Research Institute 

of the Pipe Industry.

Scopus-ID: 36166718600

E-mail: Kosmatski@rosniti.ru



Известия вузов. Цветная металлургия  •  2023  •  Т. 29  •  № 4 •  С. 60–69

69

Илларионов А.Г., Водолазский Ф.В., Илларионова С.М. и др. Влияние структурно-фазового состояния на физико-механические...

А.Г. Илларионов – формирование основной концепции, 

постановка цели и задачи исследования, подготовка 

текста, формулировка выводов.

Ф.В. Водолазский – постановка задач рентгеноструктур-

ного фазового анализа, его проведение и обработка 

результатов.

С.М. Илларионова – постановка задач металлографичес-

кого анализа, его проведение и обработка результатов.

Я.И. Космацкий – организация сбора производствен-

ных параметров и их анализ.

Н.А. Ширинкина – обработка наблюдений в производ-

ственном процессе, упорядочение полученных данных.

М.А. Шабанов – постановка задач дюрометрического 

анализа, его проведение и обработка результатов.

A.G. Illarionov – basic concept, problem statement, paper 

authoring, conclusions.

F.V. Vodolazsky – XRD and EDS analysis and image pro-

cessing.

S.M. Illarionova – metallographic analysis and processing 

of the results.

Ya.I. Kosmatsky – acquisition and analysis of manufacturing 

information.

N.A. Shirinkina – processing of the manufacturing process 

observations, and data structuring.

M.A. Shabanov – durometry analysis and processing of the 

results.

Наталья Александровна Ширинкина – начальник отдела 

АО «Уральский завод гражданской авиации».

Scopus-ID: 57193270781

E-mail: nata382@yandex.ru

Максим Александрович Шабанов – инженер исследова-

тель кафедры «Термообработка и физика металлов», 

УрФУ.

http://orcid.org/0009-0008-6725-1724

E-mail: m.a.shabanov@urfu.ru 

Natalia A. Shirinkina – Head  of the Department, JSC “Ural 

Works of Civil Aviation”. 

Scopus-ID: 57193270781

E-mail: nata382@yandex.ru 

Maksim A. Shabanov – Research Engineer of the Department 

“Heat Treatment and Physics of Metals”, UrFU.

http://orcid.org/0009-0008-6725-1724

E-mail: m.a.shabanov@urfu.ru

Вклад авторовContribution of the аuthors

The article was submitted 26.04.2023, revised 22.06.2023, accepted for publication 23.06.2023

Статья поступила в редакцию 26.04.2023, доработана 22.06.2023, подписана в печать 23.06.2023


