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Abstract: Employing centrifugal self-propagating high-temperature synthesis (SHS) metallurgy, complemented by advanced metallurgical 

processes such as vacuum induction melting (VIM) and vacuum arc remelting (VAR), yielded the alloy formulation denoted as base–2.5Mo–

1.5Re–1.5Ta–0.2Ti. This study investigates the effects of various technological modes and additional metallurgical treatments on the alloy's 

impurity and non-metallic inclusion content, structural characteristics, mechanical behavior under compression, and its oxidation mechanisms 

and kinetics when exposed to temperatures of 1150 °C for 30 h. With increasing centrifugal acceleration, the proportion of non-metallic 

inclusions (number of points) drops from 5 to 1–2 points. The best combination mechanical properties, including σucs = 1640 ± 20 MPa, σys =

= 1518 ± 10 MPa, and residual deformation were observed in alloys processed under conditions of increased gravitational force (g = 50). 

Within a centrifugal force range of g = 20÷300, the composition of the synthesis products aligned with the theoretical expectations. The to-

tal content of impurities is 0.15 ± 0.02 %, with a decrease in gas impurities—oxygen and nitrogen levels reduced to 0.018 % and 0.0011 %, 

respectively. The structural analysis of the alloys revealed the presence of globular and streaked inclusions of a chromium-based solid solution 

embedded within the matrix. Inclusions with thickness of 2–8 μm are present in the intergranular space: (Cr)Ni,Mo,Co, (Cr)Mo,Re and (Cr)Re,Mo. 

The formation of the Ni(Al,Ti) phase at grain boundaries was identified, contributing to an enhancement in plastic resistance and overall 

strength of the alloy. Oxidation mechanisms varied across different processing modes, with the size of structural components significantly 

influencing oxidation kinetics. The weight gain observed in SHS samples was 70 ± 10 g/m2 with oxidation predominantly occurring along 

the NiAl interphase boundaries and penetrating into the depth of the sample. TEM facilitated the identification of phases enriched with Ti 

microadditions, reducing the levels of dissolved nitrogen and oxygen within the intermetallic phase to a combined weight percentage (∑O,N) 

of 0.0223 wt.%.
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Аннотация: По технологии центробежной СВС-металлургии при разных технологических режимах и дополнительных металлур-

гических переделах (вакуумный индукционный переплав и вакуумный дуговой переплав) получен сплав: base–2,5Mo–1,5Re–

1,5Ta–0,2Ti. Исследовано влияние режимов на содержание неметаллический включений и примесей, особенности структуры, 

механические свойства при сжатии, кинетику и механизм окисления при температуре 1150 °C в течение 30 ч. С ростом цен-

тробежного ускорения доля неметаллических включений (балльность) снижается с 5 до 1–2 ед. Наилучшее сочетание свойств 

по соотношению прочности, предела текучести и остаточной деформации имеет сплав, полученный в условиях перегрузки 

g = 50: σв = 1640 ± 20 МПа, σ0,2 = 1518 ± 10 МПа. При значениях перегрузки g = 20÷300 состав продуктов синтеза соответствует 

расчетным значениям. Суммарное содержание примесей составляет 0,15 ± 0,02 %, что находится в области допустимых значе-

ний. С увеличением центробежной силы уменьшается содержание газовых примесей: кислорода – до 0,018 %, азота – до 0,0011 %. 

Структура сплавов характеризуется образованием в матрице глобулярных и строчечных включений твердого раствора на осно-

ве Cr. В межзеренном пространстве присутствуют включения (Cr)Ni,Mo,Co, (Cr)Mo,Re и (Cr)Re,Mo толщиной 2–8 мкм. На границах 

зерен образуется фаза Ni(Al,Ti), обеспечивающая рост сопротивления пластической деформации и повышение прочности спла-

ва. Механизм окисления сплавов, полученных по разным режимам, отличается. Существенное влияние на кинетику окисле-

ния оказывает размерный фактор структурных составляющих. Прирост массы СВС-образцов составляет 70 ± 10 г/м2. Процесс 

окисления происходит по межфазным границам NiAl в глубь образца. C помощью просвечивающей электронной микроскопии 

идентифицированы фазы, содержащие микродобавки Ti, которые снижают содержание в интерметаллидной фазе растворен-

ных азота и кислорода до значения ∑O,N = 0,0223 мас.%.

Ключевые слова: жаропрочные никелевые сплавы, центробежное СВС-литье, центробежное ускорение, вакуумный индукцион-

ный переплав (ВИП), вакуумный дуговой переплав (ВДП), неметаллические включения, содержание газовых примесей, жаро-

стойкость, кинетика окисления. 
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Introduction

Heat-resistant intermetallic nickel alloys are exten-

sively employed in the construction of engines. How-

ever, these alloys exhibit certain limitations, notably 

their relatively inferior mechanical strength and plas-

ticity at ambient temperatures. Such properties not only 

hinder mechanical processing but also elevate the risk of 

material fracture [1—9]. To improve fracture toughness, 

the addition of various plasticizing additives, including 

Cr, Co, Mo, Ta, Re, Zr has been investigated [3—12]. 

Additionally, materials utilized in high-temperature 

sections of engines must meet stringent requirements 

regarding the oxidation resistance of their surfaces when 

exposed to elevated temperatures and to the effects of 

thermal cycling [3—6; 13—15]. 

Self-propagating high-temperature synthesis (SHS) 

and its variants, including elemental synthesis [8—10] 

and centrifugal SHS-casting [12; 16; 17], represent re-

cognized methods for fabricating cast and powder mate-

rials based on β-alloys. Within this domain, efforts are 

concentrated on refining the compositional makeup and 

production methodologies of CompoNiAl alloys, par-

ticularly those derived from a NiAl—Cr—Co base, here 

and after referred to as ‘the base’ [12]. 

Research aimed at augmenting crack resistance at 

reduced temperatures has led to the exploration of mi-

croalloying techniques using diverse elements within 

these alloys. Studies have identified [11; 12; 16; 18; 19] 

that in cast SHS alloys formulated from the base + X 

(where X includes La, Mo, Ta, Re, Zr), the inclusion of 

Mo and Re is instrumental in promoting the develop-

ment of a cellular eutectic structure. The introduction 

of 15 % Mo has been found to significantly bolster me-

chanical attributes, yielding σucs = 1,604 ± 80 MPa, 

σys = 1,520 ± 80 MPa, and ε = 0.79 %. Subsequent an-

nealing at 1,250 °C for 180 min further enhances these 

properties increasing σucs by 12 %, σys by 10 %, and 

ε by 100 %. The addition of 1.5 % rhenium to the base +

+ 15Mo1.5Re alloy modifies its structural composi-

tion, thereby elevating mechanical properties to σucs =

= 1,682 ± 60 MPa, σys = 1,538 ± 60 MPa, and ε = 0.87 %, 

with further improvements observed following addition-

al annealing: σucs by 20 %, σys by 7 %, and ε by 640 %. 

A hierarchical three-level structure characterizes the 

base + 15%Mo alloy: the first level consists of β-NiAl 

dendritic grains interlaced with molybdenum-enriched 

phases (Ni,Co,Cr)3Mo3C and (Mo0.8Cr0.2)xBy with cell 

size up to 50 μm; the second level includes strengthen-

ing submicron Cr(Mo) particles along grain boundaries; 

and the third level encompasses coherent Cr(Mo) na-

nodeposits (10—40 nm) within β-NiAl dendrites. The 

incorporation of alloying interstitial elements enhances 

the oxidation resistance of β-alloys by fostering the for-

mation of additional phases [11]. The alloy that incorpo-

rates zirconium demonstrates superior heat resistance, 

with an oxidation rate of 21 g/m2 over 30 h. The forma-

tion of a zirconium-rich continuous top layer compris-

ing Al2O3 + Zr5Al3O0.5 obstructs external oxygen and 

nitrogen diffusion, thereby significantly improving heat 

resistance [18].

Currently, the alloy base—2.5Mo—1.5Re—1.5Ta—

0.2Ti alloy represents the optimal composition, ex-

hibiting strength characteristics with a tensile strength 

(σucs) of 1644 ± 30 MPa, a yield strength (σys) of 1518 ±

± 25 MPa, and a total weight gain during of oxidation 

52 g/m2 [19].

Maintaining a low concentration of impurities is 

crucial for the performance of heat-resistant alloys. 

The presence of residual metallic and gaseous elements, 

along with non-metallic inclusions, adversely affects the 

mechanical, technological, and thermal resistance cha-

racteristics of these alloys [20]. A technological approach 

to mitigate these effects involves the application of con-

ventional metallurgical techniques to refine the alloy’s 

properties. Prior research on the base alloy [16] has 

demonstrated the beneficial influence of vacuum induc-

tion melting (VIM) and subsequent heat treatment (HT) 

processes on enhancing its properties. However, the ap-

plication of VIM technology may introduce non-metal-

lic inclusions into the alloy due to interactions between 

the metal and lining materials. Thus, it becomes essen-

tial to investigate the structural and property changes in 

alloys subjected to vacuum arc remelting (VAR) within a 

copper-cooled crystallizer.

This study aims to examine the influence of synthesis 

parameters (SHS-M) and additional treatment (VIM, 

VAR, HT) on the structural parameters, mechanical 

properties and resistance to high-temperature oxidation 

(heat resistance) of the base—2.5Mo—1.5Re—1.5Ta—

0.2Ti alloy. 

Research materials and methods

The synthesis was performed using a radial centrif-

ugal apparatus, subject to high gravitational forces of 

up to 300 g. Reference [12] outlines the centrifugal ap-

paratus’s overall configuration. The design of this ap-

paratus allows for the precise adjustment of the centri-

fugal rotor’s speed, thus achieving the desired overload 

conditions. This technology is characterized by its use 

of readily available oxide raw materials and its capa-

bility to reach high combustion temperatures between 

2100—3500 °С. Such temperatures facilitate the segre-
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gation of the target product phase from the slag phase. 

The chemical process involved can be summarized by 

the equation:

NiO + Cr2O3 + Co3O4 + MoO3 + Al + (AA) + (FA) →

→ [NiAl–Cr–Co–Mo–(Х)] + Al2O3,

where AA (alloying addition) includes Mo, Re, Ta, and 

Ti; FA (functional addition) comprises CaF2, Na3[AlF6], 

etc.; X is a metal (Ta, Re, Ti).

Table 1 presents the classifications and characteris-

tics of the initial powders used in the synthesis. Alloying 

additions were incorporated into the reaction mixture to 

achieve the specific desired composition of the alloy.

The preparing exothermic mixtures commenced 

with the drying of components within SNOL-type ov-

ens (t = 90 °С, τ = 1 h). Subsequent steps included the 

precise measurement of reagents, their mixing, and the 

placement of the resulting mixture into graphite molds. 

The mixing process utilized an MP4/0.5 planetary ball 

mill for a period of 15—20 min, with a jar capacity of 

1 L and a ball-to-powder weight ratio set at 1 : 5. Due 

to the processing temperature of the mixtures surpass-

ing the melting points of the end synthesis products, 

phase segregation was facilitated by the gravitational 

separation of the molten metal from the slag. Within the 

reaction mixture, tantalum (Ta), rhenium (Re), and ti-

tanium (Ti) were incorporated as pure elements, where-

as molybdenum (Mo) was added in the form of MoO3 

oxide. The utilization of aluminum powder in varying 

grades served to regulate the self-propagating high-tem-

perature synthesis (SHS) process [11; 12]. 

To evaluate the impact of impurity elements and 

non-metallic inclusions on the alloy’s properties, addi-

tional processes were employed: vacuum induction melt-

ing (VIM) with subsequent ingot casting (slow crystalli-

zation; Vcooled 1 = 50 °С/min) and rod extrusion directly 

from the molten state (rapid crystallization, Vcooled 2 =

= 250 °С/min) for the base—2.5Mo—1.5Re—1.5Ta—

0.2Ti alloy sample under an overload condition of g = 50, 

following by vacuum arc remelting (VAR) in the copper 

cooled crystallizer. 

SHS ingots undergo melting within a vacuum in-

duction melting furnace VIP-010. This furnace facil-

itates the melting of ingots within an corundum cru-

cible, accommodating weights ranging from 0.5 to 10 

kg, for subsequent pouring into a steel mold-crystal-

lizer. The vacuum induction melting of the SHS ingot 

is executed within the vacuum arc remelting furnace, 

capable of producing ingots up to 500 g. An advantage 

of VAR lies in the absence of interaction between the 

liquid metal and the furnace lining materials at elevat-

ed temperatures, as the melting occurs within a cooled 

copper crystallizer. This process significantly dimin-

ishes the presence of non-metallic inclusions within 

the alloy.

Given the lack of standard regulatory documents for 

the metallographic assessment of intermetallic nickel-

aluminum system alloys, we adopted the metallographic 

method designated for evaluating non-metallic inclu-

sions in steel (GOST 1778-70). This approach was sim-

plified by amalgamating all categories of non-metallic 

inclusions, aiming to demonstrate the feasibility of en-

hancing alloy quality through modifications in centrifu-

gal acceleration values and supplementary furnace treat-

ment. The comparative analysis of the produced ingots 

focused on qualitative improvements without delving 

into the precise quantitative presence of each non-me-

tallic inclusion type. Sample sections for this evaluation 

were selected and prepared in strict adherence to GOST 

1778-70 standards.

For the quantitative analysis of major elements and 

impurities, a suite of sophisticated analytical instru-

ments was employed, including the Finnigan Element 

GD (glow discharge) mass spectrometer (Thermo Fisher 

Scientific, Germany), the iCAP 6300 inductively cou-

pled plasma-atomic emission spectrometer (Thermo 

Fisher Scientific), and a Nier—Johnson double-focus-

ing mass spectrometer. The analysis of carbon and sul-

Table 1. Characteristics of initial components 
and modifying additions

Таблица 1. Характеристики исходных веществ 

и модифицирующих добавок

Substance Brand GOST/TS

Particle 

size, 

μm

Purity, 

%

Main components

NiO OSCh ТS 6-09-02439-87 <40 99.00

Cr2O3 Ch ТS 6-09-4272-84 <20 99.00

Co3O4 OSCh GOST 18671-73 <30 99.00

Al PА-4 GOST 6058-73 <140 98.00

Al ASD-1 ТS 48-5-226-87 <50 99.70

Modifying addit ions

MoO3 ChDA ТS 6-09-4471-77 <50 99.00

Ta ТаPM ТS 48-19-72-92 <20 98.00

Re Ре-0 ТS 48-4-195-87 <150 99.99

Ti PТОМ-1 ТS 14-22-57-92 30 99.80
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fur content in metals was carried out using the SC844 

analyzer (LECO, USA), while the determination of oxy-

gen, nitrogen, and hydrogen concentrations utilized the 

ONH836 analyzer (LECO).

The phase composition of the materials was deter-

mined through X-ray diffraction phase analysis (XRD) 

employing a D2 PHASER diffractometer (Bruker AXS 

GmbH, Germany) with CuKα-radiation within an angle 

range of 2θ = 10÷140°. 

Microstructural analyses were conducted using the 

S-3400N scanning electron microscope (SEM) (Hi-

tachi, Japan) equipped with the “NORAN System 7 

X-ray Microanalysis System” (Thermo Scientific, USA) 

for energy-dispersive spectrometry. Further investiga-

tion was facilitated by the JEM-2100 transmission elec-

tron microscope (TEM) (Jeol, Japan) with a double-tilt 

beryllium holder, utilizing lamellae prepared from 

pre-manufactured foil through the focused ion beam 

(FIB) method on the “Quanta 200 3D FIB” microscope 

(FEI Company, USA). The foils for TEM analysis were 

prepared via ion etching using the “PIPS II System” 

(Gatan, Inc., USA).

Mechanical compression testing at ambient tem-

perature was executed on the LF-100KNa universal 

machine (Walter + Bai AG, Switzerland) according to 

GOST 25.503-97 standard. 

Oxidative annealing experiments were performed 

in an open atmosphere at a temperature of 1150 °C for 

30 h, with sample weights measured periodically in the 

SShOL 1.1.6/12-M3 laboratory electric pit-type heating 

furnace. The mass change of samples over specified du-

rations was calculated relative to the unit surface area. 

Oxidation curves and corresponding approximation 

equations were formulated based on the collected data. 

The parabolic oxidation rate constant (kp) for the studied 

alloys was calculated using the equation:

(Δm/S)2 = kpτ,  (1)

where m is the change in mass, S is the surface area, 

and τ is the time.

Results and discussion

As the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy 

was synthesized using the centrifugal installation, sev-

eral key parameters were quantitatively assessed: the 

burning rate (U ) of the mixture, the scattering of the 

mixture (η1), and the completeness of the metal phase 

yield in the ingot (η2). The burning rate of the mix-

ture during synthesis, under conditions of up to g = 20 

overload, was U = 13 ± 1 mm/s. An increase in over-

load to g = 300 resulted in a heightened burning rate, 

recorded at U = 23 ± 2 mm/s. The parameter designat-

ed as the scattering of the mixture (η1) demonstrated 

a significant reduction only upon reaching the maxi-

mum overload value (g = 300). Moreover, an incremen-

tal overload was associated with a uniform rise in the 

“yield ratio”, or the completeness of the metal phase 

yield (η2) (Table 2). 

In this investigation, four ingots were synthesized 

under varying conditions (refer to the entries of 1—4 

Table 2).

Additionally, to explore the impact of metallurgical 

processing on the alloy’s properties, three samples (5—

7) received supplementary treatments: g = 50 + VIM 

into the ingot (5); g = 50 + VIM into the rod (6) and g =

= 50 + VAR (7).

Figure 1 presents a comparative analysis of the rat-

ings assigned to the content of non-metallic inclusions, 

derived from the microstructural examination of the al-

loys utilizing an optical microscope. 

The analysis of the alloy samples’ structures revealed 

several distinctive characteristics. The SHS alloy samp-

le 1 (g = 1) exhibited a dendritic structure accompanied 

by a considerable presence of heterogeneous inclusions 

and pores, a result of the absence of centrifugal accel-

eration during the alloy’s synthesis. This sample was as-

signed the maximum score (4—5 points) among the ones 

studied. SHS alloy sample 2 (g = 20) displayed a struc-

ture predominantly composed of the metallic phase, al-

beit with inclusions averaging a score of 3 points.

Table 2. Synthesis parameters of the base–2.5Mo–1.5Re–1.5Ta–0.2Ti alloy

Таблица 2. Параметры синтеза сплава base–2,5Mo–1,5Re–1,5Ta–0,2Ti

Sample 

No.

Overload

g

Burning rate 

U, mm/s

Scattering 

of the mixture 

η1, %

Completeness of the metal phase 

yield in the ingot

η2, %

1 1 12.8 4.2 79

2 20 13.3 3.8 84

3 50 22.6 3.8 92

4 300 25.8 1.8 98.7
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Exposure of the melt to an overload of g = 50 resulted 

in the production of ingot 3, which exhibited a reduc-

tion in impurities and non-metallic inclusions, leading 

to an average score of 2 points. Further increases in 

overload did not significantly alter the inclusion rating, 

with sample 4 achieving an average score of 1—2 points. 

It is noteworthy that additional metallurgical processes 

(VIM, VAR) did not substantially decrease the inclusion 

scores (remaining within 1—2 points); however, these 

treatments notably affected the sizes of the structural 

components.

A comprehensive examination of the alloys’ mi-

crostructures through SEM is depicted in Fig. 2. This 

analysis revealed that at a centrifugal force of g = 20, the 

average size of the NiAl structural cells is 90 ± 10 μm, 

whereas at g = 300, the cell size significantly reduces to 

15 ± 5 μm. The dimension of these structural constitu-

ents plays a crucial role in influencing the mechanical 

Fig. 1. Photographs and analysis of sections for non-metallic inclusion content in the base–2.5Mo–1.5Re–1.5Ta–0.2Ti alloy 

under various conditions and technologies

а – SHS, g = 1; b – SHS, g = 20; c – SHS, g = 50; d – SHS, g = 300; e – SHS (g = 50) + VIM (ingot); f – SHS (g = 50) + VIM (rod); 

g – SHS (g = 50) + VAR; h – the content of non-metallic inclusion

Рис. 1. Фотографии и анализ шлифов на содержание неметаллических включений 

сплава base–2,5Mo–1,5Re–1,5Ta–0,2Ti при различных режимах и технологиях получения

а – СВС, g = 1; b – СВС, g = 20; c – СВС, g = 50; d – СВС, g = 300; e – СВС (g = 50) + ВИП (в слиток); 

f – СВС (g = 50) + ВИП (в стержень); g – СВС (g = 50) + ВДП; h – содержание неметаллических включений 

S = 1,18 %, score: 4–5

S = 0,70 %, score: 1–2

S = 0,80 %, score: 1–2

S = 0,92 %, score:  3

S = 0,73 %, score: 2

S = 0,84 %, score: 2

S = 0,72 %, score: 1–2

a c

d f

h
g

b

e
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properties and oxidation resistance of the alloys [11; 20—

22]. Studies [11; 19] emphasize the transformative effect 

of adding minute amounts of rhenium to the alloy’s 

structure. At elevated overload values, the synthesized 

molten products undergo intensive mixing, facilitating 

the uniform dispersion of refractory rhenium throughout 

the melt. Consequently, rhenium grains serve as crys-

tallization nuclei during the cooling process. This phe-

Fig. 2. Microstructure 

of the base–2.5Mo–1.5Re–1.5Ta–0.2Ti 

alloy samples

Рис. 2. Микроструктура образцов 

сплава base–2,5Mo–1,5Re–1,5Ta–0,2Ti 

a

c d

f

g

b

e
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nomenon is corroborated by the chemical analysis of the 

alloy synthesized at g = 20, which indicates an increase 

in rhenium content corresponding with higher overload 

levels, from 1.37 % up to the anticipated concentration of 

1.5 ± 0.2. Regarding the completeness of the metal phase 

yield in the ingot (η2 in Table 2), it is observed that in 

the absence of centrifugal forces or at minimal overloads 

(below 20 g), rhenium partially transitions into the oxide 

(slag) phase. This transition is not economically viable, 

especially considering the high cost of rhenium.

Figure 3 shows the analysis of the structural compo-

nents in alloy 3 (g = 50). Within the β-NiAl matrix, the 

formation of globular and string-like micron and sub-

micron inclusions of a chromium-based solid solution 

is noted. These inclusions, ranging from 2 to 8 μm in 

thickness, are located within the intergranular spaces, 

comprising (Cr)Ni,Mo,Co, (Cr)Mo,Re and (Cr)Re,Mo. The 

formation of the Ni(Al,Ti) phase at the grain boundaries 

is observed, contributing to an enhanced plastic resist-

ance and overall strength of the alloy.

The mechanical properties of the base—2.5Mo—

1.5Re—1.5Ta—0.2Ti alloy samples, synthesized under 

varying centrifugal accelerations (1—300 g) and sub-

jected to additional metallurgical processes, are de-

tailed in Table 3. Alloys produced under conditions of 

elevated centrifugal acceleration (g = 50÷300) exhibited 

optimal mechanical properties, with a tensile strength 

(σucs) of 1640 ± 20 MPa and a yield strength (σys) of 

1518 ± 10 MPa. In contrast, samples subjected to va-

cuum induction melting (VIM) in ingot form showed de-

teriorated mechanical properties, with σucs and σys va-

lues of 1304 ± 10 MPa and 1126 ± 10 MPa, respective-

ly. This reduction in mechanical strength is attributed 

Fig. 3. Microstructure of the base–2.5Mo–1.5Re–1.5Ta–0.2Ti alloy (g = 50) (а), focused area of analysis (b), 

and the distribution map of the main alloying elements

Рис. 3. Микроструктура сплава base–2,5Mo–1,5Re–1,5Ta–0,2Ti (g = 50) (а), выделенная область анализа (b) 

и карта распределения основных легирующих элементов 

Table 3. Mechanical properties 
of the base–2.5Mo–1.5Re–1.5Ta–0.2Ti alloys

Таблица 3. Механические свойства сплавов 

base–2,5Mo–1,5Re–1,5Ta–0,2Ti

Sample 

No.

Production 

technique
σucs, MPa σys, MPa ε, %

1 SHS, g = 1 730 – <1*

2 SHS, g = 20 813 – <1

3 SHS, g = 50 1650 1522 1.95

4 SHS, g = 300 1634 1513 1.24

5 SHS (g = 50) +

+ VIM (ingot)

1304 1126 0.51

6 SHS (g = 50) +

+ VIM (rod)

1680 1555 1.34

СВС (g = 50) + VAR 1260 – <1

* The samples exhibited brittle fracture.

a b



32

Izvestiya. Non-Ferrous Metallurgy  •  2024  •  Vol. 30  •  No. 1 •  P. 24–41

Sanin V.V., Aheiev M.I., Loginov P.A. et al. Structural characteristics and properties of heat-resistant nickel β-alloys produced...

to the growth in grain size resulting from slow cooling 

rates (Vcooled 1 = 50 °С/min). An indirect confirmation 

of the influence of cooling rates on mechanical proper-

ties is observed in the SHS + VIM (rod) samples. Unlike 

the ingot samples, these 8-mm diameter rods were ex-

truded from the melt under identical processing condi-

tions but cooled at a rate akin to that of the SHS process 

(Vcooled 2 = 250 °С/min), resulting in superior mechani-

cal properties: σucs = 1680 ± 10 MPa and σys = 1555 ±

± 10 MPa. This suggests that by leveraging additional 

thermal post-treatment, it is possible to enhance the me-

chanical properties of the alloy, as corroborated by pre-

vious research [11; 12; 16].

Managing the chemical composition of alloys and 

minimizing the presence of undesirable impurities is a 

crucial aspect of the alloy synthesis process. Table 4 out-

lines the concentrations of principal alloying elements 

and impurities in the synthesized multicomponent 

base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloys under vari-

ous overload conditions and subsequent metallurgical 

treatments.

Chemical analyses of samples processed through dif-

fering technological protocols indicated alignment with 

the anticipated compositions at overloads g = 20÷300. 

The chemical composition showcased optimal charac-

teristics at overloads between g = 50 and 300. Impurities 

such as Mg, Na, Si, Ca, K, Mn, and Cu are incidental, 

originating from the initial reagents and incorporat-

ed into the synthesis products. The aggregate impurity 

content remained within an acceptable limit of 0.15 ±

± 0.02 %. The tungsten (W) content increased across all 

samples to a maximum of 0.04 %, likely introduced from 

the grinding balls during material mixing. After VAR, 

tungsten concentration further escalated to 0.11 wt.%, 

attributable to process-specific dynamics and interac-

tions between the melt and the material of the non-con-

sumable electrode (W).

Regarding gas impurities (O, N) — critical for alloy 

workability — a decreasing trend in their concentrations 

was observed with increasing centrifugal force. Oxygen 

content diminished from 0.13 % at g = 1 to 0.018 % at 

g = 300, while nitrogen content decreased from 0.0074 

to 0.0011 %. These gas impurities influence not only 

mechanical properties but also the oxidation mecha-

nism. VIМ and VAR significantly alter the impurity 

profile; post-VIM processing reduced oxygen content 

in the ingot from 0.018 to 0.0016 % and nitrogen con-

tent from 0.0011 to 0.0001 %. However, this also af-

fected the ratios of fusible elements (Cr, Ta, Al, Ti), 

thereby impacting the alloy’s composition and prop-

erties.

The subsequent phase of the study focused on evaluat-

ing the effects of impurities and non-metallic inclusions 

on the properties of the base—2.5Mo—1.5Re—1.5Ta—

Table 4. Content (wt.%) of alloying elements and impurities in base–2.5Mo–1.5Re–1.5Ta–0.2Ti alloys

Таблица 4. Содержание (мас.%) легирующих элементов и примесей 

в сплавах base–2,5Mo–1,5Re–1,5Ta–0,2Ti

Element
Ordered 

composition
g = 1 g = 20 g = 50 g = 300

g = 50 + VIM 

(ingot)

g = 50 + VIM 

(rod)
g = 50 + VAR

Ti 0.15–0.25 0.13 0.15 0.21 0.20 0.17 0.19 0.12

Mo 2.0–3.0 1.83 2.11 2.46 2.48 2.44 2.46 2.56

Re 1.4–1.7 1.26 1.37 1.49 1.52 1.47 1.46 1.53

Ta 1.4–1.7 1.86 1.64 1.46 1.46 1.24 1.29 1.38

W – 0.033 0.032 0.031 0.037 0.031 0.031 0.11

O – 0.13 0.037 0.021 0.018 0.0016 0.0026 0.0018

N – 0.0074 0.0068 0.0013 0.0011 0.0001 0.0001 0.0001

C – 0.013 0.014 0.017 0.017 0.011 0.011 0.011

S – 0.0046 0.0041 0.0033 0.0032 <0.0005 <0.0005 <0.0005

∑1 – 0.1627 0.1533 0.1716 0.1543 0.1498 0.1502 0.2236

∑2 – 0.1410 0.1374 0.0223 0.0191 0.0017 0.0027 0.0019

Примечание. ∑1 – impurity content; ∑2 – sum of gas impurities.
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0.2Ti alloy through oxidative annealing conducted in 

an open environment at 1150 °C for 30 h, with periodic 

sample weighing. 

The ingot synthesized at g = 1 was omitted from the 

experimental series due to non-compliance with chemi-

cal composition standards and inadequate mechanical 

performance. Table 5 details the mass gains of samples 

following oxidative annealing and the derived approxi-

mation equations corresponding to the oxidation curves 

depicted in Fig. 4. Additionally, Fig. 4 illustrates the pa-

rabolic oxidation rate constant curves for the examined 

alloys.

Table 5. Impact of alloying additions on the oxidation kinetics of base–2.5Mo–1.5Re–1.5Ta–0.2Ti cast alloys

Таблица 5. Влияние легирующих добавок на кинетику окисления литых сплавов base–2,5Mo–1,5Re–1,5Ta–0,2Ti

Sample No. Production technique Approximation equation Weight gain, g/m2

2 SHS, g = 20 y = 0.0021x2 + 2.1508x + 4.091 70.5

3 SHS, g = 50 y = –0.0006x3 + 0.0038x2 + 3.0137x + 1.5265 78.8

4 SHS, g = 300 y = –0.0315x2 + 2.9026x + 3.3651 62.7

5 SHS (g = 50) + VIM (ingot) y = –0.0022x4 + 0.1539x3 – 3.7188x2 + 45.51x + 22.95 421.5

6 SHS (g = 50 ) + VIM (rod) y = –0.0009x3 + 0.0466x2 + 0.8678x + 1.6188 45.1

7 SHS (g = 50) + VAR y = 8.6204x0,9 183.58

Fig. 4. Oxidation kinetic curves (а, в) and rate constant (kp) (б, г) for base–2.5Mo–1.5Re–1.5Ta–0.2%Ti alloys at 1150 °C 

for 30 h

Рис. 4. Кинетические кривые (а, в) и константа скорости (kp) окисления (б, г) сплавов base–2,5Mo–1,5Re–1,5Ta–0,2%Ti 

при температуре 1150 °С в течение 30 ч
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For all samples, except for the one subjected to VAR, 

the oxidation behavior aligns with the parabolic law, in-

dicative of a typical oxidation process. Initially, during 

oxidation, a dense protective oxide layer forms across 

the surface of all alloys, significantly inhibiting further 

oxidation. The oxidation pattern for the VAR-treated 

sample adheres to an exponential law, demonstrating 

an atypical oxidation course. This anomaly is evidenced 

by the initial destruction of the oxide layer, followed by 

the development of a crack within the sample itself (at 

τ = 11÷12 h), a phenomenon substantiated by photo-

graphic documentation post 30 h of oxidative annealing 

(Fig. 5). 

The diffraction spectra of the surfaces of β-alloys, 

oxidized at a t = 1150 °С (τ = 30 h), are depicted in Fig. 6. 

Predominant peaks correspond to the phases of γ-Al2O3 

aluminum oxide and Co2CrO4 spinel, constituting the 

primary oxidation products and forming the protective 

upper layer. Alongside these oxides, phases based on 

nickel aluminide are detected, with alloying additions 

transitioning into a solid solution. 

The oxidation mechanism across all samples under 

investigation is uniform, where oxygen and nitrogen in-

filtrate the alloy through the destructible Al2O3 oxide 

surface film and a porous layer of Co2CrO4 spinel. The 

presence of non-metallic inclusions or impurities within 

the alloy exhibits negligible influence on the high-tem-

perature oxidation process. As indicated by the oxida-

tion kinetic curves (refer to Fig. 4) and microstructural 

images of the oxidized layer (Fig. 7), all SHS samples 

(g = 20÷300) similar oxidation dynamics, featuring the 

formation of top oxide and nitride layers adjacent to the 

alloy. The observed weight gain is 70 ± 10 g/m2. The 

Fig. 6. Diffraction spectra of oxidized surface 

of the base–2.5Mo–1.5Re–1.5Ta–0.2Ti alloy

Рис. 6. Дифракционные спектры окисленной 

поверхности сплава base–2,5Mo–1,5Re–1,5Ta–0,2Ti

Fig. 5. Appearance of base–2.5Mo–1.5Re–1.5Ta–0.2Ti alloy samples after annealing at a 1150 °C for 30 h

Рис. 5. Внешний вид образцов сплавов base–2,5Mo–1,5Re–1,5Ta–0,2Ti после отжига при температуре 1150 °С 

в течение 30 ч

SHS, g = 20

SHS + VIM (ingot)

SHS, g = 50

SHS + VIM (rod)

SHS, g = 300

SHS + VAR
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SHS sample synthesized at g = 20 is distinguished by 

the wedge-like penetration of aluminum nitrides into 

the ingot along the grain boundaries, which contributes 

to an increased oxide layer thickness. The mass gain for 

the SHS + VIM (rod) sample registers at 45.1 ± 10 g/m2, 

likely attributable to the diminution of deleterious gas 

impurities from ∑O,N = 0.0191 wt.% in the SHS sample 

(g = 300) to ∑O,N = 0.0027 in the SHS + VIM (rod) sam-

ple. The dissolved nitrogen and oxygen content marked-

ly affects both the kinetics and mechanism of oxidation. 

[18; 19]. However, the impact of dissolved gases on oxi-

dation mechanisms must be evaluated in conjunction 

with the scale of structural constituents.

The VIM ingot sample, cooled at a different rate 

and characterized by larger dendritic sizes, displayed 

distinct oxidation kinetics and mechanism. This sam-

ple witnessed an oxidized layer thickness exceeding 

250 μm, with oxidation progressing along β-phase inter-

phase boundaries. Its substantial mass gain during oxi-

dation (τ = 30 h; 421 ± 5 g/m2) is attributed to intense 

oxidation (kp = 5.28·10–9÷1.64·10–8 g2/cm4/s), where 

Cr and Mo form volatile oxides that sublimate without 

forming additional protective layers, leaving no contin-

uous aluminum oxide layer on the sample’s surface. 

The SHS + VAR sample also recorded a high mass 

gain during oxidation (τ = 30 h; 183 ± 5 g/m2), with no-

Fig. 7. Microstructure of base–2.5Mo–1.5Re–1.5Ta–0.2Ti alloy samples after annealing at 1150 °C for 30 h

Рис. 7. Микроструктура образцов сплавов base–2,5Mo–1,5Re–1,5Ta–0,2Ti после отжига при температуре 1150 °С 

в течение 30 ч

SHS, g = 20 SHS, g = 50

SHS + VIM (ingot)SHS, g = 300

SHS + VIM (rod) SHS + VAR

a

c d

f

b

e
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table crack formation after 12 h (Fig. 5) shows a crack 

formed after 12 h of oxidation. Analysis (Fig. 5 and 7) 

reveals that structural components’ dimensional factors 

resemble those in other samples, but the oxidation kine-

tics change with alterations in chemical composition due 

to the VAR process. This process increases the tungsten 

content to 0.11 wt.%, while reducing the presence of tan-

talum and other elements (refer to Table 4).

The examination of the oxidized surface of samp-

le 3 of the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy 

(g = 50) is depicted in Fig. 8. This alloy is composed of 

three distinct layers. The uppermost oxide layer, measur-

ing 40 μm in thickness and comprising Al2O3 and 

Co2CrO4 spinel, is notable for its low density and the 

presence of numerous pores. Beneath this layer lies a 

thin, continuous sublayer of Al2O3 (5—10 μm thick) that 

acts as a barrier against oxygen infiltration into the ma-

Fig. 8. Surface microstructure of oxidized (а) base–2.5Mo–1.5Re–1.5Ta–0.2Ti sample (g = 50), 

selected areas for analysis (b–d), element distribution maps, lamellae cutting site (c)

Рис. 8. Микроструктура поверхности окисленного образца (а) состава base–2,5Mo–1,5Re–1,5Ta–0,2Ti (g = 50), 

выделенные области анализа (b–d), карты распределения элементов и место резки ламели (c) 

Fig. 9. TEM image and EDS analysis areas of lamella 

from oxidized layer of base–2.5Mo–1.5Re–1.5Ta–0.2Ti 

sample (g = 50) in the Me–MeO transition layer

Рис. 9. ПЭМ изображение ламели из окисленного слоя 

образца base–2,5Mo–1,5Re–1,5Ta–0,2Ti (g = 50) 

и области ЭДС в переходном слое Me–MeO 

a

c d

b
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terial. Adjacent to the substrate, a substantial layer (up to 

100 μm thick) predominated by AlN features inclusions 

of chromium-containing phases such as (Cr,Co)Ni, 

(Cr)MoRe, and (Cr)Mo. 

TEM studies were conducted to detail the compo-

sition of dispersed phases located along the AlN grain 

boundaries in the intermediate layer near the substrate. 

A lamella was extracted from the cross-section of the 

metal-nitride (MeN—Me) transition layer, with its po-

sition depicted in Fig. 8, c. The structure of this lamella 

is illustrated in Figs. 9 and 10, with specific analysis sites 

marked in Fig. 9. These sites were identified using the 

EDS method (spectra 1—5), and the findings are docu-

mented in Table 6. AlN, exhibiting a hexagonal crystal 

structure (space group P63mc) with lattice parameters 

a = 3.078 Å and c = 5.004 Å, is identified as the princi-

pal phase of the transition layer (Fig. 9, Table 6, spect-

rum 1). Nitrogen diffusing along the grain boundaries of 

the porous oxide layer Al2O3 + Co2CrO4 into the alloy’s 

depth, and nitrogen impurities in the alloy, react with 

the aluminum in the matrix to form AlN. This interac-

tion leads to a localized depletion of aluminum in the 

alloy, resulting in the creation of chromium (Cr)-based 

solid solutions with a BCC crystal lattice (space group 

Im3m), containing Ti, Co, Ni, Mo, and Re in concen-

trations ranging from 5 to 24 at.% (Fig. 9, Table 6, spec-

tra 3—5). Moreover, the oxidized layer contains submi-

cron grains of a titanium-containing phase, likely TiN 

nitride (spectrum 2).

At the interface of the solid solution of chromium 

(Cr) and AlN aluminum nitride, submicron inclusions 

of the HCC-phase of TiN with a lattice parameter a =

= 4.207 Å were observed (Fig. 10). The formation of 

TiN, in reducing the alloy’s dissolved nitrogen content 

Table 6. Chemical composition (at.%) of lamella from oxidized layer 
of base–2.5%Mo–1.5%Re–1.5%Ta–0.2%Ti sample (g = 50)

Таблица 6. Химический состав (ат.%) ламели из окисленного слоя 

образца base–2,5Mo–1,5Re–1,5Ta–0,2Ti (g = 50)

Spectrum N Al Ti Cr Co Ni Mo Re

1 38.71 61.29 – – – – – –

2 52.83 – 40.24 5.63 0.38 0.93 – –

3 – – 21.79 48.61 5.76 18.35 5.49 –

4 – – – 49.31 12.33 20.40 10.83 7.13

5 7.28 – – 54.11 7.36 24.04 7.20 0.00

Fig. 10. TEM image of transition layer in base–2.5Mo–1.5Re–1.5Ta–0.2Ti sample (g = 50)

а – distribution of structural components; b – enlarged view of TiN phase; c – X-ray diffraction pattern from AlN grain along zone axis [010]; 

d – X-ray diffraction pattern from TiN grain along zone axis [110]

Рис. 10. ПЭМ-изображение структурных составляющих переходного слоя образца base–2,5Mo–1,5Re–1,5Ta–0,2Ti 

(g = 50)

а – распределение структурных составляющих в ламели; b – увеличенная область фазы TiN; 

c – электронограмма с зерна AlN вдоль оси зоны [010]; d – электронограмма с зерна TiN вдоль оси зоны [110]

a

c d

b
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(refer to Table 4), also activates the diffusion of alumi-

num towards the surface. This process facilitates the 

formation of a dense oxide layer, thereby enhancing the 

alloy’s heat resistance. 

Investigating the effects of impurities and non-me-

tallic inclusions on the mechanical properties and oxida-

tion kinetics of the base—2.5Mo—1.5Re—1.5Ta—0.2Ti 

alloy is crucial for devising the optimal ingot production 

method to achieve superior alloy characteristics.

Conclusions

1. The investigation elucidated the significant im-

pact of centrifugal acceleration and subsequent metal-

lurgical treatments (VIM) and VAR) on the structural, 

mechanical, and thermal resistance characteristics of 

the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy. 

2. Evaluation of the samples, adhering to 

GOST 1778-70 and amalgamating all categories of 

non-metallic inclusions, demonstrated a reduction in 

the presence of non-metallic inclusions from 5 to 1—

2 points with an increase in centrifugal acceleration. 

The optimal centrifugal acceleration was identified as 

g = 50, beyond which the reduction in inclusion count 

was not significantly observed. While metallurgical 

processing (VIM, VAR) did not notably affect the in-

clusion score, it resulted in the noticeable growth of 

grain size.

3. Within the β-phase matrix, the presence of glo-

bular micron and submicron inclusions of a chromi-

um solid solution was noted. Inclusions (Cr)Ni,Mo,Co, 

(Cr)Mo,Re and (Cr)Re,Mo with a thickness of 2—8 μm are 

formed in the intergrain space. Additionally, the forma-

tion of the Ni(Al,Ti) phase at grain boundaries was ob-

served, contributing to an enhanced resistance to plastic 

deformation and increased alloy strength.

4. The best combination mechanical properties, in-

cluding tensile strength (σucs), yield strength (σys), and 

residual deformation, were observed in alloys synthe-

sized under overload conditions of g = 50 to 300, achiev-

ing σucs = 1640 ± 20 MPa and σys = 1518 ± 10 MPa. 

the SHS + VIM samples (ingot) exhibited deteriorated 

mechanical properties (σucs = 1304 ± 10 MPa and σys =

= 1126 ± 10 MPa), attributed to the enlargement of struc-

tural components due to slow cooling rates (Vcooled 1 =

= 50 °С/min).

5. Impurity elements such as Mg, Na, Si, Ca, K, 

Mn, Cu were identified as incidental, originating from 

the initial reagents. The total impurity content remained 

within acceptable limits of 0.15 ± 0.02 %. Notably, an 

increase in centrifugal acceleration resulted in a de-

crease in the levels of impurity oxygen and nitrogen.
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