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One of the ways to improve the performance of gas-turbine engine blades is
improvement the alloying complexes of heat-resistant nickel alloys used for
casting. The influences of refractory metals on the macro- and microstruc-
ture and the properties of alloys of this type are analysed. It is proposed to
introduce rhenium and tantalum into a heat-resistant corrosion-resistant
nickel alloy for the production of working blades of gas-turbine engines. The
paper presents the results of the study of the influence of chemical composi-
tion on the phase—structural components of heat-resistant alloy. Phase-
transition temperatures for a new heat-resistant corrosion-resistant nickel
alloy containing rhenium and tantalum have been established: liquidus tem-
perature is of = 1370°C, solidus temperature is of 1320°C. Studies of the mi-
crostructure of the obtained samples in the cast state, after heating and cool-
ing in calorimetric studies, make it possible to confirm that the phase—
structural state corresponds to the alloy of this type, it consists of y-solid so-
lution including y’-phase and carbides. Rhenium is mainly part of the y-solid
solution, and tantalum strengthens the cell boundaries. When analysing the
structures of the studied samples after heating in a calorimeter to 1250°C,
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topologically close-packed phases in the alloy containing rhenium and tanta-
lum are not formed. Comparative studies have shown that the introduction of
rhenium and tantalum to alloy improves its thermophysical properties,
namely, liquidus, solidus and complete-dissolution temperatures, by about
50°C higher than for the standard heat-resistant nickel alloy CM88Y.

Key words: heat-resistant alloy, phase—structural stability, liquidus, solidus,
turbine blade, gas-turbine engine.

OpuHuM i3 ILIAXIB HOJIIMIIIEHHS eKCIJIyaTalliiHUX XapaKTEepPUCTUK JIOIIATOK
ra3oTypOiHHUX OBUTYHIB € BIOCKOHAJEHHS JIeI'YBAJbHUX KOMILIEKCIB 3Kapo-
MIiITHUX HiKJIEeBUX CTOIIiB, III0 BUKOPUCTOBYIOTHCA A ixX auTTsA. IIpoanasrizo-
BaHO BILJIMB TSKKOTOIMKUX METAJIiB Ha MaKpPO- i MiKPOCTPYKTYPY Ta BIaCTHUBO-
CTi CTOIiB TaKoro THUIIy. 3aIIPOIIOHOBAaHO BBeAeHHA Penito Ta TanTany y »Kapo-
MIITHU# KOPO3iNHOCTINKMIT HIiKJIEBUU CTOII IJIA OJepKaHHA poO0UNX JIOIATOK
ra3oTypOiHHMX ABUTYHIB. ¥ POOOTi IpeacTaB/IeHO Pe3yJabTATH MOCIiAKEeHHS
BILIMBY XEMiUHOTO CKJIaAy Ha (pasoBO-CTPYKTYPHI CKJIAJOBI KapoMiIlHOTO
crony. BecranoBieHno TemiepaTypu Gas3oBUX IepexodiB AJs HOBOTO JKapOMiIl-
HOT'O0 KOPOBiMHOCTIiAKOI0 HiKJIEBOTO CTOIIy, IO AOJATKOBO MicTUTh Pewmiii i
Tanran. Jocaig:KkeHHA MiKPOCTPYKTYPH OJleP:KaHUX 3pasKiB y JIUTOMY CTaHi,
micaA HarpiBy ¥ OXOJIOMKeHHA (KaJOPUMETPUYHI JOCTiMKeHH) Jal0Th MOMK-
JUBICTH ITiATBEPAUTH, III0 (DABOBO-CTPYKTYPHUI CTaH BiIOBilae BUMOTaM 10
CTOITy PO3TJIAHYTOI'O TUITY, TOOTO CKJIAZAETHCS 3 Y-TBEPAOTO POSUUHY 3 BKJIIO-
yeHHAM Y -(pasu Ta kapbizamu. Ilig yac aHaNIi3M CTPYKTYDP JOCHiAKeHUX 3pas-
KiB micasa HarpiBy B Kasmopumetpi mo 1250°C TomosioriuHO IMiJIBHO ITaKOBaHi
¢asu y cromi, 1mo mictuthk Peniii i Tantain, He yrBopioBaaucs. IIpoBeneHi mo-
PiBHAJBHI JOCTiAMKeHHS IIOKa3aJu, II0 BBEeAeHHS Y CTOII TAKKOTONKUX MeTa-
JIiB cIpusA€e MiABUIIEHHIO HOT0 TeIlJIo()isMUYHUX BJIAaCTHUBOCTEHN, a caMe, TeMIIe-
partyp JiKBigyc, cosmigyc Ta moBHOTO po3unHeHHA Y’ -(hasu, npudaus=Ho Ha 50°C
BHUIIE, Hi}K IJA CTAHIAPTHOIO XapPOMiIHOT0 HikjaeBoro crony CM88Y.

Karouosi ciioBa: xapoMinHMi KoposifiHOCTiHiKuiT HiKJIeBUil cTom, (ha3oBO-
CTPYKTYpPHA cTabiibHicTh, JiKBigyc, coiigyc, Jjomarka TypOiHM, ra3oTypoOin-
HUM ABUTYH.

(Received February 15,2022; in final version, March 16,2023 ).

1.INTRODUCTION

It is known that heat-resistant nickel alloys are used for the production
of turbine blades for gas turbine engines. The urgency of developing
new heat-resistant corrosion-resistant alloys is due to the need to in-
crease the service life of the turbine blades, increase the gas tempera-
ture before entering the turbine and save fuel. Simultaneously with
the increase in operating temperature in the turbines, it is necessary to
ensure the reliability of the blades, reduce the cost of repairing the en-
gine and the production of spare parts. In accordance with the re-
quirements of the design documentation for modern power and marine
gas turbine engines, it is necessary to ensure their reliable operation at
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the gas inlet temperature at the turbine inlet 1150-1200°C, which will
increase power compared to previously developed engines. To increase
heat resistance and reduce high-temperature corrosion of the blades,
chromium is injected from 12 to 20% of the mass in the alloys. The in-
creased chromium content promotes the formation of carbide phases in
the alloy, which reduce the ductility of the cast metal [1-7].

Heat-resistant alloys based on nickel, which are alloyed with rheni-
um, tantalum, and ruthenium, are created. The use of these elements
for alloying modern alloys allows to reduce the concentration of chro-
mium and to increase the strength without reducing the level of corro-
sion resistance of the blades.

Scientific and practical developments in recent years of world cen-
tres engaged in materials science of heat-resistant nickel alloys for gas
turbines, aircraft engines have considered materials for blades with
low chromium content [8—10]. In this case, the most promising heat-
resistant alloys based on nickel (superalloys) for gas turbine blades are
alloys doped with rhenium [11-13]. The authors of proceedings [12—
14] showed that rhenium is more effective than Ta, W, Mo and others
alloying elements and has a high solubility in the y-phase while the dis-
tribution coefficient of the alloying elements between the y'- and y-
phasesis K/K;=0.1.

The predominant dissolution of rhenium in the austenitic matrix of
the alloy reduces the rate of diffusion processes that control the soften-
ing of the metal under conditions of high-temperature creep, thereby
inhibiting the rate of coagulation and dissolution of the y’-phase. This
helps to maintain long-term strength by increasing the high-
temperature stability of the solid solution. It is empirically proved that
increasing the concentration of alloying elements with large atomic ra-
dii has a more significant effect on the change in the lattice parameter of
the y-phase than the y'-phase, and since rhenium and tantalum have an
atomic radius larger than nickel (ratio for rhenium—1.063), they have a
positive effect on the mismatch between the periods of the crystal lattic-
es of the y- and y'-phases—the so-called misfit Aa,-, = (a,— ay)/a,. Thisisa
determining factor in the long-term strength of poly- and single crystals
of heat-resistant alloys at high temperatures. Rhenium has a low diffu-
sion coefficient in nickel and therefore it inhibits the coagulation pro-
cesses of the strengthening y'-phase, thereby, increasing its thermal sta-
bility. In this case, Re partially displaces tantalum and aluminium from
the solid solution, which are mainly in the y'-phase, as a result of which
it effectively strengthens it[15, 16].

The positive effect of rhenium on the heat resistance of heat-
resistant nickel alloys is due to the increase in solidus temperature, its
increased solubility in solid nickel solution and decrease in the diffu-
sion coefficients of alloying elements.

In recent years, tantalum has been actively used for alloying heat-
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resistant alloys, which leads to a significant increase in the strength
characteristics of the alloy [17-19]. It belongs to the y'-phase-forming
elements and therefore significantly increases the heat resistance and
heat resistance of alloys, as well as the dissolution temperature of the
y'-phase. Tantalum-doped alloys are also used for the manufacture of
blades of stationary power gas turbines (GTU), for example, of type
ZMI-3U, TsNK-21, TsNK-7, TsNK-8. In them, the gas temperature at
the inlet to the turbine is from 750°C to 950°C, which is much lower
than in aviation gas turbine engines.

Studies in recent years have shown that the joint introduction of
tantalum and rhenium in the alloy provides a sharp decrease in the dif-
fusion mobility of elements in the alloy, especially at high tempera-
tures, significantly strengthens the solid solution and stabilizes the y'-
phase, in particular slows down the formation of large y'-phase parti-
cles, due to coagulation and increases the dissolution temperature of
small [19-21]. This also leads to an increase in heat resistance and
thermal stability of heat-resistant nickel alloys [17]. However, it was
found that the replacement of vanadium with tantalum in another al-
loy (ZhS32) also increases its heat resistance by about three times,
compared with alloys ZhS-6U and ZhS-26U.

The high content of refractory metals in alloys of this type increases
the risk of formation in them of fragile intermetallic topologically
densely packed (MS) phases and, above all, o-phases (Cr, Mo).(Ni, Co),,
where x and y can change in ranging from 1 to 7 [2, 9, 12, 17]. The
crystal structure of the c-phase belongs to the tetragonal with a com-
plex unit cell containing 30 atoms. Since the crystal lattices of the o-
phase and Mes3Cs carbide are coherent, the c-phase often originates on
the secretions of Me 23Cs carbide. This type of phase is formed in the
form of plates and therefore dramatically reduces the resistance to de-
struction of alloys at high temperatures, adversely affecting ductility
and durability.

The most important role in ensuring the long-term strength of
heat-resistant alloys, their manufacturability during casting and
heat treatment belongs to the temperatures of phase transfor-
mations. Temperatures of complete dissolution of the y'-phase in y-
solid solution T..4. (Tsovus), temperature solidus T's and liquidus T, are
not only characteristics of thermal stability, but also determine, in
the first approximation, the maximum temperature performance of
the heat-resistant alloy [22—-24].

Phase transition temperatures also determine some technological
properties. In particular, the temperature interval of crystallization
AT.. =T — Ts, which characterizes the tendency of alloys to form a di-
rectional columnar structure of castings during directional crystalli-
zation and bulk microporosity. The solvus and solidus temperatures
determine the conditions for the formation of a homogeneous struc-
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ture of y'-phase particles in the matrix of a homogeneous y-solid solu-
tion during heat treatment. The value of the ‘heat treatment window’,
which is expressed by the temperature difference T's— T..4., should be
large enough to carry out high-temperature homogenization without
the risk of melting [25, 26].

Over the last decade, PTIMA of the N.A.S. of Ukraine has been
studying the effect of refractory metals such as rhenium, tantalum,
ruthenium on the structure and properties of heat-resistant corrosion-
resistant alloys for gas turbine blades and created a new composition of
heat-resistant corrosion-resistant alloy containing additional rhenium
and tantalum. The purpose of this work is to study the temperatures of
phase transformations, the study of phase—structural components of
the experimental heat-resistant corrosion-resistant alloy for the blades
of the first and second stage turbines of gas turbine engines for energy
purposes. One of the ways to improve the performance of gas turbine
engine blades is improvement the alloying complexes of heat-resistant
nickel alloys used for casting. The influences of refractory metals on
the macro- and microstructure and the properties of alloys of this type
are analysed. It is proposed to introduce rhenium and tantalum into a
heat-resistant corrosion-resistant nickel alloy for the production of
working blades of gas turbine engines.

The paper presents the results of the study of the influence of
chemical composition on the phase—structural components of heat-
resistant alloy. Phase transition temperatures for a new heat-
resistant corrosion-resistant nickel alloy containing rhenium and
tantalum have been established: liquidus temperature of =1370°C,
solidus temperature of = 1320°C. Studies of the microstructure of the
obtained samples in the cast state, after heating and cooling in calori-
metric studies make it possible to confirm that the phase—structural
state corresponds to the alloy of this type, it consists of y-solid solution
including y’-phase and carbides. Rhenium is mainly part of the y-solid
solution, and tantalum strengthens the cell boundaries. When analys-
ing the structures of the studied samples after heating in a calorimeter
to 1250°C, topologically close-packed (TCP) phases in the alloy con-
taining rhenium and tantalum were not formed.

Comparative studies have shown that the introduction of rhenium
and tantalum alloy improves its thermophysical properties, namely
liquidus, solidus and complete dissolution temperatures, by about 50°C
higher than for the standard heat-resistant nickel alloy CM88Y.

2. EXPERIMENTAL/THEORETICAL DETAILS

Five samples of experimental alloy and known industrial alloy CM88Y
[6, 27-29] were investigated. The chemical composition of the samples
of experimental alloys is shown in Table 1.
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TABLE 1. Chemical composition of nickel-based heat-resistant alloys.

Heat-resistant alloy

analog, weight % Experimental heat-resistant alloys, weight %
5 0

CM88Y 1 2 3 4 5
C 0.07 0.05 0.05 0.05 0.04 0.05
Cr 15.8 12.75 12.75 12.75 12.30 12.75
Co 11.7 7.15 7.15 7.15 7.15 7.15
Mo 1.96 1.15 1.15 1.15 1.15 1.15
w 5.30 6.30 6.30 6.30 6.30 6.30
Al 3.00 3.25 3.25 3.25 3.25 3.25
Ti 4.60 2.20 3.60 2.05 2.05 2.05
Nb 0.15 0.30 0.30 0.30 0.30 0.30
Hf 0.3 <0.1 <0,1 <0.1 <0.1 <0.1
Ta - 2.75 2.75 3.30 2.75 3.30
Re - 4.00 4.00 4.00 4.00 4.00
B 0.09 0.01 0.01 0.01 0.01 0.01

To obtain prototypes of the heat-resistant alloys, which were pre-
melted from pure materials, that were melted by vacuum-induction
remelting on a foundry unit UPPF-2 by known technology (pressure in
the furnace of 1.2-2.5Pa, pouring temperature in the mould of
1560-1580°C, mould temperature of 800°C).

Determination of the number of main components of alloys and im-
purities was performed by the chemical method according to standard
methods, microdoping additives were controlled by chemical-spectral
method with a relative error of £0.001%. To study the structure, phase
and local chemical composition of the alloy used a scanning electron
microscope ‘Jeol JSM6490LV’ (Japan) with an additional node for mi-
cro-x-ray analysis ‘Oxford Jnea Drycool’.

Temperatures of phase transformations, T's, T, T..q. (complete disso-
lution of the y'-phase), were determined by differential scanning calori-
metric (DSC). The studies were performed on a high-precision synchro-
nous thermal analyser Netzsh STA449C (Germany) under heating and
cooling at a rate of 20°C/min samples of alloys with a size of 2.8x2.8x2.8
mm?. The accuracy of temperature measurement is of +1.5°C.

3. RESULTS AND DISCUSSION
3.1. Study of the Microstructure of Alloy Samples in the Cast State

The structure, phase composition of CM88Y alloys and alloy doped with
rhenium and tantalum and their chemical composition depending on the
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content of refractory elements are shown in Figs. 1, 2. It is seen that the
alloys have a dendritic—cellular structure consisting of y-solid solution
strengthening y'-phase and carbides. The structure of CM88Y contains
carbides Me(Cr, Fe, W, Mo)23Cs and carbides MeC based on Ti and Nb.
When studying the structure of the experimental alloy, it is seen
that eutectic carbide formations of different sizes and shapes are lo-
cated at the boundaries of dendritic cells and in the axial space. Re-
fractory chemical elements of the alloy (W, Re) are located in the axes
of the dendrites, and Ta, Al, Nb, Ti—enrich the cell boundaries. Rhe-
nium is absent at the boundaries of the dendritic cell. It is mainly part
of the y-phase, and tantalum is mainly doped with the y’-phase (Fig. 3).

3.2. Determination of Temperature Conditions of Phase Transitions in
Heat-Resistant Alloy

For five samples of the experimental alloy and the known industrial
alloy CM88Y were determined the main temperatures of phase trans-
formations: temperatures of solidus, liquidus, solvus (complete disso-
lution) (T..qa.) of y-phases). The shift of the level of values of critical
points (T's, T¢) in the direction of increase, from temperature 1271°C,

Element | Weight,% | Atomic,%

AlK 2.91 6.21
TiK 4.86 5.83
CrK 15.93 17.60
CoK 12.18 11.88
NiK 57.08 55.86
NbL 0.00 0.00
MoL 1.48 0.88
WM 5.56 1.74

Totals 100.00

Electron Image 1

400 pm
Element [Weight, %|Atomic, %

AlK 0.00 0.00

TiK 50.06 72.50

CrK 1.05 1.40

CoK 0.69 0.81

T NiK 2.87 3.39

NbL 6.80 5.08

MoL 6.58 4.76

WM 31.95 12.06

Electron Image 1 Totals 100.00

10 um

Fig. 1. Microstructures and chemical composition of heat-resistant alloy
CMB88Y phase: microstructure (a); carbide MeC (b).
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Element |[Weight, %|Atomic, %

AlK 3.25 7.41
TiK 1.84 2.36
CrK 13.39 15.81
CoK 7.00 7.29
NiK 58.70 61.39
NbL 0.00 0.00
MoL 1.51 0.97
TaM 2.61 0.85
WM 7.85 2.62
Ecton mme 1 ReM 3.95 1.30

400 um
Totals 100.00

Element |Weight, %|Atomic, %

AlK 0.00 0.00

TiK 17.12 37.90

CrK 1.69 3.45

CoK 0.82 1.47

T NiK 3.76 6.79

5 NbL 7.47 8.53
MoL 2.82 3.12

S TaM 54.16  31.73
k, WM 12.15 7.00
- ReM 0.00 0.00

60 um Electron Image 1

Totals 100.00
Element |Weight, %|Atomic, %

AlK 0.00 0.00
TiK 16.51  34.73
Crk 2.65 5.13
NiK 8.89 15.26
NbL 6.81 7.39
MoL 2.66 2.79
TaM 51.85  28.87
WM 10.62 5.82
S I e B8 O ReM 0.00 0.00
20/ | Totals  100.00

Fig. 2. Microstructures and chemical composition of experimental heat-
resistant alloy phase: microstructure and Ti-based carbides (a), carbide MeC
(b, ¢).

1332°C to 1326°C, 1385°C, respectively, at introduction of rhenium
and tantalum (Table 2) is established.

This is a confirmation of the fact of the positive effect of these ele-
ments on the temperature threshold of dissolution of the reinforcing y'-
phase of Nis(Al, Ti) and determines the increase in the temperature lev-
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Element |Weight, %|Atomic, %

AlK 2.68 6.28
TiK 0.91 1.20
CrK 13.49 16.43
CoK 7.72 8.30
NiK 56.64 61.08
NbL 0.00 0.00
MoL 1.07 0.71
WM 1.56 0.55

Totals 100.00
Element |Weight, %|Atomic, %

Electron Image 1

400 pum

AlK 3.42 7.44
TiK 2.90 3.55
CrK 13.68 15.43
CoK 7.22 7.18
NiK 62.38 62.32
NbL 0.82 0.52
MoL 1.67 1.02
TaM 2.22 0.72
WM 5.69 1.82
Eiecton mage ReM 0.00 0.00

400 pm
Totals 100.00

Fig. 3. Microstructure and chemical composition of the experimental alloy
(sample 5) in the axes of the dendrite (a) and at the cell border (b).

el of the alloy containing rhenium and tantalum [17]. In comparison
with temperatures for CM88Y, the data obtained for it are 50°C higher.

Figures 4-6 show the DSC curves and their derivatives during heat-
ing and cooling of an industrial alloy and two samples of alloys contain-
ing rhenium and tantalum (No. 1, No. 5). DSC curves show exothermic
and endothermic peaks of reactions in samples during heating and
cooling. At all dependences there is a peak in the temperature range
from 570°C to 610°C, which is due to the processes of close ordering of
chromium atoms in solid solution. As Cr in the alloy decreases, this
peak shifts toward a higher temperature.

TABLE 2. Phase-transition temperatures of nickel-based heat-resistant alloys.

Temperature of Experimental heat-resistant alloy CM88]Y
phase transitions 1 2 3 4 5
Ts, °C 1313 1313 1326 1326 1331 1271
T, °C 1372 1372 1376 1376 1387 1332

T'solvus, °C 1158 1162 1174 1174 1172 1180
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DSC/(mkW /mg) dDSC- 10*3/(mkW/mg/m15‘{
830.8°C exoterm
0-04 1230.4°C| g
0.03 1240.9°C
0.02 1187.00°C \,.
0.01 593.2°C
O_ OO A n-ﬂww,,),,\w ‘,-ﬁ' ""ﬂﬂfi‘h‘\‘-nu‘v“
2 ‘\}"

-0.01
-0.02
-0.08

-0.04
400 500 600 700 800 900 1000 1100 1200
Temperature, °C

a
DSC/(mkW /mg) dDSC/(mkW /mg/min)
1 exotermal 1187 8oC
0,05

0.10 2 1089.8°C 11905 4°C

it i et /'I A 11 0.00
0.08 ' 1' P
0.06 1152.9°C E -0.05
o
0.02 / )
0.00 1231.1°C}} —0.20
0'02 -0.25
0'04 %1-0.30

400 500 600 700 800 900 1000 1100 1200
Temperature, °C
b

Fig. 4. Differential scanning calorimetry (DSC)—curves (1) and derivatives of
them (2) alloy CM88Y: heating (a), cooling (b).

The intense peak on the DSC curve at 840°C (on a sample CM88Y)
and on experimental samples—at 876°C (sample 1) and at 806°C (sam-
ple 5) during heating corresponds to the initial processes of dissolution
of the y'-phase in solid solution, and in the range up to 1100°C there is
dissolution of y'-particles having bimodal size distribution and coagu-
lation process y'-particles.

The study of thermal effects when heating the alloy CM88Y and al-
loys No. 1, No. 5 showed that the intense dissolution of the y'-phase is
carried out at 7=1140°C and complete dissolution of the y’-phase in
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DSC/(mkW /mg) dDSC‘lO*-‘/(mkW/mg/min}

1 exoterma

-0.02
-0.03
-0.04
—0.05 Jigi
-0.06
-0.07

-0.08

400 500 600 700 800 900 1000 1100 1200
Temperature, °C

a
dDSC/(mkW /mg/min
DSC/(mkW /mg) 1 exoterma{
0.06 1073.«0(}J
PR S A —
0.05] Y 0-00
0.04 1085.8°C il _0.05
0.03 1
1243.4°C
0.02 il-0.10
0.01 1 \M
0.00 11-0.15
-0.01

400 500 600 700 800 900 1000 1100 1200
Temperature, °C
b

Fig. 5. Differential scanning calorimetry (DSC)—curves (1) and derivatives of
them (2) experimental heat-resistant alloy (sample 1): heating (a), cooling (b).

solid solution occurs at T'=1190°C, 1220°C and 1240°C, respectively.
The maximum dissolution rate of the y'-phase in solid solution for al-
loys CM88Y and No. 1, No. 5 corresponds to temperatures of 1165°C,
1165°C, 1164°C, respectively.

In the process of cooling the alloy samples from a temperature of
1250°C, an exothermic reaction is observed on the DSC curves, which
indicates the beginning of the decay of the y-solid solution with the
formation of y'-phase particles. The maximum of intense heat release
during the decay of the y-phase corresponds to alloys and temperatures
of 1106°C, 1086°C, 1107°C, respectively. Also on the DSC curves,
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DSC'107% /(mkW /mg) dDSC103/(mkW/mg/min)

1209.6°C

—20 1163.9"01% 125
i

25 {20
~30 |
i

—35 toss.ocl |1

—40 L
-45 '
1067.9°C!

—50 1052.1°C~ il 5
; °c 948,00CJH | 1,

iy ey ﬁ'ﬁ!‘%’if C%_ £ ?VR;: / ‘V‘,ﬁ 0

60 7 Mgt et
i -5

400 500 600 700 800 900 1000 1100 1200
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a
DSC/(mkW /mg) dDSC/(mkW /mg/min)
1099.3°C
0.10 2 /i i
. _— L | L
0.08 u
1106.6°C -0.05
0.06 ~0.10
0.04 242.6°c}| ~0-15
1 .
0.02 11-0.20
11_0.25

400 500 600 700 800 900 1000 1100 1200
Temperature, °C
b

Fig. 6. Differential scanning calorimetry (DSC)—curves (1) and derivatives of
them (2) experimental heat-resistant alloy (sample 5): heating (a), cooling (b).

there are small peaks that are associated with the release of carbides
MeC and Me23Cg. The temperature of the phase transitions in the alloys
was determined from DSC curves and their derivatives—differential
curves (dDSC) (Table 3).

3.3. Microstructure and Chemical Composition of the Phases of the
Studied Samples of Heat-Resistant Alloys in the Annealed State

After heating to a temperature of 1250°C, the structure of the alloys
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TABLE 3. Temperature of phase transitions of nickel-based heat-resistant
alloys.

heat-resistant alloys

Phase transformation temperature, °C CMS8Y experimental
No.1 | No.5
Strengthening atoms Cr on y-phase 593 618 606
Dissolution of Me23Cg carbides in an alloys 950 950 950
ap preheated to 950°C 1040 1031 1086
% The beginning of intense dissolution y'- 1140 1140 1150
S phase
T Maximum dissolution rate y'-phase 1165 1165 1164
Complete dissolution of the y'-phase 1190 1224 1236
Melting of nonequilibrium eutectic (y +y’) 1231 1243 1243
Formation of Me23Ce carbides 1153 1180 1180
%;) g}lllzsk;eginning of the formation of the y'- 1140 1160 1150

8 The maximum amount of y'-phase formed

Q

© during the decay of y-solid solution 1106 1008 1106
Carbide formation interval Mey3Cs 1050-900 1060-900 1060-900

has not changed. For the CM88Y alloy, it consists of a matrix (y+7v')
component with carbides MeC based on Ti, Nb and carbides of the
Me(Cr, Fe, W, MO)2306 (Fig. 7).

In samples of other alloys, carbides based on Ta are formed, and Re
is not part of carbides (Figs. 8, 9).

In the analysis of the structures of the investigated samples after
heating in the calorimeter to 1250°C, TCP-phases in the alloy contain-
ing rhenium and tantalum were not formed.

Doping of alloys with tantalum and rhenium, as well as reduction of
chromium in them significantly increase the thermal stability of the y'-
phase. At the same time, T.q4. for y'-phase increases by =50°C to the
value of 1220°C. In addition, the dissolution temperature of the
nonequilibrium (y+7v') eutectic (Tew) increases to 1245°C, due to the
low partition coefficient (Kge,» = 0.1) for Re in the y-solid solution, and
Ta—y'-phase. As a result, the coagulation of the reinforcing particles
of the y'-phase proceeds slowly, respectively, and less intense is the
weakening of the alloy.

In the structure of CM88Y there are carbides Me2;Cs based on Cr, W
and MeC based on Ti.

It can be seen in Figs. 7-9 that the alloys have a dendritic-cellular
structure consisting of a y-solid solution, a strengthening y'-phase and
carbides.

Thus, from the photo of the structure of alloys doped with rhenium
and tantalum, it can be seen that carbide formations of different sizes
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Element | Weight,% | Atomic,%

AlK 2.81 6.02
TiK 4.68 5.66
CrK 15.40 17.14
CoK 11.59 11.39
NiK 57.47 56.68
NbL 0.00 0.00
MoL 2.01 1.21
WM 6.05 1.90

400 u Totals 100.00

Electron Image 1
Element |Weight, %|Atomic, %
AlK 0.56 1.48
TiK 3.96 5.94
CrK 31.99 44.17
CoK 4.88 5.94
NiK 17.66 21.59
NbL 0.00 0.00
MoL 13.67 10.23

WM 27.28 10.65
Totals 100.00

Electron Image 1

60 um

Fig.7. Microstructure and chemical composition of heat-resistant alloy
CM88Y phases after heating to temperature 1250°C: (y + y')-phase + carbides
(a), carbide Mez3Cq (D).

and shapes are located at the boundaries of dendritic cells and in the
axial space. Carbides are formed on the basis of a strong carbide-
forming element—tantalum.

Refractory chemical elements of the alloy (W, Re) are located in the
axes of the dendrites, and Ta, Al, Nb, Ti—enrich the cell boundaries.
Rhenium is absent at the boundaries of the dendritic cell. It is mainly
part of the y-phase.

As a result of analysis of experimental data and literature sources
[29-31] on temperatures and kinetics of phase transformations, the
following mode of heat treatment of the experimental alloy was cho-
sen: homogenization 1220°C, holding 4 hours, cooling with argon at a
rate of 60—80°C/min; 1050°C, 6 hours, cooling in vacuum at a residual
pressure of 0.133-0.00133 Pa; 870°C, 20 hours, cooling to room tem-
perature in a dynamic vacuum for at least 80 minutes.

4. CONCLUSION

As a result of the conducted research, the temperatures of phase trans-
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Element |Weight, %|Atomic, %

AlK 3.08 7.02
TiK 2.12 2.72
CrK 12.97  15.32
CoK 7.07 7.36
NiK 59.44  62.18
NbL 0.00 0.00
MoL 0.96 0.61
TaM 2.55 0.87
WM 7.09 2.37
400 um | S ReM 4.73 1.56

Totals 100.00
Element |Weight, %|Atomic, %

AlK 0.52 1.72

TiK 13.95 26.07

CrK 5.34 9.20

7 CoK 2.12 3.22

T NiK 17.51 26.69

NbL 4.74 4.56

MoL 2.33 2.18

TaM 40.65 20.11

WM 12.84 6.25

—_IW Electron Image 1 ReM 0.00 0.00

Totals 100.00

Fig. 8. Microstructure and chemical composition of experimental heat-
resistant alloy phases (sample 1) after heating to temperature 1250°C: (y + y')-
phase + carbides (a), carbide Me23Ce (b).

formations were established: solidus, liquidus, beginning (T%.,) and
complete dissolution (7T..a,) of the y'-phase in y-solid solution, melting
of nonequilibrium (y +7v') eutectic (Tew:) and dissolution of carbides. In
the analysis of the structures of the studied samples after heating and
cooling to 1250°C, the TCP phase was not observed.

Doping of alloys with rhenium and tantalum (the proposed alloy), as
well as the reduction of chromium in them significantly increase the
thermal stability of the y'-phase: T..qy increases by = 50°C to 1220°C.
At the same time, the melting temperature of the nonequilibrium
(y+7'") eutectic (Teut) increases to 1245°C.

Rhenium is mainly doping the y-solid solution, and tantalum the y’'-
phase. As a result, the coagulation of the reinforcing particles of the y'-
phase proceeds slowly, respectively, and the alloy is softened less in-
tensively.

For a new heat-resistant Nickel alloy doped with Ta and Re, the ho-
mogenization temperature is of *1220°C, and the heat-treatment in-
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Element |Weight, %|Atomic, %

AlK 3.51 7.89
TiK 2.27 2.88
CrK 12.70 14.82
CoK 7.52 7.75
NiK 59.72 61.75
NbL 0.00 0.00
MoL 0.63 0.40
TaM 2.32 0.78
WM 7.53 2.49
400 pm Electron Image 1 ReM 3.81 1.24
Totals 100.00

Element |Weight, %|Atomic, %

AlK 0.00 0.00
TiK 17.85 38.15
CrK 1.60 3.15
CoK 0.91 1.58
NiK 4.99 8.69
NbL 9.04 9.96
MoL 2,92 3.11
TaM 52.85 29.89
WM 9.84 5.48
Eiecton mage ReM 0.00 0.00

6 um
Totals 100.00

Fig. 9. Microstructure and chemical composition of experimental heat-
resistant alloy phases (sample 5) after heating to temperature 1250°C: (y + y')-
phase + carbides (a); carbide MeC (b).

terval (AT = Teuty — Tec.a.y) is of = 15°C, respectively.
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