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COMPARATIVE ANALYSIS OF THE COMPLEX OF PROPERTIES OF
NICKEL-BASED SUPERALLOYS

Purpose. To conduct comparative studies of the complex of physico-mechanical properties of the imported alloy
N-155 and the domestic alloy 3MI-11 in order to increase the service life of the rotating blades. To conduct compara-
tive tests on the short-term and long-term strength of the alloys in the initial state (after heat treatment), to conduct
comparative tests on the short-term and long-term strength of the alloys after prolonged thermal action at T =850 °C,
950 “C for 1000, 3000, 5000 hours and to conduct research by metallographic method and micro-X-ray spectral analy-
sis of the microstructure and phase composition of the alloys.

Research methods. Alloy samples were made from ingots weighing 10 kg in a vacuum induction furnace VIII1®-
3M in an argon environment at a pressure of 1.4-5.3 Pa in crucibles with the main lining with simultaneous pouring of
samples of equiaxed crystallization. Chemical analysis was carried out by standard methods in accordance with the
requirements of TU 14-1689-73 and OST 1.90127-85. Microstructure studies were carried out on microsections, the
plane of which was oriented normal to the surface on a light optical microscope “Olympus IX-70"" with a digital video
camera “ExwaveHAD color video camera Digital Sony”” at magnifications x200, x500, x1000. Strength tests (GOST
1497-61, GOST 9651-61, GOST 1497-84) were carried out on standard cylindrical samples (diameter of the working
part 5 mm, length 25 mm) at temperatures 200, 800, 900 and 1000°C on a YME-10TM brand tensile machine. Long-
term strength tests (GOST 10145-81) were carried out on standard cylindrical samples at temperatures 800, 900,
10000 “C and corresponding loads 600, 400, 180 MPa on an AIMA-5-2 machine.

Obtained results. It was found that during tests at 800 and 900°C, the tensile strength of the N-155 alloy is 1.2
times lower than that of 3MI-11, and the long-term strength is 5.2 times lower, respectively. It was shown that the
amount of the strengthening phase in the 3MI-11 alloy is 6...10 % more, evenly distributed throughout the alloy body. It
was established that in the composition of the strengthening phase of the 3MI7-11 alloy, the concentration of chromium,
tungsten, and molybdenum remains practically unchanged and does not depend on the presence of niobium. At the same
time, in the composition of the strengthening phase of the 3M/-11 alloy, the concentration of cobalt increases by
1.4 times, and the concentration of aluminum and titanium decreases by 1.1 times compared to the N-155 alloy. It was
established that in the process of dissolving non-equilibrium eutectic precipitates, microvolumes arise, locally super-
saturated with tungsten, chromium, and titanium, in which the probability of the formation of carbides on a more com-
plex basis increases. It was found that during prolonged thermal action carbides based on tantalum TaC and on a
mixed basis (Ta, Ti) C in the 3M/-11 alloy are thermally more stable than carbides in the N-155 alloy.

Scientific novelty. The obtained results allow us to understand the thermodynamics of phase formation processes
in two alloying systems and to establish the relationships between alloying elements concentration and the phase com-
position of the alloy.

Practical value. The obtained results allow us to recommend the domestic 3M7-11 as a substitute for the foreign
alloy N-155 without loss of properties and service life.

Key words: nickel-based superalloys, phase composition, distribution of alloying elements, heat resistance, car-
bides.
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Introduction

Today, there is a need to obtain products with a high
level of physical, mechanical and operational properties
of modern heat-resistant nickel alloys. This can be
achieved by quite complex alloying systems [1-5]. There
are quite effective ways to improve a number of
properties of existing alloys, such as modification and
other technological methods that allow improving the
structure and quality of the material of the final product
[4-6]. However, it is possible to influence the properties
by changing the chemical composition of structural
components  without  significantly  changing the
composition of the alloy. For example, it has been shown
that changing the chemical composition of carbides leads
to a change in their shape, size and melting temperature
[7-10]. As a result, the operational characteristics of
experimental compositions improve.

Purpose of the work

To conduct comparative studies of the complex of
physico-mechanical properties of the imported alloy
N-155 and the domestic alloy 3MI-11 in order to increase
the service life of rotating blades.

Material and research methods

The solution to the tasks is possible only with a
comprehensive approach to studying the structure and
properties of the alloy 3MI-11 in comparison with the
alloy N-155 before and after prolonged thermal action at
operating temperatures on strength characteristics,
structural and phase stability. Comparison of research
results makes it possible to predict the long-term strength
and structural stability of the alloy 3MI-11 in order to
increase the service life of rotating TNT blades, which is
relevant for parts of stationary gas turbines.

Samples of alloys N-155 and 3MI-11 were
manufactured by obtaining ingots weighing 10 kg in a
vacuum induction furnace VIIII®-3M in an argon
environment at a pressure of 1.4-5.3 Pa in crucibles with
the main lining with simultaneous pouring of samples of
equiaxed crystallization. Metal casting was done in
ceramic molds, preheated to 9000 °C at a metal
temperature of 15400 °C. Then the cast blanks were heat
treated in vacuum or neutral atmosphere according to the
specified regime, after which standard cylindrical samples
were manufactured for mechanical tests.

Further, comparative studies of mechanical
properties, microstructure and phase composition of
alloys were carried out. The nominal chemical
composition of the alloys is given in Table 1.

Chemical analysis of alloys N-155 and 3MI-11 was
carried out by standard methods in accordance with the
requirements of TU 14-1689-73 and OST 1.90127-85.
Spectral chemical analysis was carried out on an optical
emission  device  ARL-4460  (quantometer  for
simultaneous multi-channel analysis of elements).
Wavelength range from 170 nm to 800 nm.

Table 1 — Chemical composition of alloys

Alloy Element content % (by mass)

C |Cr| Al | Ti |[Mo|W|Co[Nb| B |Zr|Nz|Ni

N-155 | 0,15 21,0 3,0]2,5|20,0|1,0 0,15|ocr.

3MI-11 |0,125(16,0{ 1,25 [1,75] 2,0 |3,0 1,0/10,01]0,01 OCT.

The microstructure of the samples was studied on
unetched and etched microsections, the plane of which
was oriented normal to the surface on a light optical
microscope “Olympus IX-70" with a digital video camera
“ExwaveHAD color video camera Digital Sony” at
magnifications of x200, x500, x1000. The microstructure
was detected by etching the surfaces of the sections with
Marble's reagent — CuSO4 — 4 g, HCI — 20 ml, water —
20 ml according to the following regimen: etching for
10-15 seconds, rinsing with water, drying with hot air.

To detect the y’-phase, the reagent CuSO,; — 20 g,
H,S04 — 5 ml, the rest H,0, current density — 500 A/m?.

To detect carbides, boride, nitride, the reagent NaF —
30 g, HCI - 100 ml, citric acid — 100 g, H>O — 1000 ml,
current density — 200 A/m? was used.

To identify the 6 — phase and carbides of the M¢C
type, which have a similar needle morphology, they are
etched using the reagent: red blood salt — 10 g, NaOH —
10 g, H20 — 100 ml, current density 500 A/m?. In this
case, the o — phase was colored brown, and the double
carbides were colored black. The study of the fine
structure (morphology and phase composition) of alloys
N-155 and 3MI-11 after casting, heat treatment and long-
term aging at T = 8500 and 950 °C for 1000, 3000, 5000
hours was studied by electron microscopy on a JEOL
JSM - 6360la scanning microscope at magnifications of
%5000, x10000.

The sizes, shape and number of y’- ¢ phase particles
were determined by electron microscopy on replicas. The
size of the y’-p hase was estimated on cross sections at
magnification of x10000. Measurements were made on
one side of the cube. Quantitative metallography was used
to calculate the volumetric content of the y’- phase, y-y’
eutectic, and carbide phase in the tested alloys.

Short-term strength tests (GOST 1497-61, GOST
9651-61, GOST 1497-84) were performed on standard
cylindrical samples (diameter of the working part 5 mm,
length 25 mm) at temperatures of 200, 800, 900 and
10000 °C on a UME-10TM brand tensile machine. Long-
term strength tests (GOST 10145-81) were performed on
standard cylindrical samples at temperatures of 800, 900,
10000 °C and corresponding loads of 600, 400, 180 MPa
on an AIMA-5-2 machine by uniaxial stretching of
samples under constant load. The relative elongation of
the samples was recorded using mechanical strain gauges.
At each load level, 3-5 samples were tested.

To assess the degree of reduction in the strength
characteristics of the studied alloys as a result of
prolonged thermal action at temperatures of 8500 and
950 °C with different aging bases of 1000, 3000, 5000
hours, additional tests of samples were carried out in
accordance with the above-mentioned standards.

To identify the phases in the alloys, the method of
local microprobe analysis was used. The accelerating
voltage was 10 keV, the diameter of the electron probe
was 4 nm (40A0). The study of the chemical composition
of the phases was carried out on the X- ray spectral analy-
sis attachment to the JEOL JSM-6360Ia scanning electron
microscope with the JED-2300 energy-dispersive X-ray
spectral microanalysis system. Using this method,
changes in the morphology and composition of the y’-
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phase, y-y~ eutectic, and carbide phase before and after
prolonged thermal action were studied.

Research results and their discussion

In order to form an optimal structure to ensure a
complex of mechanical properties, heat treatment (HT) of
alloys N-155 and 3MI-11 was carried out in a 2-s tage
mode. As mentioned above, the homogenization
temperature (I-th stage of heat treatment) for each alloy
was assigned individually based on the analysis of data
obtained by the method of differential thermal analysis
(DTA). Table 2 presents the heat treatment modes for the
alloys.

Table 2 — Heat treatment modes of alloys

Exposure time,|  Cooling rate,
Alloy | Trom., °C| Ter., °C |between steps, | between steps,
h °/min
N-155 | 1180 1050 4 in the air
3MI-11 | 1240 1050 4 in the air

High-temperature aging (Il degree of TO) of alloys
was carried out at a temperature of 10500 °C, which was
chosen close to the technological temperature of applying
the protective coating.

Comparative analysis of the results of Table 3
showed that at test temperatures of 8000 and 9000 °C, the
tensile strength o of the N-155 alloy is 1.2 times lower
than that of the 3MI-11 alloy. The yield strength oo of
the N-155 alloy is 1.3 times lower than that of the 3MI-11
alloy. At a test temperature of 1000 °C, the tensile
strength of the N-155 alloy is 1.4 times lower than that of
the 3MI-11 alloy. The yield strength of the N-155 alloy is
1.5 times lower than that of the 3MI-11 alloy. At the same
time, the N-155 alloy has higher plasticity. Comparative
analysis of the data of Table 4 showed that at all test
temperatures, the durability of the N-155 alloy is
significantly lower than that of the 3MI-11 alloy under
equal test conditions.

Table 3 — Short-term strength of alloys in the initial
state (after HT)

Alloys | Teun, °C | o8, MIla | o2, MPa| &, % v, %
800 990 805 9,6 22,2

N-155 900 620 470 19,1 31,3
1000 340 180 21,3 42,2

800 1070 950 7,8 17,1

3MI-11 900 720 630 134 25,6
1000 490 300 17,0 33,3

Table 4 — Long-term strength of alloys

Alloy | Tsun,. °C| 6, MPa | 1, hour | §, % v, %
N-155 800 450 1542 11,1 22,2
N-155 900 250 137,9 13,9 31,3
N-155 1000 120 1155 16,6 46,3
3MI-11 800 450 801,7 9,8 18,0
3MI-11 900 250 748,1 14,1 25,4
3MI-11 1000 120 782,0 12,1 29,8

Thus, at a test temperature of 800 °C and a stress of
450 MPa, the time to fracture of samples of alloy N-155 is
5.2 times less than that of alloy 3MI-11. At a test

temperature of 9000C and a stress of 250 MPa, the time to
fracture of samples of alloy N-155 is 5.4 times less than
that of alloy 3MI-11. At a test temperature of 10000C and
a stress of 120 MPa, the time to fracture of samples of
alloy N-155 is 6.8 times less than that of alloy 3MI-11. At
the same time, the plasticity of alloy 3MI-11 is slightly
lower compared to alloy N-155. The results obtained after
prolonged thermal action at 850 °C on all time bases
showed that at test temperatures of 800, 900, 1000 °C, the
properties of alloys decrease by different at the same rate
under the same test conditions, compared with the initial
properties (after HT). At the same time, the decrease in
the heat resistance of the alloy N-155 occurs more
intensively than in the alloy 3MI- 11 at all time bases of
aging.

Thus, in the alloy N-155 after aging at 850 °C for
5000 hours, the ultimate strength at the test temperature of
8000 °C decreases by 40-45 MPa, at 900 °C by
55-60 MPa, at 1000 °C by 95-100 MPa.

The plasticity remains at the initial level. At the
same time, the ultimate strength of the alloy 3MI- 11
decreases less intensively. After prolonged aging at
850°C for 5000 hours in the alloy 3MI-11, the ultimate
strength at test temperatures of 8000 and 900 °C
decreases by 35-40 MPa, at 1000 °C by 55-60 MPa
compared to the initial state. At the same time, compared
to the alloy N-155, a slight decrease in plasticity is
observed in the alloy 3MI-11. The results obtained after
prolonged thermal action at 9500C on all time bases
showed that at test temperatures of 800, 900, 1000 °C the
properties of the alloys decrease at a more intensive rate
under equal test conditions, compared to the initial
properties (after HT). At the same time, the rate of
decrease in the heat resistance of the alloy N-155 occurs
significantly more intensively than in the alloy 3MI-11 on
all time bases of aging.

In alloy N-155 after aging at 950 °C for 5000 hours,
the ultimate strength at the test temperature of 800 °C
decreases by 60-65 MPa, at 900 °C by 75-80 MPa, at
1000 °C by 130-135 MPa.

The ductility decreases by 4-6 % compared to the
initial state at all test temperatures. At the same time, the
ultimate strength of alloy 3MI-11 decreases less
intensively.

In alloy 3MI-11, the ultimate strength after
prolonged aging at 950 °C for 5000 hours at test
temperatures of 8000 and 900 °C decreases by 45-
55 MPa, at 1000 °C by 75-80 MPa compared to the initial
state. At the same time, a significant difference in the
tensile strength of the alloy N-155 and 3MI-11 is
observed at a test temperature of 1000 °C.

It was established that in the 3MI-11 alloy there is a
decrease in plasticity by an average of 57 % compared to
the initial state (after HT) at all test temperatures.

Metallographic studies have shown that in the cast
state the structure of the alloys is heterophase with a
pronounced dendritic character, which is manifested in
the uneven distribution of particles of the y’- phase, the
v-y" eutectic and the carbide phase (Fig. 1).
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a - ><26' ><00 ‘
Figure 1. Dendritic structure of alloys after casting:
a —alloy — N-155; b — alloy — 3MI-11

It was found that in comparison with the N-155
alloy, the volume fraction of the strengthening phase in
the 3MI-11 alloy increases by 6.0-8.0 %, and the eutectic
phase by 2.5-3.5 %. At the same time, the amount of the
main strengthening phase in the N-155 alloy is 48-50 %,
in the 3MI-11 alloy it is 56-58 %. After crystallization,
the formation of carbides of the MeC type is observed in
the structure of the alloys near large eutectic precipitates,
which partially fill the space between the dendrite
branches (Fig. 1). Comparative studies have shown that
the carbide phase in the N-155 alloy is mainly located in
localized interdendritic areas in the form of “skeletal”
precipitates in the form of the so-called *“Chinese
characters”.

The carbide phase in the alloy 3MI-11 has a
morphology in the form of individual polygonal and
discontinuous inclusions of irregular spherical shape. The
electron micrographs (Fig. 2) illustrate the morphology
and arrangement of phases after casting in the structure of
alloys N-155 and 3MI-11. It should be noted that the
distribution density, size and shape of y- phase particles in
the interdendritic areas and dendrite axes are different.
Thus, together with fine particles of y- phase, large
eutectic precipitates of y - phase are observed, which were
formed at the final stage of crystallization in the interaxial
dendritic spaces.

Metallographic analysis of the structure and X-ray
spectral microanalysis data showed that during
crystallization the interdendritic melt is enriched with y’-
forming elements, which leads to an increased size of
precipitates of y’eu.- phase of eutectic origin in the
interaxial areas.

In the center of the axes of the I-th order dendrite,
the y-phase is isolated in the form of cubic particles with a
size of 0.30-0.40 pm, in the interdendritic region - in the
form of irregular subcubes with a size of 0.8-1.5 um and
more. It was established that in the structure of the 3MI -
11 alloy, in comparison with N-155, the morphology of
the eutectic precipitates changes.

In the N-155 alloy, the eutectic precipitates have a
characteristic fan-shaped shape and are a bundle of
diverging y-phase particles separated by thin veins of the
y-solid solution (Fig. 2a), in the 3MI-11 alloy, the eutectic
precipitates have a morphology from faceted to lamellar
(Fig. 2b).

The X-ray spectral microanalysis data showed that
both polygonal and skeletal precipitates are carbides of
the MiC type. At the same time, the morphology of the
carbide phase shows that polygonal carbides are formed
near liquidus temperatures, and skeletal carbides as a

result of the eutectic reaction. Thus, in alloys N - 155 and
3MI-11 carbides on the bases of TiC, (Ti, Nb) C, growing
in the melt, have a block-like shape with regular faceting

(Fig. 2).

a %500 b %500

Figure 2. Distribution and morphology of phases in the

microstructure of alloys after casting: a — alloy N-155; b — alloy
3MI-11

Fig. 3 shows the distribution of the main
strengthening phase in the microstructure of alloys N-155
and 3MI-11 after casting. Metallographic analysis showed
that after crystallization, the particles of the main
strengthening phase were fairly evenly separated in the
matrix and have a shape from cubic to rectangular.

Figure 3. Distribution of the strengthening phase in the
microstructure of alloys after casting:
a —alloy — N-155; b — alloy — 3MI-11

At the same time, the most ordered and dense
distribution of cubic particles of the main strengthening
phase with a uniform distance between them is observed
in the microstructure of the alloys (Fig. 3). The average
size of the particles of the strengthening phase is on
average 0.40-0.50 microns. It should be noted that in the
cast state, the cubic morphology of the strengthening
phase in the alloys indicates the tension and non-
equilibrium of the structure.

Fig. 4 shows the distribution of the main
strengthening phase in the microstructure of alloys N-155
and 3MI-11 after heat treatment.

x5000
Figure .4 Distribution of the strengthening phase in the
structure of alloys after HT:
a —alloy — N-155; b — alloy — 3MI-11

Ta x5000 b
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After high-temperature aging at 1050 °C (ll-th
degree of HT) in the structure of alloys, coagulation of
particles of the strengthening phase that have not
dissolved is observed, in connection with which, along
with fine particles, larger particles of the phase are also
observed. When cooling in air, the maximum possible
volume fraction of the strengthening phase is achieved in
alloys.

It has been established that in the process of high-
temperature aging (I1-th degree of HT) particles of the
strengthening phase lose the correct cubic shape. In the
fully heat-treated state, the structure of the alloys is
bimodal.

At the same time, the particles of the larger fraction
of the formed rounded shape, with a size of 0.70-0.90 um
and the particles of the strengthening phase of the fine-
dispersed fraction with a size of 0.20-0.30 pm, are fairly
evenly distributed in the matrix. The average size of the
particles of the strengthening phase in the alloy structure
is 0.50-0.70 pum.

Fig. 5 shows the distribution of phases in the
microstructure of alloys N-155 and 3MI-11 after high-
temperature aging at T = 1050 °C.

== R .}:
- 'J"_. -'_I,.‘
o MEXRoN TACES
a %5000 b %5000
Figure 5. Distribution of phases in the microstructure of
alloys after HT:

a — strengthening phase and eutectic in alloy N-155;
b — strengthening phase and eutectic in alloy 3MI-11

As can be seen in Fig. 5, the eutectic precipitates did
not completely dissolve due to the lower homogenization
temperature and short holding time, which was associated
with the risk of eutectic melting and could lead to
increased microstructural heterogeneity.

After heat treatment, the eutectic precipitates remain
in the places of their preferential separation during
crystallization. At the same time, zones are formed around
them where the secondary separations of the
strengthening phase are much more dispersed than in
other areas of the matrix. It is characteristic that in these
areas particles of the strengthening phase of the fine-
dispersed fraction with a size of 0.15-0.20 um and less
are observed.

Fine-dispersed particles are further separated during
high-temperature aging as a result of the decay of the
supersaturated solid solution due to the concentration
heterogeneity of the elements. After heat treatment, the
carbide phase in the alloys does not undergo noticeable
changes. Thus, in the process of 2- stage heat treatment in
the alloys formed an optimal, equilibrium and stable
structure. At the same time, the total number of non-
equilibrium phases is noticeably reduced. The optimal
distribution of strengthening phases in the structure of the

alloys corresponds to more stable values of short-term and
long-term strength, which is confirmed by mechanical
tests.

The chemical composition of the phases is
determined by the initial chemical composition of the
alloy. At the same time, the determination of the chemical
composition of the phases by elements requires accurate
quantitative analysis within the phase.

Therefore, the dependence between the composition
of the alloys N-155, 3MI-11 and their chemical
composition of the phases was investigated. Analysis of
Xray spectral microanalysis data showed, and mechanical
tests confirmed, that the increase in short-term and long-
term strength of the 3MI-11 alloy, compared with the N-
155 alloy, is more related not so much to the increase in
the volume fraction of the main strengthening phase, but
to a change in its chemical composition.

Depending on the conditions of dendrite formation,
the main strengthening phase has a noticeable difference
in chemical composition compared with the phases of
eutectic origin. Moreover, a noticeable difference in the
chemical composition of the phases is observed for the
most strongly liquifying elements. Thus, the eutectic,
compared with the main strengthening phase, is enriched
in elements whose liquification coefficient is positive
(aluminum, titanium), and depleted in elements whose
liquification coefficient is negative (chromium, cobalt,
tungsten).

In Fig. 6 shows large eutectic precipitates in the
interdendritic  spaces, which have a noticeable
heterogeneity in the distribution of alloying elements in
alloys N- 155 and 3MI-11.
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Figure 6. Chemical composition of the eutectic:
a — alloy N-155; b — alloy 3MI-11

The liquation nature of the distribution of elements
participating in the formation of the eutectic phase leads
to its uneven separation in the volume of the alloy. In the
interdendritic areas, supersaturated with aluminum and
titanium, the eutectic phase is separated in large sizes due
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to the fact that these elements have the greatest liquation
and are included in it, as the main ones, together with
aluminum.

Using electron microscopy, it was established that
the eutectic phase of the 3MI-11 alloy, separated in the
interdendritic areas, differs in both chemical composition
and morphology in comparison with the N-155 alloy.
Thus, in the 3MI-11 alloy, alloying with aluminum and
titanium leads to an increase in the volume fraction of
eutectic separations by 2.5-3.5%. In the interdendritic
regions, the strengthening phase is 3-5 times larger than in
the center of the dendrite axes. Table 4 shows the
comparative results of the quantitative analysis of the
chemical composition of the eutectic phase of the alloys,
obtained using the electron microprobe method X-ray
spectral microanalysis.

Table 4 — Chemical composition of eutectic alloys

Alloy Content of elements in eutectic, % (by mass)
Cr | Co | W [ Mo [ Al Ti Nb | Ni
N-155 | 28 (23|36 |02 6,9 | 75,4
3MI-11 | 2,6 | - 29 (01 |54 [81]6,9 |716
Metallographic ~ studies and X-ray spectral

microanalysis data showed that in the interdendritic layers
the eutectic phase differs in composition from the main
strengthening phase. At the same time, both small and
large areas of eutectic precipitates are enriched in
aluminum, titanium, and depleted in tungsten,
molybdenum, chromium, cobalt in comparison with the
solid solution. Thus, in the composition of the eutectic of
the 3MI-11 alloy, the concentration of chromium, cobalt
and molybdenum remains constant and does not depend
on the concentration of titanium in the alloy. In the
composition of the eutectic phase of the 3MI-11 alloy, the
amount of tungsten and aluminum decreases by 1.3 times,
and the concentration of titanium by 1.1 times in
comparison with the N-155 alloy. At the same time, in the
composition of the eutectic phase, the concentration of
chromium is 4.5-5 times lower, cobalt, tungsten and
molybdenum is 2.5-3 times lower, and the concentration
of aluminum and titanium is 1.7-2 times higher than their
concentration in the main composition of the alloy. At the
same time, with the presence of titanium in the
composition of the eutectic phase of the alloy 3MI-11, the
temperature of eutectic tey. transformations increases by
500 °C, and therefore, the thermal stability of eutectic
precipitates increases in comparison with the alloy N-155.

Fig. 7 shows the chemical composition of the
strengthening phase of alloys N-155 and 3MI-11. Using
electron microscopy and the X-ray spectral microanalysis
method, it was found that with the presence of aluminum
and titanium in the composition of the 3MI-11 alloy, the
composition of the strengthening phase changes compared
to the N-155 alloy.

Table 5 shows the results of quantitative analysis of
the chemical composition of the main strengthening phase
of alloys N-155 and 3MI-11, obtained using an electron
microprobe. It was found that in the composition of the
strengthening phase of the 3MI-11 alloy, the

concentration of chromium, tungsten and molybdenum
remains practically unchanged and does not depend on the
presence of niobium. At the same time, in the
composition of the strengthening phase of the 3MI-11
alloy, the concentration of cobalt increases by 1.4 times,
and the concentration of aluminum and titanium decreases
by 1.1 times compared to the N-155 alloy.
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Figure 7. Chemical composition of the main
strengthening phase: a — alloy N-155; b — alloy 3MI-11

Table 5 - Chemical composition of the
strengthening phase of alloys

Alloy | Content of elements in the strengthening phase, %

(by mass)

Cr [Co |W [Mo |Al |Ti Ta | Ni

N-155 29 (25 (71104 | -- 74 | -- 72,5

3MI-11 | 2,7 |33 | 6902 |66 |69 |57 |677

It should be noted that in the alloy 3MI-11

aluminum, titanium, tungsten in the strengthening phase
are approximately in the same concentration. Thus, in
comparison with the alloy N-155, where the main
strengthening phases are carbides and nitrides, in the alloy
3MI-11, which showed higher short-term and long-term
strength, in the composition of the strengthening phase
part of aluminum and titanium is replaced by the most
optimal ratio of refractory elements — tantalum and
tungsten (table 5). Therefore, the main strengthening
phase of the alloy 3MI-11 at 70-750 °C has a higher
temperature of the end of dissolution of teq, in comparison
with the alloy N-155, and therefore, higher thermal
stability.

According to microanalysis data, the concentration
of chromium in the composition of the strengthening
phase of the alloys is 4.5-5 times, and cobalt and
molybdenum 1.5 - 2 times lower than their concentration
in the main composition. At the same time, the
concentration of tungsten in the strengthening phase is
practically the same as in the main composition. At the

© Sergiy Byelikov, Vitaliy Kononov, Olexandr Hlotka, Michael Sydorenko, Sergiy Pychek, 2025

DOI 10.15588/1607-6885-2025-1-2



p-ISSN 1607-6885 Hogi martepiany i TEXHOJIOTIi B MeTaIyprii Ta MammHoOyxyBanHi. 2025/1
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2025/1

same time, the concentration of aluminum is 1.7-2 times,
and titanium and tantalum 1.3-1.4 times higher than their
concentration in the main composition of the alloys. Thus,
a comparative analysis of the results given in Tables 5 and
6 showed that in comparison with the N-155 alloy, in the
3MI-11 alloy aluminum and titanium in the composition
of the eutectic and strengthening phase are replaced by
more refractory tantalum, the content of which reaches: in
the eutectic 7-8 %, in the strengthening phase 67 %.
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Figure 8 - Chemical composition of carbide type
MeC: a - alloy N-155; b - alloy 3MI-11.

Fig. 8 presents the results of a comparative study of
the chemical composition of the carbide phase of the MeC
type of alloys N - 155 and 3MI-11. Data analysis showed
that in the cast state, carbides based on TiC (Fig. 8 a)
containing a high concentration of tungsten are observed
in the alloy N - 155. In the alloy 3MI-11, carbides are
observed mainly on a mixed basis (Ti, Ta) C. The
presence of other carbide-forming elements (Ti, W, Mo)
allows us to conclude that carbides based on titanium and
tantalum are inclusions with complex chemical
composition.

Table 6 presents the results of quantitative analysis
of the chemical composition of the carbide phase of the
alloys, obtained by the X-ray spectral microanalysis
method using an electron microprobe. It was found that
the presence of titanium in the 3MI-11 alloy has a
significant effect on the redistribution of alloying
elements in the carbide phase compared to the N-155
alloy.

Analysis of the obtained results in Table 6 showed
that the carbide phase in the N - 155 alloy contains up to
37% tungsten and up to 4% molybdenum. In the 3MI-11
alloy, carbides contain the following elements: 56%
tantalum; 30% titanium, 13% tungsten and 1%
molybdenum. It was found that the presence of tantalum
up to 4% in the 3MI-11 alloy leads to an increase in its
concentration in the carbide phase to 56 %, which is
12 times higher than its concentration in the main
composition. At the same time, in comparison with the

N-155 alloy, in the 3MI-11 alloy there is a simultaneous
decrease in the titanium concentration by 2.2 times and
the total concentration of tungsten and molybdenum by
3.4 times.

At the same time, the presence of titanium in the
strengthening phases of the 3MI-11 alloy has a positive
effect on the overall strengthening mechanism.

It is known that for alloy N-155 the operating
temperature range is 800-850°C. Comparative studies of
the complex of mechanical properties have shown that
alloy 3MI-11 has higher short-term and long-term
strength, compared to alloy N-155, has a temperature
capability 500 °C higher and its operating range is 900—
950 °C.

Table 6 — Chemical composition of the carbide
phase of the alloys

Content of elements in the carbide phase, %
Alloy (by mass)
Ti Ta W Mo
N-155 - - 37 4
3MI-11 30 56 13 1

In this regard, comparative studies of the kinetics of
structural transformations in alloys N-155 and 3MI-11
were carried out during prolonged thermal action at
temperatures of 850 and 950 °C on the basis of 1000,
3000, 5000 hours. For a comparative assessment of
structural and phase stability, the structure formed in the
alloys after heat treatment was considered the initial one.

Comparative metallographic analysis of the initial
structure showed that the amount of the strengthening
phase in the alloy 3MI-11 is 6-8 % more, and the
proportion of the phase of eutectic origin is 2.5-3.5 %
more than in the structure of the alloy N-155.

X-ray spectral microanalysis showed that the
chemical composition of the phases of the alloys is not the
same. With the presence of titanium in the alloy 3MI-11,
its concentration in the phases increases, in particular, in
the strengthening phase. This causes its higher thermal
stability at elevated temperatures.

Fig. 9 shows the kinetics of changes in the
morphology of the strengthening phase in alloys N-155
and 3MI-11 after prolonged aging at a temperature of 850
°C on time bases of 1000, 3000 and 5000 hours.

Comparative studies of the microstructure showed
that after prolonged aging at a temperature of 8500 °C on
all time bases in the alloys N-155 and 3MI-11 there is no
noticeable difference in the rate of change in the
morphology and size of the particles of the strengthening
phase (Fig. 9). In the structure of the alloys N-155 and
3MI-11 on the basis of 5000 hours, the initial cubic
morphology changes to a spherical irregular shape. No
coagulation processes are observed, the distance between
the particles remains uniform, and the distribution is
ordered. At the same time, metallographic analysis
showed that during prolonged thermal action at 8500 °C
in the structure of the alloys N-155 and 3MI-11, the
processes of dissolution of eutectic precipitates occur on
all time bases (Fig. 10).
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Figure 9. Kinetics of changes in the morphology of the
strengthening phase during prolonged thermal action at 8500 °C:
a, b, ¢ —alloy N-155 — 1000, 3000, 5000 hours; d, e, f — alloy
3MI-11 - 1000, 3000, 5000 hours.
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Figure 10. Dissolution of eutectics in alloys during

prolonged thermal action at 850 °C: a, b, ¢ — alloy N-155 —

1000, 3000, 5000 hours; d, e, f — alloy 3MI-11 — 1000, 3000,
5000 hours

It was found that during prolonged thermal action,
non-equilibrium eutectic precipitates are noticeably
dissolved, unlike the strengthening phase. The reason for
these transformations is probably the presence of
chemical heterogeneity in the alloy structure, due to
dendritic liquation, which is a heredity of the cast
structure.

In Fig. 11 shows the kinetics of structural changes in
the strengthening phase of alloys N-155 and 3MI-11
during long-term thermal aging at a temperature of 950 °C
on time bases of 1000, 3000 and 5000 hours.
Metallographic analysis showed that the different rate of
coagulation of particles of the strengthening phase in
alloys N-155 and 3MI-11 can be explained by the
different chemical composition and its volume content in
the initial state of the alloys.

Comparative studies of the microstructure showed
that during prolonged thermal action at 950 °C in alloys
N-155 and 3MI-11 there is a noticeable difference in the
rate of change in the morphology and particle size of the
strengthening phase. The analysis showed that in the
microstructure of alloy N-155 there is a more intense
increase in the average particle size of the strengthening
phase, which is probably due to their growth due to more
finely dispersed precipitates. It was found that in the alloy
N-155, in comparison with the alloy 3MI-11, the

coagulation process and the loss of the correct geometric
shape by the particles proceeds more intensively on all
time bases (Fig. 11). The initial cubic morphology
changes to a spherical irregular shape in the alloy N-155.
At the same time, the distance between the particles
becomes uneven, and the distribution is chaotic. Such
structural changes lead to an acceleration of the rate of
decrease in strength characteristics. Such degradation of
the structure is caused by more intensive diffusion
processes in comparison with the thermal effect at
850 °C. The significant decrease in the coagulation rate of
the particles of the strengthening phase in the alloy
3MI-11 in comparison with the alloy N-155, observed by
electron microscopy, can be explained by the slowdown
in the diffusion mobility of the main elements, those that
make up the strengthening phase, in the presence of
titanium in its chemical composition.

b x10 000
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e x10000
Figure 11. Kinetics of changes in the morphology of the
strengthening phase during prolonged thermal action at 9500 °C:
a, b, ¢ —alloy N-155 — 1000, 3000, 5000 hours; d, e, f — alloy
3MI-11 - 1000, 3000, 5000 hours

a %2000 . b

d %2000 e  x2000 f %2000
Figure 12. Dissolution of eutectics during prolonged
thermal action at 9500 °C: a, b, ¢ — alloy N-155 — 1000, 3000,
5000 hours; d, e, f —alloy ZMI-11 - 1000, 3000, 5000 hours

At the same time, metallographic analysis showed
that during prolonged thermal action at 950 °C, more
intense processes of dissolution of eutectic precipitates are
observed in the structure of alloy N - 155 compared to alloy
3MI-11, between at 850 °C (Fig. 12). The reason for the
increase in the intensity of these transformations is
probably associated with an increase in the rate of diffusion
processes in non-equilibrium phases, due to dendritic
liquation, which is a heredity of the cast structure.
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It was established that in the process of dissolution of
non-equilibrium eutectic precipitates, microvolumes arise,
locally supersaturated with tungsten, chromium, titanium,
in which the probability of formation of carbides on a
more complex basis increases. In the course of research, it
was established that in the process of prolonged thermal
action, carbides on the basis of tantalum TaC and on a
mixed basis (Ta, Ti) C in the alloy 3MI-11 are thermally
more stable than carbides in the alloy N-155.

Metallographic analysis showed that, probably,
striving for an equilibrium state, there is a gradual
alignment of the chemical composition of -eutectic
precipitates with the composition of the strengthening
phase and solid solution. In the process of phase
transformations with the participation of coarse eutectic
precipitates in alloys, the separation of finely dispersed
particles of the strengthening phase of spherical shape and
their coagulation occurs. At the same time, no noticeable
change in the volumetric amount of the strengthening
phase compared to the initial state (after HT) is observed.
However, due to the presence of tantalum in the phases of
the 3MI-11 alloy, phase transformations in its structure
during prolonged thermal action at 950 °C proceed more
slowly than in the N-155 alloy.

Metallographic analysis showed that in the structure
of the N-155 and 3MI-11 alloys after prolonged thermal
action on the basis of 5000 hours at temperatures of
850 °C and 950 °C, topological close-packed (TCP)
phases, such as the o- phase, were not detected, which
indicates the stability of the solid solution of the alloys
with respect to the release of harmful excess phases
during prolonged thermal action.

Conclusions

1. Based on a comprehensive approach, a
comparative analysis of alloys N-155 and 3MI-11 was
carried out, which allows us to adequately predict the
possibility of replacing the foreign alloy N-155 with the
domestic 3MI-11.

2. It was established that during tests at 800 and
900 °C, the ultimate strength of alloy N-155 is 1.2 times
lower than 3MI-11, and the long-term strength is 5.2
times lower, respectively.

3. It was shown that the amount of the strengthening
phase in the 3MI-11 alloy is 6..10 % more, with a
uniform distribution throughout the alloy body.

4. It was established that in the composition of the
strengthening phase of the 3MI-11 alloy, the concentration of
chromium, tungsten and molybdenum remains practically
unchanged and does not depend on the presence of niobium.
At the same time, in the composition of the strengthening
phase of the 3MI-11 alloy, the concentration of cobalt
increases by 1.4 times, and the concentration of aluminum and
titanium decreases by 1.1 times compared to the N-155 alloy.

5. It was established that in the process of dissolving
non-equilibrium eutectic precipitates, microvolumes arise,
locally supersaturated with tungsten, chromium, titanium, in

which the probability of formation of carbides on a more
complex basis increases. It was established that in the process
of prolonged thermal action, carbides on the basis of tantalum
TaC and on a mixed basis (Ta, Ti)C in the 3MI-11 alloy are
thermally more stable than carbides in the N-155 alloy.
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Mema pooomu. IIposecmu nopieHaIbHI 00CAIOHNCEHHA KOMNAEKCY QUIUKO-MEXAHIUHUX 81ACMU8ocmeti iMnopmHo-
2o cnaagy N-155 i eimuusnanozo cniagy 3MI-11 3 memoro 30inbuienHs pecypcy pobomu 10Namox, wo o6epmaromscs.
Ilposecmu nopiguanbHi 6UNpoOYBAHHA HA KOPOMKOUACHY I MPUBALYy MIYHICMb CHIAGI8 8 NOYAMKOBOMY CMAHi (nicis
mepmoo6poOKu), nposecmu NOPIBHANbHI BUNPOOYBAHHA HA KOPOMKOYACHY | MPUBALY MIYHICMb CNAAGI8 NICAA MpuU8aioi
mennosoi 0ii npu T = 850 °C, 950 °C enpoodosac 1000, 3000, 5000 200un.

Memoou Oocnioxycenna. 3pasku cniagie 6ucomosusnu 3i 31uekie eazoio 10 ke y eaxyymuiu iHOYKYiluHiU neui
VIII®-3M 6 cepedosuwyi apeony npu mucky 1,4-5,3 Ila 6 muensix 3 OCHOSHUM ymepy8anHHAM 3 0OHOUACHOI 3A1UG-
KOI 3pasKis pieHOGICHOI Kpucmanizayii. XiMiuHutl auaniz npogoouiu CMAaHOApMHUMU MEmMoO0amu 32I0H0 3 6UMO2AMU
TY 14-1689-73 i OCT 1.90127-85. [ocnrioscenHss MIKpOCmMPYKmMypu npoGOOULU HA MIKPOULLI(PAX, NIOUUHA SKUX
OPIEHMOBAHA NO HOPMALL 00 NOBEPXHI HA CEIMA0BOMY onmuunomy mikpockoni «Olympus IX-70» 3 yugposoio sideoxa-
meporo «ExwaveHAD color video camera Digital Sony» npu 36invuennsx %200, x500, x1000. Bunpo6ysanns miy-
nocmi (ITOCT 1497-61, TOCT 9651-61, TOCT 1497-84) nposoouau na cmanHOapmHux yuriHOpUYHUX 3paskax (oiamemp
pobouoi yacmunu Smm, dosoxcuna 25um) npu memnepamypax 200, 800, 900 i 1000 °C na po3pusHiii mawiuHi Mapru
YMD-10TM. Bunpobysanns na mpusany miyuwicme (IOCT 10145-81) nposoduru ma cmanoapmuux yuniHOPpUYHuxX
spaskax npu memnepamypax 800, 900, 1000°C i sionogionux nasaumadgicenusix 600, 400, 180 Mlla na mawuni
AHUMA-5-2.

Ompumanni pesynomamu. Bcmanosneno, wo npu sunpooysanusx 800 ma 900°C epanuys miynocmi cniagy
N-155 6 1.2 pasu nuosicua nise 3MI-11, a doecompusana miynicme 6 5.2 pasu menuia 8ionogiono. Ilokazano, wo Kino-
Kicmb 3miyHouoi gazu 6 cnaasi 3MI-11 6invwe Ha 6...10 %, 3 pignomipuum posnodirom no miny cniagy. Bemanosne-
HO, Wo y cknaoi smiyntoouoi ¢asu cnaasy 3MI-11 konyenmpayis xpomy, 6016@pamy i MOaiOO0eHy 3ATUMAEMbCA NPAK-
MUYHO HE3MIHHOIO | He 3anedxcums 6i0 HaaeHocmi HioOI0. B moil xce uac, y cknaoi smiyurorouoi ¢asu cniagy 3MI-11
niosuwyemsbcsi KoHyenmpayis kobanemy 8 1,4 pasy i snuoscyemoca 6 1,1 pazy Konyenmpayia amominiio i mumany
nopisusinnui i3 cnaagom N-155. Bcmanoeneno, wjo 6 npoyeci po3uunents Hepi6HOBANCHUX e6MEKMUYHUX 6UOLNEeHb BUHU-
Karomos MIiKpooO €MU, JIOKANbHO NepecUyeHi 80ab@PAMOM, XPOMOM, MUMAHOM, 6 SKUX NIOBUWYEMbCS GIPOCIOHICMb
YymeopeHHst Kap0iodie Ha CKAAOHIWIL OCHOBL. B x00i docnidsceny 6y10 6cmanogneno, wo 6 npoyeci mpueaioi meniogoi
0ii kapbiou na ocnoei manmany TaC i na smiwaniti ocrosi (Ta, Ti) C ¢ cnnasi 3MI-11 mepmiuno cmabinohiui, Hidc
kap6iou 6 cnaaesi N-155.

Haykoea nosuszna. Ompumani pesyrbmamu 0aioms 3MO2y 3p03VMImMu mepmMoOuHamiKy npoyecie ¢pazoymeopents
8 080X CUCTEMAX Jle2y8aAHHs Mda 6CIMAHOBUMU 3ALEHCHOCHIE MIJC 1e2yIOYUMU eleMeHmamMu ma ¢azoeum cKiaoom cnia-
8y.

IIpakmuuna yinnicms. Ompumani pe3yremamu O0aioms 3M02Y PeKOMEeHOY8amu AK 3AMIHHUKA 3aKopOOHHUM N-
155 na eimuusnanuii 3MI- 11 6e3 empamu enracmusocmeii ma pecypcy eKcniyamayii.

Knrouosi cnosa: sicapomiyni Hikenesi cnaasu, ¢pazosuti ckiaod, po3nooil 1e2y8aibHux eleMenmie, HcapoMiyHiCmb,
Kapoiou.
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