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Abstract—A comprehensive comparative study of the structure, phase composition, and mechanical proper-
ties of heat-resistant nickel-based Ni—Cr—(X) alloys produced by the methods of traditional metallurgy and
self-propagating high-temperature synthesis (SHS metallurgy) is carried out. With the purpose of formation
of the submicrocrystalline structure, a longitudinal rolling and post-deformation annealing of the cast alloy
is performed. The microstructure of the heat-resistant alloys is investigated by the SEM and TEM methods.
It is shown that the cast alloy has a recrystallized structure with the mean grain size of ~1 um and the particles
of chromium carbides have a size of ~1—3 um. After rolling and subsequent annealing (750°C/1 h), the aver-
age grain size is reduced to 0.43 um and the formation of dispersed particles of carbides 100 nm in size is
observed. The structure of the alloy obtained by SHS metallurgy is dendritic, and particles of W and Cr are
absent. When 0.1 wt % carbon powder is added to the initial powder mixture for SHS synthesis, formation of
the network of W and Cr particles is observed along the boundaries of dendrite colonies. It is found that the
SHS Ni-based heat-resistant alloy similar in composition to commercial cast alloy is characterized by
improved mechanical properties and increased heat resistance compared to the cast alloy in both the coarse-
grained and the submicrocrystalline state. Adding the carbon powder to the powder mixture for SHS leads to
a further increase in the resistance to high-temperature deformation owing to formation of the carbide phase
impeding the movement of dislocations and grain boundary creeping processes.
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INTRODUCTION

Heat-resistant nickel-based alloys are widely used
as construction materials in aerospace engineering,
including fabrication of the details of the hot zone of
gas turbine engines owing to sufficiently high thermal
stability of structure and creep strength at elevated
temperatures along with high corrosion stability [1—

6]. The working temperature of nickel- and cobalt-
based alloys with intermetallic or solid-solution
strengthening varies from 750 (Inconel 718, VZh172)
to 1100°C (VZh145, HS188) [6—9].

In this work, alloy of the Ni—Cr—(X) system was
studied by the example of KhN60VT brand (VZh98).
It is known that VZh98 alloy possesses a fairly high
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ductility at room and elevated temperatures and does
not require additional complex thermal treatment.
The phase composition of the alloy is represented by
alloyed Ni-based 7y solid solution and the particles of
the secondary carbide phase (W,C and Cr,;Cy). It is
known that disperse particles of secondary phases
(carbides, nitrides, oxides, and others), in particular,
those along grain boundaries, increase the high-tem-
perature strength of metal polycrystals, because they
prevent migration of grain boundaries and propaga-
tion of recrystallization and grain-boundary creeping
at elevated and high temperatures [2]. The grain-
boundary carbide particles have the same positive
influence on the high-temperature strength of the
considered alloys [1, 5], which are extremely sensitive
to variations of structure, phase composition, and dis-
tribution of the phase precipitations along the bulk
material. In order to provide high high-temperature
strength of these alloys, it is preferable that grain-
boundary precipitations have a globular shape and
submicron size and are homogeneously distributed in
the bulk material. In addition, during the choice and
optimization of the chemical composition of the
alloys, it must be considered that an excess increase in
the carbon content may result in excess precipitation
of chromium-based carbide phases and a decrease in
high-temperature strength and heat resistance also
because of the depletion of the matrix in alloying ele-
ments (primarily chromium). The platelike or needle-
like shape of carbides and their nonuniform distribu-
tion along grain boundaries may result in embrittle-
ment, which decreases the service life of the structural
elements of this alloy at elevated temperatures. It is
known that the carbides of M¢C type are more stable
at high temperatures than M,;Cg; therefore, precipita-
tion of the W,C carbide phase along grain boundaries
is more favorable for the increase in high-temperature
strength [1, 6, 10].

Owing to the consistent trend to the increase in the
cost of energy source materials and initial components
of heat-resistant nickel-based alloys, energy and
resource saving technologies for the fabrication of
such materials are currently being developed. Self-
propagating high-temperature synthesis (SHS) is one
of the promising methods for the design of new high-
temperature metal and ceramic materials [11, 12]. In
this work, the method for the fabrication of cast mate-
rials in the combustion mode, which was referred to as
the SHS technology of high-temperature melts [13] or
SHS metallurgy [14—16], was used for the fabrication
of Ni—Cr—W alloy. Employment of highly exothermic
SHS compositions of thermite type gives temperatures
which are sufficient for the fabrication of the melts of
the products of combustion (higher than 2500°C). At
this temperature, the target product (metal melt) and
the slag phase (metal oxide reducing agent) exist in the
liquid phase and there is a gravitational separation
(delayering) of the liquid metal and slag melts under
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the force of gravity. The ingots of cast high-melting
compounds [12, 17], solid alloys, oxide and composi-
tion materials [18, 19], and also their weldings [20] are
formed after cooling depending on the composition of
the mixture and the conditions of synthesis.

The advantages of SHS metallurgy of cast heat-
resistant materials are the following:

e simple equipment and minimum energy con-
sumption;

e achievement of high temperatures necessary for
the fabrication of heat-resistant alloys owing to inter-
nal chemical heat sources;

¢ high efficiency caused by a high combustion rate
(time of synthesis is less than 2—3 min);

e and fabrication of heat-resistant materials with
specific composition and structure.

In contrast to the counterparts prepared through
conventional electrometallurgy, SHS materials pos-
sess a lower content of uncontrollable impurities and
more perfect crystal structure, which provides higher
physicomechanical characteristics of such materials
[21-23].

The aim of this work is to compare the effect of
structure and phase composition on mechanical char-
acteristics of heat-resistant alloys of the Ni—Cr—(X)
system fabricated through traditional and SHS metal-

lurgy.

MATERIALS AND METHODS

To carry out comparative studies, an industrial
alloy of KhN60VT brand (VZh98) was chosen [24].
The specified chemical composition of the alloy is
given in Table 1 and the results of X-ray microanalysis of
the initial industrial alloy (states I and II) and the alloys
prepared through SHS synthesis (states III and IV) in a
scanning electron microscope (SEM) equipped with
an EDAX energy-dispersive adapter are given there.
The instrumental measurement error of the concen-
tration of elements was 1 wt %.

The VZh98 industrial alloy under study was in the
form of sheets 3 mm in thickness in the as-received
state. To dissolve secondary phases and homogenize
the chemical composition of the alloy, annealing at
1200°C and subsequent quenching in water were car-
ried out. To form the submicrocrystalline (SMC)
structure, the specimens 10 X 5 X 1 mm in size were
exposed to longitudinal rolling in a TRIO-450 mill at
room temperature at the rate of 10~> m/s. The recrys-
tallized structure in the specimens after rolling was
formed through annealing in the air in muffle furnace
at the temperatures of 650—750°C for 1 h.

Using the SHS metallurgy method with the techni-
cal-grade powder mixture of Ni, Cr, W, and Fe oxides
and addition of carbon (graphite), as well as aluminum
of PA-4 brand as a reducing agent, alloys of the Ni—
Cr—W system, which are similar in composition to ini-
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Table 1. Elemental composition of the investigated Ni—Cr—(X) alloy, wt %

Alloy Ni Cr W Fe Ti Al Mn C Si
Specified composition of the VZh98 indus- Main |23.5-26.5|13—16| <4 ]0.3—0.7| <0.5 | <0.5 | <0.10 | <0.8
trial alloy
Results of analysis of VZh98 industrial cast Main 14 1 0.2 — <1 <1 <1
alloy in initial state (I)* and after additional
thermomechanical treatment (I1T)**
SHS alloy (ITT)*** Main 12 5 — 5 1 0.04 1
SHS alloy (IV)*#** Main 20 4 - 0.5 0.4 0.08 —

* Industrial cast alloy in initial state.

** Initial cast alloy after additional thermomechanical treatment for the formation of submicrocrystalline (SMC) structure.

*#* The alloy fabricated through SHS metallurgy.

**+*The alloy fabricated through SHS metallurgy with addition of 0.1 wt % of powdered carbon.

tial VZh98 industrial alloy, were fabricated. The mean
particle size of the initial powder mixture was less than
100 um. The powders were mixed in a planetary mixer
for 15 min. To enhance gravitational separation and
convective mixing of the melt, the alloy was synthe-
sized in a centrifugal SHS unit at the overload from 1
to 500 g [17]. A ceramic (corundum) mold with the
diameter of 40 mm inside a graphite mold was used for
the synthesis. Employment of two molds eliminated
spreading of the melt upon rotation of the rotor of the
centrifugal SHS unit. The diagram of SH synthesis of
the cast materials and its main stages are described in
detail in [16—19].

Microhardness measurements of the specimens
(micropolished sections after etching) were carried
out using a tetrahedron with a square base (Vickers
method) on a DMS digital hardness meter at the load
of 100 g.

Mechanical compression tests of the specimens in
the form of a parallelepiped with the dimensions of
8§ X 8 X 12 mm were performed at room and high
(1000°C) temperatures on an Instron 300LX universal
hydraulic test machine at the rates of deformation of
102to 10~*s .

Structural studies were carried out at longitudinal
and transverse cross sections of the blanks. The micro-
structure and phase composition of the specimens was
studied using transmission electron microscopy
(TEM) on a Tecnai GF20 S-TWIN microscope at the
accelerating voltage of 200 kV in the transmission elec-
tron microscopy and scanning transmission electron
microscopy (STEM) modes. The distribution of
chemical elements in the alloy was determined
through X-ray energy-dispersive microanalysis in the
STEM mode using an EDAX adapter and Tecnai
Imaging & Analysis software. Quantitative processing
of high-resolution electron images and electron dif-
fraction patterns was carried out using the Digital
Micrograph 2.0.2 computer program. Studies on
Quanta FEG 600 and NovaNanoSem 450 scanning
electron microscopes (SEM) were carried out at the
accelerating voltage of 30 kV.
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The mean size of the elements of grain-subgrain
structure on TEM images was determined by the
secant method according to the results of measure-
ments of at least 300 grains. ImageScope software was
used for calculations. The averaged histograms of size
distribution of microstructural elements and all neces-
sary characteristics of the obtained distributions for
statistical processing were determined according to the
histograms of grain size distribution of horizontal and
vertical secants for the specimens in each state.

Using the backscattered electron diffraction
method (EBSD) in SEM, which is based on the iden-
tification of diffraction patterns in the form of Kikuchi
lines, the histograms of the grain-boundary angle dis-
tribution were plotted.

The specimens for TEM were prepared on an
AQ300L electroerosion setup. The cut disks 3 mm in
diameter were processed in two stages. At the first
stage, mechanical polishing on abrasive disks to the
plate thickness of 100—150 um was used for thinning.
It is known that structural distortions are observed at
the depth of up to 12—75 um at rough polishing, while
this depth amounts to 2.5—25 um at fine polishing. A
LaboPol-5 setup (Struers) was used at the second
stage of foil preparation. Because thinning is per-
formed from two sides at the second stage of the final
step of thin foil preparation (on a TenuPol-5 setup for
electrolytic jet polishing using an 80 mL HCIO, + 90 mL
H,0 + 730 mL C,H;OH electrolyte at the temperature
of —10°C and the voltage of U = 27 V), no artifacts
associated with mechanical polishing at the initial
stages of foil preparation should be observed in the foil
under study.

RESULTS AND DISCUSSION
Initial Industrial Cast Alloy (State I)

SEM images of the microstructure of the alloy
under study after casting (state I) are given in Figs. 1a
and 1b. The microstructure of the alloy consists of
grains whose shape is similar to equiaxial and tungsten
and chromium carbide particles with the sizes of ~1—
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Fig. 1. Microstructure of Ni—Cr—W commercial cast alloy in as-received condition (position I): (a) SEM image in backscattered
electrons; (b) electron backscatter diffraction map in the color spectrum of the crystallographic triangle of FCC nickel lattice; (c)
grain size distribution; (d) histogram of misorientations of grain boundaries.

3 um. The grain distribution is similar to lognormal
(Fig. 1c). The mathematical expectation of the grain
size is 2.89 £ 0.16 um, the median of the distribution
is 2.05 um, and the mode is 1.03 um (the size of the
sample is 1332 measurements). The fraction of low-
angle boundaries is 7% and that of high-angle bound-
aries is 93%; the grain disordering spectrum is charac-
terized by a peak at 60° (Fig. 1d). It is known that this
fact corresponds to the presence of a large number of
grain boundaries of twin type, which usually have a
rectangular shape.

Cast Alloy after Rolling and Formation
of SMC Structure (State 11)

After rolling to the degree of deformation of € =
80% at elevated temperature (600°C), the microstruc-
ture of material is characterized by the features of a
nonequilibrium high-defect state. A high density of
strain defects is observed; there is no contrast of grain
boundaries, which can indicate the presence of elastic
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stress fields on the strain defects of the crystal lattice.
In the state after rolling and subsequent annealing at
650°C/1 h, domains in which primary recrystalliza-
tion with simultaneous evolution of secondary
disperse carbide particles starts are observed.

The fully recrystallized structure is observed only
after annealing at 750°C for 1 h (Figs. 2a, 2b).

The grain size distribution is similar to lognormal
(Fig. 2¢). The mathematical expectation of the grain size
is 0.68 + 0.02 um, the distribution median is 0.58 um,
and the mode is 0.43 um (the size of the sample is
2872 measurements). The fraction of low-angle bound-
aries is 6% and that of high-angle boundaries is 94%.

In analogy to the initial state, there is misorienta-
tion at 60° (twin boundaries) on the grain-boundary
misorientation diagrams. There are also special large-
angle boundaries with predomination of misorienta-
tion at ~37—38° (Fig. 2d). Such recrystallized state
after rolling and annealing at 750°C/1 h was chosen for
comparative study of mechanical properties at ele-
vated temperatures.
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Fig. 2. Microstructure of Ni—Cr—W commercial cast alloy after rolling and annealing 750°C/1 h (position II): (a) SEM image in
backscattered electrons; (b) electron backscatter diffraction map in the color spectrum of the crystallographic triangle of FCC
nickel lattice; (c) grain size distribution; (d) histogram of misorientations of grain boundaries.

After annealing at 750°C, as at the initial stage of
recrystallization, disperse (~100 nm) chromium and
tungsten carbides precipitated on grain boundaries are
observed (Fig. 3).

Alloy Prepared through SHS Metallurgy (State I11)

At the first stage of the study of applicability of
SHS metallurgy, the alloy specimens similar in com-
position to VZh98 without additional alloying with
carbon were fabricated. The structure of SHS alloy is
characterized by clearly defined dendritic columns,
which represent a nickel-based solid solution (Fig. 4);
however, in contrast to the industrial cast alloy in var-
ious states, it does not have W and Cr particles. As fol-
lows from the data in Table 1, the composition of the
synthesized SHS alloy corresponds to the composition
of the VZh98 industrial alloy, which allows for a valid
comparison of mechanical characteristics of the
industrial cast alloy and the alloys synthesized using
SHS metallurgy.

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 11

Alloy Prepared Using SHS Metallurgy with Addition
of 0.1 wt % Powder Carbon (State IV)

Addition of carbon to the initial powder mixture for
SH synthesis brings its content to 0.1 wt % in the syn-
thesized specimens. This results in the formation of a
network of discrete interlayers of lamellar type on the
boundaries of dendritic columns in the alloy structure
(Fig. 5). An increased concentration of alloying ele-
ments (W and Cr), whose precipitations are uniformly
distributed in the bulk and along the boundaries of
dendritic columns, was detected in this network using
energy-dispersive X-ray microanalysis.

Mechanical Properties

The data on the mechanical characteristics of the
industrial alloy and the alloy prepared through SHS
metallurgy are given in Table 2.

It is clear that the industrial alloy with SMC struc-
ture (state II) and the alloy prepared using SHS met-
allurgy with additional alloying with carbon (state IV)

No.3 2020



718 TOKMACHEVA-KOLOBOVA et al.

Fig. 3. Recrystallized structure of Ni—Cr—W commercial cast alloy after rolling (80%) and annealing 750°C/1 h: (a) SEM (dis-
persion carbide precipitations are light); (b) TEM (dispersion carbide precipitations are dark).

200 pm (b)

Fig. 4. SEM images of microstructure of the SHS alloy (position III) at different magnifications.

Fig. 5. SEM images of microstructure of the SHS alloy with the addition of 0.1 wt % C (position 1V) at different magnifications.
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Table 2. Mechanical properties of the cast and SHS Ni-based alloy in various states

Yield stress G, , and tensile stress G
Microhardness | at the test temperature of 1000°C;
State at room the test rate is 10~*s~!
temperature
60.2, MPa GS’ MPa

Initial industrial cast alloy (state I) 200 20 50
Initial industrial cast alloy after rolling for the formation of SMC 220 20 35
structure (state 11)
Alloy fabricated through SHS metallurgy (state 11I) 190 90 120
Alloy fabricated through SHS metallurgy with addition 260 120 145
of 0.1 wt % powdered carbon (state V)

possess increased strength characteristics at room
temperature. It is reasonable to suggest that strength-
ening of the cast alloy after rolling and formation of
the SMC structure (state II) is related to grain disper-
sion, while that of the SHS alloy additionally doped
with carbon (state IV) is caused by solid-solution
strengthening with carbon, which represents an inclu-
sion impurity.

In the case of SHS alloys, the flow stress at high-
temperature tests is significantly higher than in the
cast alloys both in the coarse-grain and SMC states.
Addition of a small amount of carbon to the SHS alloy
enhances the resistance to high-temperature strain
owing to the formation of the carbide phase, which
restricts the motion of dislocations and grain-bound-
ary creeping. In addition, the dendritic structure of the
SHS alloy also provides an increase in the resistance to
strain in the direction of elongation of dendrites. It is
known that the formation of the dendritic structure is
related to the inhomogeneity of the chemical compo-
sition of the alloy, which almost always arises during
its crystallization (central dendritic domains, which
are rich in high-melting components, crystallize first).

Thus, the results of the studies show that the coun-
terpart of VZh98 alloy prepared through SHS metal-
lurgy and additionally alloyed with carbon is the most
promising material among the considered materials.

CONCLUSIONS

Using scanning and transmission electron micros-
copy, the effect of structural—phase state on the
mechanical characteristics of industrial cast heat-
resistant alloy of the Ni—Cr—W system (VZh98 brand)
and counterpart alloys prepared through SHS metal-
lurgy has been compared. It has been determined that
a structure in which grain boundaries are fixed by
disperse particles is formed in SHS alloys, which
increases the strain resistance at high temperatures.
Addition of up to 0.1 wt % carbon to SHS alloy
enhances this effect owing to carbide formation and
solid-solution strengthening. The SHS alloy doped

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 11

with carbon possesses higher strength characteristics
at room and elevated temperatures.

The process conditions of submicrocrystalline
structure formation, which significantly enhances the
strength characteristics of the VZh98 industrial cast
alloy owing to the formation of nanosized carbide pre-
cipitates of globular morphology upon recrystalliza-
tion, have been developed.

These results indicate the prospects of SHS metal-
lurgy for the fabrication of heat-resistant alloys with
improved mechanical characteristics at room and ele-
vated temperatures.
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