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ABSTRACT

The mathematical dependences of thermodynamic processes of precipitation of carbide phases are determined, and a practical study
of the structure and distribution of chemical elements is carried out. Regularities were established for the effect of the chemical
composition of the alloy on the morphology and type of carbides. It is shown that, depending on the introduced chemical elements
in the system, the types of carbides and their chemical composition can change, which leads to a decrease in the processes of crack
formation in the material. The established dependencies for the multicomponent system Ni-22.5Cr-19Co-1.9AI-3.7Ti-2W-1.4Ta-
1Nb-0.15C make it possible to determine the chemical composition of carbides from the chemical composition of the alloy. The
evaluation of the results obtained by the calculation method and experimental data was carried out, and the analysis of the results
gave good convergence and can be recommended for industrial use.
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INTRODUCTION

Carbides of the MC type are formed during crystallization in
the form of discrete particles in the intergranular and intragran-
ular space, as well as in the interdendritic regions in the liquid
due to the strong segregation of carbon when its amount is
above 0.05%, and also at temperatures slightly below the
solidification temperature of the alloy. In carbide reactions in
alloys, they are the main source of carbon. In order of decreas-
ing stability in heat-resistant nickel alloys, carbides are placed
in the series HfC, TaC, NbC, TiC [1-9]. These carbides are
very stable at low temperatures, but at higher temperatures,
they tend to convert (degrade) into secondary carbides of
various types.

The impact of carbides is complex, located along the bounda-
ries or inside the grains, they perform a modifying function,
helping to prevent recrystallization, atoms of various elements
can replace each other in the carbide, thereby changing the
morphology of precipitates.

The shape of carbides has a significant effect on the plasticity
of cast nickel superalloys; in the case of the formation of
"Chinese hieroglyphs," it is much lower than in the case of the
formation of a spherical precipitate. The size of carbides can
also affect the heat resistance [10-12]. Sufficiently large
carbides at the grain boundaries reduce the creep and fatigue
resistance of the alloys due to the high difference between the
elastic moduli of the carbides and the matrix. Also, carbides
can be destroyed during thermal cycling (starting and stopping
the engine) due to cracking [13-24].

The purpose of the work is to optimize the chemical composi-
tion and morphology of carbides of welded nickel-based
superalloys by changing the chemical composition of the alloy,
which will increase the performance properties of body parts.

MATERIAL AND METHODS

Modelling the processes of precipitation of carbides using the
CALPHAD method makes it possible to carry out the computa-
tional prediction and a comparative assessment of the influence
of alloying elements in carbides. Calculations were carried out
for each studied composition individually with a step-by-step
change of a specific alloying element into a fixed composition
of a multi-component system.

In the system (Ni-22.5Cr-19Co-1.9Al-3.7Ti-2W-1.4Ta-1Nb-
0.15C), the range of element variation was chosen based on
considerations of the maximum and minimum amount of the
element introduced into the nickel-based superalloys. Thus,
carbide-forming elements were chosen for the study in the
following alloying ranges: carbon 0.02-0.2%; niobium 0.1-4%;
titanium 1-6%; tantalum 0.5-12%, tungsten 1-16%, chromium
1-35% by weight.

The alloy crystallization process was modelled by the CAL-
PHAD method from the liquid state temperature (1600°C) to
room temperature (20°C) with a temperature step of 10°C over
the entire range, which made it possible to determine the
temperature sequence of phase separation during crystalliza-
tion. Calculations were carried out on the initial chemical
composition of the alloy with the determination of the most
probable precipitation of the amount and type of carbides in the
structure, as well as their chemical composition after modelling
the crystallization process.

The composition of carbides was experimentally determined on
a REM-1061 scanning electron microscope with an energy-
dispersive X-ray spectral microanalysis system. This method
was used to study morphology and chemical composition of
precipitated carbides in the alloy structure. The conversion of
qualitative values into quantitative analysis was carried out
automatically according to the device program. The relative
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error of the method is + 0.1% (by mass). The results of calcula- a

tions of the type of carbides and their chemical composition Ve, %

were compared with experimental data obtained using electron 18 Vae = 0,1725(C) + 0,0373
microscopy. Ri= 00945

RESULTS AND DISCUSSION

Modern gas turbine engines require materials with improved
performance, extended overhaul intervals and high heat
resistance and maintainability. These are the requirements that
are imposed when designing new materials for body parts of
unmanned aerial vehicles and gas turbine units of gas-pumping
equipment. The properties of high-temperature materials are
ensured by the stability of the structural components during 0
operation. A very important parameter for heat treatment is the 0.02 0.06 0.1 0,14 018 ¢ 9
carbide liquidus temperature, which also affects the operating b

temperatures of the parts. It has been established that with an
increase in the carbon content in the alloy, an increase in the
carbide liquidus temperature t. and the number of carbides in
the composition of the alloy is observed (Fig. 1). This leads to
a deterioration in the operational and repair properties of the
material due to the formation of coarse inclusions of carbide
components. The above feature should be taken into account
and rational doping limits should be chosen, which lie in the
range of 0.1-0.15% carbon.

The temperature of the carbide liquidus decreases with an
increase in the titanium content in the alloy (Fig. 2, a), this is
due to precipitation by a change in the composition of the
carbide (Fig. 2 b). So, at a titanium concentration in the alloy
of more than 3%, its amount begins to prevail in the carbide .
over the amount of niobium, and at a concentration of more 0.02 0.0 0.1 O:14: 018 c.%
than 5.5% over the amount of tantalum. The transformation of c

the composition of carbides obeys linear laws and is described

by the corresponding mathematical dependencies, which are Vanscs, %

presented in Table 1. Changes in the composition of carbides
lead to a change in their morphology. Carbides of the TiC type
precipitate in interdendritic spaces and have a font (“Chinese
hieroglyphs”) shape, which negatively affects the properties of
the alloy, so it is necessary to limit alloying and prevent their
precipitation. In the test composition, the titanium content
should not exceed 5.5%.
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Fig. 1. - Temperature dependences of the dissolution (precipi-
tation) of MC (a) and M23Cs (b) type carbides, as well as the
amount of MC (c) and M23Cs (d) carbides on the carbon
content in the alloy.
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Table 1 - Dependences of the content of alloying elements in carbides on the content of alloying elements in the alloy.

Alloying element Dependences of the content of elements in carbide, % mass
Cra =-0,7425(Cra in alloy)? + 13,919(Cr. in alloy) + 13,708, R* = 0,9541;
Ta Cri = 0,388(Cr. in alloy)? - 7,0591(Cr, in alloy) + 39,156,  R2=0,9638;

Chb = 0,2588(Cr in alloy)? - 4,7618(Cr. in alloy) + 28,039, R2=0,9552.

Cra = -1,28(Cri in alloy) + 42,898, R?=0,899;
Ti Cri = 4,4782(Cri in alloy) + 10,454, R?=0,9789;
Cnb = -3,95(Cri in alloy) + 36,12, R?=0,988.

Cnp = 13,038(Cnp in alloy) + 6,0995, R?=0,9728;
Nb Cra = -5,253(Cns in alloy) + 43,374, R2=0,9866;
Cri = -6,8196(Cnp in alloy) + 35,929, R?=10,9619.

Cer = 0,1236(Cw in alloy)? - 2,7352(Cw in alloy) + 84,886, R>=0,9138
Cw =-0,1478 (Cwin alloy)? + 3,3042 (Cw in alloy) + 2,8098, R>=0,9374
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Fig. 2. - Temperature dependence of the dissolution of MC
type carbides (a) and the amount of tantalum, titanium and
tungsten in MC carbide (b) on the titanium content in the alloy

An increase in the carbide liquidus temperature t. with an
increase in the amount of tantalum in the alloy is associated
with the formation of TaC carbides already at a concentration
of more than 1% tantalum in the alloy (Fig. 3). The transition
of MC carbide to tantalum-based carbide leads to an increase in
interatomic bonds, which contributes to an increase in the
dissolution (precipitation) temperature of the carbide. Howev-
er, at 2% tantalum, a topologically close-packed n-phase
(61.3Ni-15.4C0-13.7Ti-4.8Nb-2.34Ta-2.08AI1-0.29Cr) appears
in the composition, which must be taken into account when
modernizing the alloy. Also, at 7% tantalum in the alloy,
carbides of the M23Cs type degenerate and this negatively
affects the grain boundary creep at operating temperatures. The
introduction of tantalum changes the MC carbide morphology
to a faceted irregular shape.
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Fig. 3. - Temperature dependence of the dissolution of MC
type carbides (a) and the amount of tantalum, titanium and
niobium in MC carbide (b) on the tantalum content in the alloy

The introduction of niobium into a complexly alloyed composi-
tion leads to a decrease in the temperature of the carbide
liquidus at a concentration of 2.5-3% (Fig. 4). In the same
doping range, the appearance of the n-phase is observed, after
the formation of which there is an increase in t., as well as a
change in the base of the carbide to NbC. Niobium carbide
does not have a high liquidus temperature, it is not much lower
than TaC carbide and significantly lower than TiC, thus, one
should strive not for the formation of monocarbides based on a
single element, but for the formation of complex carbides
based on more than one element.
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Fig. 4. - Temperature dependence of the dissolution of MC
type carbides (a) and the amount of tantalum, titanium and
niobium in MC carbide (b) on the niobium content in the alloy

Chromium is an element that influences the formation of
secondary carbides, it has a significant effect on the tempera-
ture of dissolution (precipitation) of carbides. It has been
established that carbides of the M23Cs type begin to precipitate
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from the solid solution at a concentration of 17% chromium
(Fig. 5), which is described by a parabolic dependence. The
composition of carbides practically does not change with an
increase in chromium in the alloy and is at the level of 80.5Cr-
8.5W-4Co-2Ni. However, at 31% Cr, a BCC (chromium-based
solid solution) phase is formed in the alloy, which significantly
reduces the mechanical properties.

L M23C6 oC

M0 = -1.8002(Cx)? + 31.586(Ccr) + 747.75
y NCe) 17,
R=0.9586 _ g
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840
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Fig. 5. - Temperature dependence of the dissolution (precipita-
tion) of M23Cs type carbides on the chromium content in the
alloy composition

An increase in tungsten in the composition of the alloy leads to
a decrease in the temperature of the carbide liquidus at a
concentration of more than 6% (Fig. 6), this behaviour is
associated with the formation of a o-phase, the crystal lattice of
which is close to M23Cs, with a ratio of dimensional parameters
¢/0,52~a and chromium concentration 52%. The appearance of
this phase affects the thermodynamics of processes in the alloy
and reduces the heat resistance of the material. Also, with an
exaggeration of more than 8% W, a p-phase is formed in the
alloy, the crystal lattice of which approaches MgC, according to
a similar mechanism to the o-phase, which also reduces the
mechanical properties.
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Fig. 6. - Temperature dependence of the dissolution of M23Cs
type carbides (a) and the amount of chromium and tungsten in
M23Cs carbide (b) on the tungsten content in the alloy

The established dependences of the effect of the chemical
composition of the alloy on the composition of carbides of the
nickel-based superalloy of the Ni-22.5Cr-19Co-1.9Al-3.7Ti-
2W-1.4Ta-1Nb-0.15C system were checked on a REM-106l
scanning electron microscope with X-ray spectral microanalyz-
er system. The morphology of MC carbides has the form of
both individual blocks and «Chinese hieroglyphs» (Fig. 7).
Carbides of the M23Cs type are present in the form of discon-
tinuous block and lamellar forms (Fig. 7) that stand out along
the grain boundaries. The most rational and thermodynamically
advantageous is the block type of carbide precipitates since in
this case the stress concentration with the matrix is at the
lowest possible level.

The structures presented in Fig. 7 are a consequence of the
redistribution of elements in the alloy matrix and carbide
phases. The structural-energy state, which determines the
morphology of carbides, is associated with a change in the
composition of the carbide phases (in the process of dissolu-
tion-precipitation) and a change in the relative free energies of
the boundaries.

The chemical composition of the carbides was determined
experimentally by X-ray spectral microanalysis, with which the
intensity of X-ray radiation was recorded depending on the
energy keV. It has been experimentally established that titani-
um, niobium, tungsten, molybdenum, nickel, and chromium are
included in the composition of carbides in the following ratios
in comparison with the calculated values (Table 2).

28.00kV

x1.00k

Fig. 7. - Morphology of carbides in the alloy structure of the
Ni-22,5Cr-19Co-1,9Al-3,7Ti-2W-1,4Ta-1Nb-0,15C system

Table 2 shows that the calculated and experimental data are in
good agreement with each other for almost all elements. There
is an increased content of tantalum and niobium in primary
carbides and chromium in secondary carbides. It is experimen-
tally confirmed that the data obtained by calculation (according
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to the established regression models) and experimental meth-
ods have an error not exceeding 3%.

Thus, the calculated data for determining the type and chemical
composition of carbides showed good convergence and agree-
ment with experimental data obtained by electron microscopy.

Table 2 Chemical composition of carbides calculated from certain dependencies and obtained experimentally by X-ray spectral

microanalysis at 20°C

Method of obtaining results

Element content, % wt.

Ti Nb W Ta Ni Cr Co Cc
Estimated composition MC 27,9 21,7 0,9 37,7 - 0,19 - 114
Estimated composition M23Cs - - 9,14 - 1,7 80,5 3,38 53
Composition of the carbide type has been experimentally
established MC (Fig. 7) 25,6 225 05 | 396 0,32 11,4
The composition of the carbide type has been experimentally : : )
established M2sCs (Fig.7) 68 L1] 82 | 26 | 53

CONCLUSIONS

1. Based on modern ideas about the concept of phase formation
in high-temperature nickel alloys, carbides are an integral part
of the system that affect the properties and require composition
adjustment. Regularities have been established for the effect of
the chemical composition of the alloy on the morphology and
type of carbides. It is shown that, depending on the introduced
chemical elements in the system, the types of carbides and their
chemical composition can change, which leads to a decrease in
the processes of crack formation in the material.

2. Mathematical dependencies have been established, by which
it is possible to determine the liquidus temperature of carbides,
which makes it possible to optimize the heat treatment modes
to obtain the optimal structure of the alloys.

3. It has been established that with an increase in the titanium
concentration of more than 5.5%, a n-phase is formed, and
MC-type carbides acquire a font shape, which reduces the
fracture toughness of the material. Also, the n-phase is formed
at a concentration of more than 2% Ta in the alloy, and already
at 7%, degeneration of carbides of the M23Cs type occurs,
which negatively affects the grain boundary creep. The intro-
duction of more than 2.5% Nb leads to the formation of a
topologically close-packed phase and a decrease in the heat
resistance characteristics of the material.

4. A comparative evaluation of the calculated results obtained
by regression models and experimental data obtained by X-ray
spectroscopy was carried out. Analysis of the results gave good
convergence and can be proposed for predicting structural
components both in industrial alloys and in the development of
new materials.
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