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ABSTRACT

Purpose: Predicting the specifics of the distribution of alloying elements between
secondary carbides, their topology, and morphology, as well as the composition for a single-
crystal multicomponent system of the type Ni-11.5Cr-5C0-3.6Al-4.5Ti-7W-0.8Mo0-0.06C
using the calculated CALPHAD (passive experiment) versus scanning electron microscopy
(active experiment).

Design/methodology/approach: This work presents the results of studies of the
distribution of chemical elements in the composition of carbides, depending on their content
in the system. The studies were carried out using an electron microscope with computer
analysis of images and chemical composition.

Findings: It was found that the influence of alloying elements on the composition of
carbides is complex and is described by complex dependencies that correlate well with the
obtained experimental results.

Research limitations/implications: An essential problem is the prediction of the
structure and properties of superalloys without or with a minimum number of experiments.

Practical implications: The obtained dependencies can be used both for designing new
superalloys and for improving the compositions of industrial alloys.

Originality/value: The value of this work is that the obtained dependences of the influence
of alloying elements on the dissolution (precipitation) temperatures and the distribution of
elements in secondary carbides in the superalloy of the Ni-11.5Cr-5C0-3.6Al-4.5Ti-7W-
0.8Mo0-0.06C system. It was found that changes in the course of the curves of temperature
dependence on the element content closely correlate with thermodynamic processes
occurring in the system, that is, the curves exhibit extrema accompanying the change in the
stoichiometry of carbides or the precipitation of new phases.

Keywords: Single-crystal nickel-based superalloys, Alloying system, CALPHAD method,
Structure, Composition of secondary carbides
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1. Introduction

The advantage of single-crystal alloys in comparison
with polycrystalline alloys is a significantly higher
resistance to high-temperature creep, due to the absence of
grain boundaries in the alloy, since their structure is formed
by branches of a single dendrite developed from a single-
crystal seed. This dendrite permeates the entire single crystal
with many branches of the first and second orders. The first-
order axes of the dendrite grow along with the directional
heat flow that is created in the directional solidification
furnace and coincides with the longitudinal axis of the
single-crystal blade. At the microscopic level, the structure
of single-crystal nickel-based superalloys is represented by
only two phases: particles of the y'-phase (formed based on
the intermetallic compound Ni3Al - an ordered fcc structure
of the L;2 type), scattered in a matrix from a y-solid solution
of alloying elements in nickel (disordered fcc — structure).
However, there is a class of materials with the addition of
carbon in small amounts (up to 0.1 wt.%), which leads to the
appearance of a carbide phase in the structure of alloys [1-13].

The role of carbides is very complex in nickel-based
superalloys. They affect mechanical properties depending
on their morphology and distribution. Single-crystal alloys
are characterized by the presence of primary carbides of
spherical, block, or font morphology, as well as secondary
carbides of discontinuous block or lamellar morphology
[14-19]. The main methods for studying such fine structures
are X-ray spectroscopy, which fully makes it possible to
determine the main characteristics [20-23].

This work aims to study the possibility of predicting the
specifics of the distribution of alloying elements between
secondary carbides, their topology, and morphology, as well
as the composition for a single-crystal multicomponent
system of the type Ni-11.5Cr-5Co-3.6A1-4.5Ti-7W-0.8Mo-
0.06C using the calculation method CALPHAD (passive
experiment) compared with the data obtained by scanning
electron microscopy (active experiment).

2. Materials and test methods

Modelling of thermodynamic processes occurring during
crystallization (cooling) or heating in the structure of alloys
was carried out by the CALPHAD method [24].

Modelling of these processes allows for computational
prediction and comparative assessment of the effect of
alloying elements in different types of carbides on their
distribution and phase composition in the alloys under study.
Calculations were carried out for each investigated
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composition individually with the stepwise introduction of a
specific alloying element into a fixed composition of a
multi-component system.

Depending on the alloying system of the alloy, the results
obtained by modelling the crystallization process make it
possible to calculate the temperatures and the number of
precipitated types of carbides, as well as their chemical
composition.

In the multicomponent alloying system (Ni-11.5Cr-5Co-
3.6A1-4.5Ti-7W-0.8Mo0-0.06C), the range of variation of the
elements was chosen from considerations of the maximum
and minimum amount of the element introduced into the
superalloys. Thus, for the study were selected carbide-
forming elements in the following alloying ranges: carbon
(0.02-0.2)%; chromium (1-35)%; molybdenum (0.5-6)%;
tungsten (1-16)% by weight.

The alloy crystallization process was simulated from the
temperature of the liquid state (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 precipitation during the crystallization
process.

Predictive calculations were carried out based on the
initial chemical composition of the alloy with the determi-
nation 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 using a REM-1061 scanning electron microscope
with an 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 program of the device.
The relative error of the method is £1% (by weight). The
results of calculations of the type of carbides and their
chemical composition were compared with the experimental
data obtained using electron microscopy.

The obtained dependences have rather high coefficients
of determination R%>0.9 and can be used for predictive
calculations of the indicated characteristics with a relative
error of = 3.1%.

3. Influence of elements on the phase
composition of the composition

The study of phase separation during crystallization of
the investigated alloy in the temperature range (1600-20°C)
showed that the most probable is the separation of the main
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phases in the following order: y — solid solution; primary
carbides; eutectic y + ¥'; type y' intermetallic based on
(NizAl). Carbides M»3C¢ are formed in alloys with moderate
or high chromium content during low-temperature
processing and during operation at 760-980°C due to the
decomposition of MC carbides and from the "residual"
carbon dissolved in the matrix. They are usually located
along grain boundaries, sometimes along twin lines, at
stacking faults, and at the ends of twins, and can be
nucleation centres for o-phase plates. The main elements
that make up their composition are chromium, molybdenum,
and tungsten, in this regard, in the future, modelling and
experimental study of the distribution of these elements is
carried out.

It was found that the dependence of the amount of M»3Cs
carbides on the carbon content is linear and is optimally

Table 1.
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described by the formulas (Tab. 1), which are shown in
Figure 1. Carbon does not affect the temperature of
dissolution (precipitation) of secondary carbides, which is at
the level of 1025£10°C.

Chromium, one of the main elements that enhance the
corrosion resistance characteristics of modern industrial
nickel-based superalloys. On average, the chromium content
is at the level of 15% by wt., however, to increase the heat
resistance, its amount can be raised to 35% by wt. [25].
In addition to its corrosive properties, chromium participates
in the formation of one of the secondary carbides of the
M»;Cs type. It was found that the effect of the amount
of chromium on the temperature of dissolution
(precipitation) and the composition of secondary carbides
(Fig. 2) is complex and is described by the following
formulas (Tab. 1).

Dependences of the temperature of dissolution (precipitation) of carbides and the content of alloying elements in secondary

carbides on the content of alloying elements in the alloy

Alloying Dissolution (precipitation) temperatures of Content of elements
element carbides, °C in carbide, wt.%
C - Vaascs = 20,239(C)-0,0013

£ M23C6 °C = 0.0262(Ccy)3-2.1506 (Ccr)?

Ca=-0.0665(Cc; in alloy)? + 3.7149(Cc; in alloy) + 31.847;

Cr Cmo= -0.0348(Cc; in alloy)? — 1.9008(Cc; in alloy) + 27.249;
+38.267(Ccr) +568.34 Cw= 1.245(C¢ in alloy) — 3.965 (from 9 to 15% Cr)
Cwmo= 5.4835 In(Cwpo in alloy) + 8,6222;
Mo tM23C6 °C= 14,37In(Cpmo) + 1030.6 Cw=-6.237 In(Cyp in alloy) + 12.493;
Cni= -0.0455(Cyo in alloy)? + 0.7416(Cy, in alloy) + 4.5485
Cw=-0.0999(Cy in alloy)? + 2.8216(Cyw in alloy) — 1.8997;
W L M23C6 °C = 4.1647 (Cw) +994.85 Cwmo= 0.0193(Cyy in alloy)? — 1.2152(Cyw in alloy) 15.488;

Cni= 0.0499(Cyy in alloy)? — 1.3375(Cy in alloy) + 11.587

0,02 0,04 0,06 0,08

0,1 0,12 0,14 0,16 0,18 0,2
C,%

Fig. 1. Dependence of the number of secondary carbides M»3Cs on the carbon content in the alloy composition
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A decrease in the rate of increase in the temperature of
dissolution (precipitation) of secondary carbides is observed
after reaching the amount of chromium in the alloy of more
than 19%, which is explained by the precipitation of a
topologically close-packed (TCP) P-phase in the alloy,
which has the composition 55.2W-19.6Cr-14.2Ni-6.6Mo-
4.2Co. Also, at 19% chromium in the alloy, the amount of
tungsten in the secondary carbide abruptly decreases to 6.8%
and practically does not change (Fig. 2b). An increase in
chromium in the alloy by more than 23% leads to the
termination of its dissolution in the matrix and the
precipitation of a a.-chromium-based solid solution.

a)

tL_\D3C6_oC

Molybdenum, one of the elements that participate in
the formation of secondary carbides, and on its basis
carbides of the M¢C type can be formed, while molybdenum
can be included in the composition of carbides of the M23C¢
type [26].

Figure 3 shows that molybdenum has a complex effect
not only on the temperature of dissolution (precipitation) of
secondary carbides but also affects the chemical
composition of carbides.

The influence of molybdenum is ambiguous on the
temperatures of formation of carbides (carbide liquidus),
according to the logarithmic dependence (Tab. 1), (Fig. 3a).

b)
o )/.—., (- .
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o
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Fig. 2. Effect of the chromium content in the alloy on the temperature of dissolution (precipitation) of carbides of the M23Ce
type (a), the amount of chromium, molybdenum, and tungsten in the secondary carbide (b)

a)
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Fig. 3. Influence of the content of molybdenum in the composition of the alloy on the temperature of dissolution (precipitation)
carbides M23Cs type (a), the amount of molybdenum, tungsten, and nickel in the secondary carbide (b)
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It should be noted that molybdenum rapidly increases in the may be the reason for the end of a further increase in the W
composition of secondary carbides, and at a concentration content in the MxCs carbides. The concentration of
(2%), the content of tungsten in carbides predominates molybdenum and nickel in secondary carbides gradually
(Fig. 3b). Also, at a concentration of 2% Mo in the alloy, decreases according to the corresponding parabolic
a P-phase enriched in tungsten is formed. An increase in the dependences (Tab. 1).

molybdenum content up to 5% leads to the formation
carbide of the M¢C type, which contains a significant portion
of Mo.

Tungsten is introduced into the composition of heat-
resistant alloys to increase the level of temperatures of phase

4. Comparison of calculations
and experimental data

transformations, and, consequently, the superalloy. The The results of calculating the phase composition
tungsten content in modern heat-resistant alloys is within a obtained by the CALPHAD method were further compared
fairly wide range of 1-16% by weight. A further increase in with the experimental data obtained using electron
the tungsten content significantly increases the probability microscopy in the microprobe mode on a scanning electron
of precipitation of phases [27-30] in the TCP structure. An microscope, REM-1061. Typical morphology of secondary
increase in the concentration of tungsten in the alloy leads to carbides, which is most often found in the structure of alloys
an increase in the temperature of dissolution (precipitation) of this class: intermittent lamellar (Fig. 5a) and intermittent
of carbides M»3Cs (Fig. 4a), this is explained by an increase block (Fig. 5b). The most preferable is the block type of
in interatomic bonds in secondary precipitates. Thus, the precipitates of secondary carbides since in this case, we have
tungsten content in M»3Cs increases almost immediately and a lower level of stress concentration with the matrix. In
reaches a maximum of 9-11% tungsten in the alloy (Fig. 4b). single-crystal alloys containing carbon, secondary carbides
At the same tungsten concentrations, the P-phase and are precipitated not along grain boundaries, but along phase

carbides of the MeC type are precipitated in the alloy, which boundaries (y-y" eutectics and dendrites).

a) b)
w
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Fig. 4. Influence of the tungsten content in the alloy on the temperature of dissolution (precipitation) of carbides of the M»3Cs
type (a); the amount of molybdenum, tungsten, and nickel in the secondary carbide (b)

Table 2.
Change in the composition of secondary carbides in the alloy of the Ni-11.5Cr-5C0-3.6A1-4.5Ti-7W-0.8Mo0-0.06C system
Element content, % wt.

Method of obtaining results

Cr W Mo Ni Co C
Calculated 66.58 15.27 6.45 5.59 1.27 4.82
Experimental (Fig. 5, point 1) 61.68 12.38 13.07 6.61 1.41 4.82
Experimental (Fig. 5, point 1) 60.44 14.05 13.91 5.82 0.8 4.82
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Fig. 5. Typical morphology of secondary carbides in the structure of a system Ni-11.5Cr-5Co-3.6A1-4.5Ti-7W-0.8Mo0-0.06C

The chemical composition of carbides was determined
experimentally by the method of X-ray spectral micro-
analysis, with the help of which the intensity of X-ray
radiation was recorded as a function of the energy keV.
It was experimentally established that the composition of
carbides includes chromium, tungsten, molybdenum, cobalt,
and nickel in the following ratios with the calculated values
(Tab. 2). The errors in determining the elements by this
method did not exceed £3% by weight.

Table 2 shows that the calculated and experimental data
are in good agreement with each other for almost all
elements. There is a slight discrepancy in the content of
chromium and molybdenum, due to possible measurement
and calculation errors. Such a distribution of elements in
carbides is typical for materials of this class and does not
contradict well-known concepts.

Thus, the calculated data obtained by the CALPHAD
method to determine the type and chemical composition of
carbides showed good convergence and agreement with the
experimental data obtained by electron microscopy.

5. Conclusions

Based on an integrated approach for the multicomponent
system Ni-11.5Cr-5Co-3.6A1-4.5Ti-7W-0.8Mo0-0.06C, new
regression models have been obtained that make it possible
to adequately predict the chemical composition of secondary
carbides from the chemical composition of the alloy.

The dependences of the influence of alloying elements
on the temperatures of dissolution (precipitation) of carbides
have been established. It is shown that the contents of

Volume 111 Issue 1 September 2021

elements closely correlate with the thermodynamic processes
occurring in the system, that is, the curves exhibit extrema
accompanying the change in the stoichiometry of carbides.

It was found that with an increase in the chromium
concentration over 19%, the P-phase is precipitated and the
tungsten content in the secondary carbides decreases. At a
chromium concentration of more than 23%, a a-chromium-
based solid solution is formed in the alloy structure. The
introduction of more than 2% molybdenum leads to the
release of the P-phase, and at a concentration of more than
5%, a secondary carbide of the MeC type is formed. The
tungsten content from 9 to 11% causes the appearance of
both the P-phase and carbides of the M¢C type. These data
are in good agreement with experimental data.

A comparative assessment of the calculated results
obtained by the CALPHAD method and the experimental data
obtained by the X-ray spectroscopy method has been carried
out. The results obtained for determining the type and chemi-
cal composition of carbides are consistent with each other.
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