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EFFECT OF ALLOYING ON THE PHASE COMPOSITION OF NICKEL-BASED SUPERALLOYS

Theoretical modeling of thermodynamic processes of phase separation was carried out, as well as a practical study of the
structure and distribution of chemical elements. Based on an integrated approach for the single-crystal system Ni-Al-Re-Ru-Cr-
Co-W-Ta, new regression models were obtained that make it possible to predict the chemical composition of phases based on
the chemical composition of the alloy. A comparative assessment of the calculation results obtained using regression models and
experimental data obtained by X-ray spectroscopy was carried out. The experimental results obtained are as close as possible to

the calculated data.
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1. Introduction

In gas turbine engines and gas turbine engines, there are
guide vanes that serve to create directed flows of working gases.
The use of single-crystal nickel-based superalloys for the manu-
facture of high-pressure turbine blades has made it possible to
increase their strength and service life [1-12]. Improvement of
existing compositions leads to an increase in operating tem-
perature by an average of 25 degrees every year. To stabilize
the phase composition and reduce precipitation of TCP- phases,
single-crystal alloys are alloyed with rhenium and ruthenium
[11-23]. However, the irrational introduction of these elements
will lead not only to an increase in the cost of the product, but
also to the release of unfavorable phases.

The purpose of the work is to establish the relationship be-
tween the chemical and phase composition in the single-crystal
system Ni-Al-Re-Ru-Cr-Co-W-Ta. Determine the dependence of
heat resistance on the content of alloying elements in the alloy.

2. Material and research technique

Modeling of thermodynamic processes of phase forma-
tion was carried out for the Ni-Al-Re-Ru-Cr-Co-W-Ta system
in which the y’-forming elements were changed step by step,
within the limits given in TABLE 1. In the multicomponent al-

loying system, the range of varying elements was selected based
on considerations of the maximum and minimum amount of
element introduced into the nickel-based superalloys. Changes
in the phase composition during crystallization (cooling) in
the structure of the alloys were carried out by thermodynamic
modeling using the CALPHAD method.

TABLE 1

Range of variation in the content of y’-forming elements
in the Ni-Al-Re-Ru-Cr-Co-W-Ta system

Element content, wt.%
Re Ta Ru Al
1-9 1-9 1-6 1-5

Process modeling allows for computational prediction and
comparative assessment of the influence of alloying elements on
the composition of the y- and y’-phases, on their distribution and
phase composition in the compositions under study.

The modeling of the alloy crystallization process was car-
ried out 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 separation during the crystallization process.

Predictive calculations were carried out based on the initial
chemical composition of the alloy with the determination of the
most probable phases, as well as their chemical composition after
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modeling the crystallization process. The obtained dependencies
have fairly high coefficients of determination R>> 0.9 and can
be used for predictive calculations.

The composition of the phases was determined experimen-
tally using a REM-106I scanning electron microscope with an
energy-dispersive X-ray microanalysis system. This method was
used to study the morphology and chemical composition of the
precipitated phases in the alloy structure. To test the theoretical
dependencies, the industrial alloy VZhM-4 (TABLE 2) was
selected, which belongs to the system under study.

TABLE 2
Chemical composition of the VZhM-4 alloy
Element content, wt.%
Re Cr Co Al Ru Ta w
6.0 2.5 6.0 6.0 4.0 4.5 4.0

The alloy is thermally treated according to the following
regime: homogenization 1285-1320°C, holding for 26 hours,
two-stage aging 1130°C and 870°C for 32 hours holding. This
treatment significantly reduces the amount of (y + y') eutectic
and increases the amount of the strengthening phase.

The conversion of qualitative values into quantitative analy-
sis was carried out automatically using the device program. The
relative error of the method is +0.1% (wt.%).

3. Research results and discussion

In the Ni-Al-Re-Ru-Cr-Co-W-Ta system, depending on the
content of alloying elements, the formation of many phases is
possible, but the main phases for this system remain the following:
y — solid solution; eutectic y + y'; type y" intermetallic compound
based on (NizAl). The main elements that form the strengthen-
ing y'-phase are aluminum and tantalum; sometimes they can
be replaced by rhenium and ruthenium, but basically these ele-
ments are in the y-solid solution. In the future, we will consider
the influence of the chemical composition of the system on the
chemical composition of the y- and y’-phases, the amount of the
g¢-phase and the influence of the phase property on the properties.

When aluminum is introduced up to 3% into the system
under study, it leads to its dissolution in the y-solid solution
and does not lead to the formation of the y’-phase. Only when
the aluminum content in the alloy exceeds 3%, a strengthening
phase is formed in an amount of 21% and increases directly
proportionally to 60% at an aluminum content of 6%. The
dissolution temperature of the y’-phase also increases linearly
from 863°C to 1235°C, respectively. Comparing changes in al-
loying elements in the phases, it can be argued that an increase
in aluminum in the system leads to an increase in it in both
phases (Fig. 1). Other elements practically do not change their
content: cobalt — 9+1%; ruthenium — 6+1%,; tungsten — 3+1%;
rhenium — 5+1; chromium — 4+1%, except tantalum. The amount
of Ta simultaneously decreases both in the solid solution and

in the strengthening phase, which may be associated with an
increase in the amount of the y’-phase.

Ta. Al %
12
16
Cra=-194 (CA in allo ) + 1998
. v N Ri=0.6%
12 | 2
10
) Ca= 0397 (Catinatioy) + 6.116
] R3=0.94 -
§ . Car=6.114 (Catin atiey) + 0.8267
4 Y RI=0.85
2 = Ct.=-0.8886 (Calin :Jlny) + 5.5867
L R3=0.93
1 2 3 4 5 & 7
Al.%

Fig. 1. Distribution of tantalum and aluminum between the y- and
y'-phases when aluminum is introduced into the system

An increase in the amount of tantalum in the system leads
to an increase in the dissolution temperature of the strengthen-
ing phase (Fig. 2(a)), which is associated with an increase in
the strength of interatomic bonds. Also, the amount of y’-phase
increases with an increase in this element (Fig. 2(b)) and
its predominance in the strengthening phase increases when it
exceeds 5%. Thus, the y'-phase basically increases the amount
of tantalum. Other alloying elements practically do not change
their presence both in the y'-phase and in the y-solid solution.
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Fig. 2. Effect of tantalum on the dissolution temperature (a) and on the
amount and chemical composition (b) of the y’-phase



Rhenium and ruthenium have virtually no effect on the
composition of other elements in the y'-phase or y-solid solu-
tion, but contribute to the release of TCP-phases. Thus, with an
increase in the composition of the rhenium system, its amount
in the y’-phase increases from 0.14 to 0.91%, and the volume
of the y'-phase from 57 to 62% (Fig. 3).
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Fig. 3. Effect of rhenium on the amount and temperature of dissolution
of the strengthening phase

Despite the increase in the dissolution temperature of the
y'-phase, TCP phases are formed in the system at 3% rhenium
(HCP_A3:47.7Ru, 40.9 Re, 5.0 Co, 2.58Mo) and at 6% rhenium
(P phase: 55 Re, 4 Ru, 30 W, 5.8 Ni, 2.4 Co, 1.99 Cr) which
significantly reduce the strength of the alloy. In this case, an
increase in the amount of ruthenium in the system leads to an
increase in the amount of y’-phase by only 3% and practically
does not affect the temperature of its dissolution, however, its
amount increases from 0.59 to 3.5% in the y’-phase and from
1.25 to 8.2% in the solid solution. The addition of ruthenium to
the alloy does not lead to the formation of TCP phases.

The influence of rhenium and tantalum on the ratio of
crystal lattice parameters of the y'- and y-phases (mismatch) at
a temperature of 20°C is shown in Fig. 4(a). This behavior is
explained by the fact that tantalum is present in the y’-phase,
which increases mismatch, and rhenium is present in a large
amount in the solid solution, which reduces mismatch. Between
5 and 6% rhenium and tantalum in the alloy there is a mismatch
equilibrium.

With an increase in the amount of rhenium and tantalum
in the alloy, the heat resistance increases (Fig. 4(b)). However,
with an increase in rthenium, TCP phases can form in the alloy,
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Fig. 4. Effect of rhenium and tantalum on mismatch (a) and heat resist-
ance (b)

which increase the brittleness of the material and reduce the per-
formance of parts. Thus, saturating an alloy with strengthening
elements does not always lead to the desired effect.

The dependences obtained above were tested on the in-
dustrial single-crystal superalloy VZhM-4. Using energy dis-
persive analysis on a scanning electron microscope REM-106I,
microstructure studies were carried out (Fig. 5) and the chemical
compositions of the phases were determined. It was established
that the result obtained by the calculation method has good
comparability with experimental data (TABLE 3).

TABLE 3 shows that the calculated and experimental data
are in good agreement with each other for almost all elements.
An increased content of tungsten, cobalt, rhenium and ruthe-
nium in the solid solution and nickel, aluminum, tantalum in the
y'-phase are observed. Thus, the calculated data for determin-

TABLE 3
Chemical composition of y’- and y-phases calculated from the obtained dependencies and obtained experimentally
by energy dispersive analysis at 20°C
. Element content, wt.%

Method for obtaining results Ni Al Ta W Co Ru Re Cr
Calculated composition of y'-phase 70.09 8.69 7.76 4.85 2.78 2.6 0.5 0.9
Calculated composition of y-phase 63.12 3.25 0.7 3.12 10.36 7.45 7.16 4.56
Experimental composition of the y’-phase (Fig. 5, point 1) 71.78 9.37 8.01 3.98 2.51 1.84 0.31 0.42
Experimental composition of the y-phase (Fig. 5, point 2) 60.25 2.47 0.53 3.53 11.46 8.44 8.59 4.7
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Fig. 5. Microstructure of the VZhM-4 alloy with designation of places
for energy dispersive analysis

ing the type and chemical composition of phases showed good
convergence and agreement with experimental data obtained by
electron microscopy.

4. Conclusions

1. Based on an integrated approach for the Ni-Al-Re-Ru-Cr-
Co-W-Ta system, new regression models were obtained

that make it possible to adequately predict the chemical
composition of phases based on the chemical composition
of the alloy. It is shown that the obtained dependences vary
with the content of the element and closely correlate with
the thermodynamic processes occurring in the system, ac-
companying changes in the composition of the phases.

It has been established that with increasing tantalum con-
centration, the amount of y’-phase and the temperature
of its complete dissolution increase. An increase in the
rhenium content to 3% leads to the formation of the TCP
phase (HCP_A3), and at 6% rhenium (P phase), which sig-
nificantly reduces the strength of the alloy. Between 5 and
6% rhenium and tantalum in the alloy there is a mismatch
equilibrium.

A comparative assessment of the calculated results obtained
from regression models and experimental data obtained by
X-ray spectroscopy was carried out. Analysis of the results
yielded good convergence, which makes it possible to rec-
ommend them for use in predicting structural components
both in industrial alloys and in the development of new
materials.
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