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Abstract 

In this work, modelling of thermodynamic processes of 

excess phase separation is carried out using the CALPHAD 

method as well as the study of the morphology and distri-

bution of chemical elements in carbides depending on the 

alloying on a scanning electron microscope REM-106I. It 

has been established that in carbides of the Ni-11.5Cr-5Co-

3.6Al-4.5Ti-7W-0.8Mo-0.06C system, there is a tendency to 

recrystallize depending on the level of alloying elements. 

Mathematical dependences are established of the alloying 

influence on the temperature of precipitation (dissolution) 

of carbides, and the influence of change in alloy chemical 

composition on the composition of carbides. The obtained 

dependences are confirmed experimentally using X-ray spec-

troscopy on nickel-based superalloys. It is recommended to 

use the obtained mathematical models not only in the design 

of new nickel-based superalloys but also in the improvement 

of known compositions within the stated concentrations. 

Ključne reči 

• superlegura na bazi nikla 

• morfologija 

• sastav karbida 

• temperature taloženja (rastvaranja) karbida 

Izvod 

U ovom radu izvedeno je modeliranje termodinamičkih 

procesa taloženja viška sadržaja faze korišćenjem postupka 

CALPHAD, kao i proučavanje morfologije i raspodele 

hemijskih elemenata u karbidima, u zavisnosti od stepena 

legiranja primenom skenirajućeg elektronskog mikroskopa 

REM-1061. Utvrđeno je da u karbidima sistema Ni-11.5Cr-

5Co-3.6Al-4.5Ti-7W-0.8Mo-0.06C postoji tendencija rekris-

talizacije u zavisnosti od nivoa legirajućih elemenata. Odre-

đene su matematičke zavisnosti uticaja legirajućih elemenata 

na temperaturu taloženja (rastvaranja) karbida, kao i uticaj 

promene u hemijskom sastavu legure na sastav karbida. 

Ove zavisnosti su eksperimentalno potvrđene korišćenjem 

rendgenske spektroskopije superlegura na bazi nikla. Prepo-

ručuje se primena dobijenih matematičkih modela ne samo 

u projektovanju novih superlegura na bazi nikla, već i za 

poboljšanje poznatih sastava unutar spomenutih koncen-

tracija. 
 

INTRODUCTION 

With the improvement of the alloying system of nickel-

based superalloys, their microstructure becomes more com-

plicated and the phase composition changes. The conven-

ience of the presence of carbides in the structure of nickel-

based superalloys (NBS) has been discussed for decades, 

but an attempt to replace carbides with other compounds 

leads to a decrease in the performance of the alloys due to a 

decrease in the thermodynamic stability of the phases. The 

elimination of carbides became possible only in single-crys-

tal carbon-free alloys which gave an increase in heat resist-

ance due to the elimination of the boundaries of the phase 

distribution. Recently however, single-crystal alloys alloyed 

with carbon have become widespread, where the mechanical 

properties are at the level of carbon-free compositions. 

Therefore, the influence of MC carbides, especially within 

the temperature range of 0.8TL, has a high value when 

strengthening the material, /1-8/. 

At present, a fairly large number of works have been 

published on the theory of alloying of multicomponent nickel 

systems, /9–17/, but the issues of the effect of individual 

alloying elements on the temperatures of precipitation or 

dissolution, as well as the topology, morphology, and chem-

ical composition of different types of carbides in such 

systems, are insufficiently covered. The conditions for the 

separation of these phases during crystallization, the specif-

ics of their formation, morphology, and quantity, as well as 

the dependence of their composition on the composition of 

the alloy, have not been adequately studied. To a greater 

extent, attention is paid to carbide phases in steels for which 

these phases are strengthening, however, for NBS, carbides 

are also fundamental in increasing the heat resistance, /17-24/. 

The purpose of this work is to determine the possibility 

of optimising the composition and shape of MC carbides in 

nickel-based superalloys by changing the chemical compo-

sition of the alloy which will increase the service character-

istics of industrial alloys. 

METHODS OF RESEARCH 

Modelling the processes of precipitation of MC carbides 

using the CALPHAD method makes it possible to carry out 

the computational prediction and a comparative assessment 

of the effect 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. 
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In the multicomponent alloying system (Ni-11.5Cr-5Co-

3.6Al-4.5Ti-7W-0.8Mo-0.06C) the range of element varia-

tion was chosen from considerations of the maximum and 

minimum amount of the element introduced into the NBS. 

Thus, carbide-forming elements were chosen for the study in 

the following alloying ranges: carbon 0.02-0.2 %; hafnium 

0.1-2.5 %; titanium 1-6 %; tantalum 0.5-12 % by weight. 

The modelling of the alloy crystallization process was 

carried 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 deter-

mine the temperature sequence of phase separation during 

crystallization. 

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 experimental alloy was obtained on a high-gradient 

UVNK-8P single-crystal unit in special ceramic blocks, start-

ing with crystals pre-installed inside, according to serial tech-

nology. The required cooling rate was provided by immers-

ing the cast molds into a liquid metal mold (aluminium melt) 

at a rate of 10 mm/min. To obtain a given crystallographic 

orientation, starting crystals were used (seeds from an alloy 

of the Ni-W binary system) which deviated from the main 

crystallographic direction [001] by an angle of no more than 

 ≤ 5°. The growth of a single crystal in the sample was 

ensured by melting the outer surface of the seed with the 

metal that was poured. Before pouring, the melt was held in 

a crucible at a metal superheating temperature of 1620 °С for 

8 to 10 minutes. Filling of samples was carried out at the 

following parameters: pouring temperature 1580 °С; lower 

heater temperature 1610 °С; temperature of upper heater 

1580 °С. An alloy of the following composition Ni-11.5Cr-

5Co-3.6Al-4.5Ti-7W-0.8Mo-0.06C was taken as a basis in 

which the value of tantalum was changed from 0 to 5 %. 

The composition of carbides was experimentally deter-

mined using a REM-106I 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 analy-

sis was carried out automatically according to the programme 

of the instrument. The relative error of the method is ±0.1 % 

(mass). The results of calculations of the type of carbides 

and their chemical composition were compared with experi-

mental data obtained using electron microscopy. 

RESULTS AND DISCUSSION 

One of the disadvantages of MC-type carbides is their 

high brittleness, and as a result the formation of cracks on 

them. Also, there is no way to influence their shape and size 

with the help of heat treatment, since their dissolution tem-

peratures are close to the solidus and liquidus temperatures 

of the alloys. Therefore, the main method of influencing the 

composition, shape, and size of MC carbides is to change 

the composition of high-temperature nickel alloys. The main 

elements that are included in their composition are titanium, 

tantalum, hafnium, and niobium, in connection with this, in 

the future a study of the distribution of these elements is 

carried out. 

It has been established that the dependences of the disso-

lution (precipitation) of MC carbides and the amount of MC 

carbides on the carbon content are complex and are optimally 

described by the dependencies (Table 1), which are shown 

in Fig. 1. 

a)

  

b)

 
Figure 1. Temperature dependences of dissolution (precipitation) 

of carbides: a) on the amount of carbides MC; b) on the carbon 

content in the alloy. 

Table 1. Dependences of the content of alloying elements in MC 

carbides on the content of alloying elements in the alloy. 

Alloy. 

elem. 
Content of elements in carbide (C), wt.% 

Tа 

СTа = -0.7427(СTа in alloy)2 + 15.668(СTа in alloy) + 0.189; 

СTi = 57.135е-0.182(СTа in alloy); 

СW = 32.103е-0.35(СTа in alloy). 

Ti 

СTа = 1.3478(СTi in alloy)2 - 14.527(СTi in alloy) + 89.293; 

СTi = -0.6788(СTi in alloy)2 + 8.8497(СTi in alloy) + 2.6473; 

СW = -0.4277(СTi in alloy)2 + 3.4424(СTi in alloy) + 1.7964 

Hf 

СHf = 24.526 ln(СHf in alloy) + 68.343; 

СTа = -14.96 ln(СHf in alloy) + 19.696; 

СTi = 1.8744 (СHf in alloy)-1.111 

The dependence of the carbide liquidus temperature (Fig. 

2a) shows an extremum at 5 % Ti in the alloy, this is due to 

the precipitation of the -phase in the alloy, which reduces 

the operational properties. An increase in the titanium con-

tent in the alloy leads to an increase in its concentration in 

the MC carbide to 31 % (Fig. 2b) (Table 1). At the same 

time, the content of tantalum in the carbide is reduced to the 

level of 50 %. Ti-carbide precipitates in interdendritic spaces 

and have a font ‘Chinese characters’ shape which adversely 

affects the properties of the alloy, so it is necessary to limit 

alloying and prevent their precipitation. 
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a) 

 
b) 

 
Figure 2. Temperature dependence of the dissolution of carbides 

of the MC type (a); the amount of tantalum, titanium, and tungsten 

in the MC carbide (b) versus the titanium content in the alloy. 

a) 

 

b) 

 
Figure 3. Temperature dependence of the dissolution of MC type 

carbides (a) and the amount of tantalum, titanium, and tungsten in 

MC carbide (b) on the tantalum content in the alloy (■, ▲,  

points obtained experimentally, Table 2). 

An increase in the content of tantalum in the alloy leads 

to the appearance of an extremum of carbide liquidus 

temperatures at a content of 7% Ta in the alloy, which is 

associated with the formation of the -phase in the alloy 

(Fig. 3a). When tantalum is introduced into the alloy, a 

change in the base of MC carbides to tantalum is observed 

(Fig. 3b). 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 (Fig. 3a). The introduction of 

tantalum changes the MC carbide morphology to a faceted 

irregular shape, which is caused by an increase in the 

carbide dissolution temperature. A decrease in the content 

of titanium and tungsten is also observed. 

It has been established that hafnium reduces the tempera-

ture of dissolution (precipitation) of primary carbides (Fig. 

4a), which is described by a linear dependence (Table 1). 

a) 

 

b) 

 

Figure 4. Temperature dependence of the dissolution of MC 

carbides (a); and the amount of tantalum, titanium, and hafnium in 

MC carbide (b), on the content of hafnium in alloy composition. 

When the content of hafnium is more than 0.1 %, the 

carbide morphology changes. The titanium-based carbide is 

converted to hafnium-based carbide in which the hafnium 

content reaches 54.8 % and its concentration increases to 

87 % at 2.5 % Hf. Accordingly, titanium and tantalum reduce 

the concentration in the primary carbide from 21 to 0.5 % 

and from 52 to 5.7 %, respectively. Hafnium has a positive 

effect on the morphology of MC carbides which simultane-

ously increases the strength and ductility of the alloy. 

The carbides take on a spherical shape due to the segre-

gation of hafnium along the distribution boundary between 

the carbide and the matrix, as well as the formation of an 

interlayer of the ’-phase around the carbides. 

Results of calculating the phase composition obtained 

according to the dependencies in Table 2 were further com-

pared with experimental data obtained using electron micros-

copy in the microprobe mode on a scanning electron micro-

scope, REM-106I. 

Figure 5 shows a typical carbide morphology depending 

on the amount of tantalum in the alloy. It was found that 

carbides precipitate with different morphology typical for 
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primary precipitates in the form of rough cubic (block) and 

hieroglyphs (scripts). The size of primary carbides is practi-

cally independent of the amount of tantalum in the alloy 

(Fig. 5). 

The chemical composition of 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 titanium, tantalum, tungsten, molybdenum, cobalt, and 

chromium are included in the composition of carbides in 

the following ratios with calculated values (Table 2). The 

error in the determination of elements by this method did 

not exceed 1 % by weight. 

Table 2 shows that calculated and experimental data are 

in good agreement with each other for almost all elements.  

It has been established that at a content of 4 % Ta in the 

alloy, a change in the base of the carbide from titanium to 

tantalum is observed (the concentration of tantalum in the 

carbide exceeds 50 %). There is a decrease in the amount of 

tungsten in carbide (less than 10 %) and an increase in 

chromium and molybdenum (up to 1 %) which is explained 

as the interchangeability of these elements in crystal lattices. 

Increasing tantalum to 5 % in the alloy increases its concen-

tration in the carbide to over 60 % and reduces titanium below 

20 %. Such a distribution of elements in carbides can be 

associated with material properties, in particular, in the work 

/25/ it is indicated that the alloy receives optimal properties 

with the introduction of 4 % Ta. This is explained not only 

by a change in the composition of the carbide but also by the 

occurrence of other structural transformations in the alloy. 

   

   
Figure 5. Morphology of carbides in the alloy structure of the system Ni-11.5Cr-5Co-3.6Al-4.5Ti-7W-0.8Mo-0.06C: a) 0 % Ta; 

b) 1 % Ta; c) 2 % Ta; d) 3 % Ta; e) 4 % Ta; f) 5 % Ta. 

Table 2. Changes in compositions of primary carbides depending on Ta content in the system Ni-11.5Cr-5Co-3.6Al-4.5Ti-7W-0.8Mo-0.06C. 

Method of obtaining results % Ta 
Element content, % weight 

Ti Ta Cr Co Mo W C 

Calculated 

Experimental 
0 % Та 

55.66 

57.7 

- 

- 

0.6 

0.28 

- 

0.3 

0.14 

3.5 

28.69 

23.3 

14.92 

14.92 

Calculated 

Experimental 
1 % Та 

48.85 

45.01 

13.49 

21.46 

0.54 

0.23 

- 

0.25 

0.12 

0.95 

23.16 

18.3 

13.83 

13.8 

Calculated 

Experimental 
2 % Та 

42.02 

46.59 

27.09 

21.42 

0.45 

0.27 

- 

0.15 

0.13 

0.75 

17.63 

17.2 

12.68 

13.62 

Calculated 

Experimental 
3 % Та 

35.8 

33.91 

39.14 

45.05 

0.36 

0.34 

- 

0.16 

0.1 

0.6 

12.89 

8.26 

11.68 

11.68 

Calculated 

Experimental 
4 % Та 

28.6 

23.61 

51.5 

54.28 

0.27 

1.15 

- 

0.36 

0.08 

1.08 

8.99 

8.99 

10.53 

10.53 

Calculated 

Experimental 
5 % Та 

23.83 

19.01 

60.22 

63.68 

0.2 

1.05 

- 

0.25 

0.07 

0.4 

5.84 

5.86 

9.75 

9.75 
 
Thus, the obtained mathematical dependences make it 

possible to determine the chemical composition of MC car-

bides, which makes it possible to determine the possibility 

of the formation of various types of carbides and thereby 

predict the properties of heat-resistant nickel alloys. 

 

CONCLUSIONS 

Based on an integrated approach for the multicomponent 

system Ni-11.5Cr-5Co-3.6Al-4.5Ti-7W-4Ta-0.8Mo-0.06C, 

mathematical models are obtained that allow determining 

the chemical composition of carbides by chemical composi-

tion of the alloy and thereby predicting alloy properties. 

(a) (b) (c) 

(d) (e) f 
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The dependences of the influence of alloying elements 

on dissolution (precipitation) temperatures of carbides have 

been established. It is shown that temperature dependences 

correlate with thermodynamic processes occurring in the 

system, that is, the curves show extremums accompanying 

a change in the stoichiometry of carbides or the precipitation 

of new phases. 

It has been established that with an increase in the concen-

tration of titanium over 5 % and tantalum over 7 %, a -

phase is formed in the alloy which reduces the mechanical 

properties. The hafnium content of more than 0.1 % leads 

to a change in the base of the carbide from titanium to 

hafnium which reduces the temperature of formation (disso-

lution) of the carbide. 

Satisfactory results of a comparative evaluation of the 

calculated and experimental data are shown. It is recom-

mended to use the obtained mathematical dependences in 

the production of nickel-based superalloys. 

The optimal content of tantalum in the system has been 

established, which should be from 4 to 7 %. Entering Ta in 

an amount of less than 4 % is impractical because the basis 

of carbides does not change (remains based on Ti), and 

more than 7 % due to the formation of the -phase and a 

decrease in the properties of the alloy. 
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