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ABSTRACT  

Theoretical modeling of thermodynamic processes of precipitation of carbide phases, as well as a practical study of the structure and 

distribution of chemical elements are studied. Based on an integrated approach for the multicomponent system Ni-34Cr-4,3W-

2,3Mo-1,3Al-1,3Ti-1,3Nb-0,1C, new regression models have been obtained that make it possible to adequately predict the chemical 

composition of carbides from 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 is carried out. 
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INTRODUCTION 
 

One of the main ways to improve the manufacturability of 

structures, the coefficient of metal utilization, and to reduce the 

labor intensity and energy consumption of products is the 

widespread use of welded structures [1-5]. Welding of nickel 

alloys is associated with serious difficulties caused by their 

special physicochemical properties, namely, a great tendency 

to form porosity when welding nickel and nickel alloys. This is 

because in the molten state nickel-based alloys significantly 

increase the solubility of gases such as nitrogen, hydrogen, 

oxygen, and upon crystallization and cooling of the metal, their 

solubility in the alloy sharply decreases, which leads to the 

formation of pores 6-11. There is also a high tendency of the 

metal to form crystallization cracks. This is due to the for-

mation of low-melting eutectics at the grain boundaries. The 

most negative influence on the embrittlement of the metal is 

exerted by carbon, which is released in the form of graphite, 

and sulphur, which is released in the form of nickel sulphide. 

When welding nickel and its alloys, it is necessary to increase 

the groove angle, in comparison with steel welding, since the 

metal of the weld pool of nickel and nickel alloys is less fluid 

and melted to a shallower depth of 12-20. Also, when weld-

ing Ni-Cr-based alloys, a refractory chromium oxide film may 

form, this impedes the formation of a weld. Thus, among the 

main tasks arising in the welding of nickel and nickel alloys are 

ensuring reliable protection of the welding zone from atmos-

pheric gases, the use of high-purity welding consumables, as 

well as deoxidation and degassing of the weld pool 21-25. 

The objective of this work is to study the specifics of the 

influence of alloying elements on the distribution of carbides in 

the structure, their topology, and morphology, as well as their 

composition for a multicomponent system such as Ni-34Cr-

4,3W-2,3Mo-1,3Al-1,3Ti-1,3Nb-0.1C using the computational 

prediction method CALPHAD (passive experiment) compared 

with data obtained by scanning electron microscopy (active 

experiment). 

MATERIAL AND METHODS 

 
Modeling of thermodynamic processes occurring during 

crystallization (cooling) or heating in the structure of alloys 

was carried out by the CALPHAD method [26, 27]. 

Modeling these processes allows for a computational predic-

tion and a comparative assessment of the effect of alloying 

elements in different types of carbides on their distribution and 

phase composition in the alloys under study. The calculations 

were carried out for each investigated composition individually 

with the step-by-step introduction of a specific alloying ele-

ment into a fixed composition of a multicomponent system. 

Depending on the alloying system of the alloy, the results 

obtained by modeling the crystallization process make it 

possible to calculate the temperatures and the number of 

precipitated types of carbides, as well as their chemical compo-

sition. 

In the multicomponent alloying system (Ni-34Cr-4,3W-2,3Mo-

1,3Al-1,3Ti-1,3Nb-0,1C), the range of variation of the ele-

ments was chosen based on 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)%; 

titanium (1-6)%; niobium (0.1-4)%; molybdenum (1-6)%; 

tungsten (1-16)%, chromium (1-35)% 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 crystallization. 

Predictive calculations were carried out based 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 

modeling the crystallization process. 

Experimentally, the composition of carbides was determined 

using a REM-106I scanning electron microscope with an X-ray 
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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 ± 

0.1% (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 sufficiently high coefficients 

of determination R20.9 and can be used for predictive calcula-

tions of the indicated characteristics with a relative error of 

±3.5%. 

 

RESULTS AND DISCUSSION 
 

Modeling the precipitation of phases in the process of crystalli-

zation of the investigated alloy in the temperature range (1600–

20°C) showed that the most probable is the precipitation of the 

main phases in the following order:  - solid solution; primary 

carbides; eutectic  + ; type  intermetallic compound based 

on (Ni3Al). It is known 28-34 that primary carbides have a 

high decomposition temperature and well harden alloys at 

elevated operating temperatures. 

It was found that the dependences of the dissolution (precipita-

tion) temperatures of MC carbides and their amount on the 

carbon content are unchanged, and for carbides of the М23С6 

type have a complex character and are optimally described by 

the dependences (Table 1), which are shown in Figure 1. 

 
a 

 
b 

Fig. 1. - Temperature dependences of dissolution (precipita-

tion) of secondary carbides (a); the number of secondary 

carbides (b) on the carbon content in the alloy 
 

Table 1 - Dependences of the temperature of dissolution (precipitation) of carbides and the content of alloying elements in primary 

carbides on the content of alloying elements in the alloy 

Alloying element Dissolution (precipitation) tempera-

tures of carbides, С 

The number of carbides (V) and the content of elements in 

carbide (C), wt% 

С tL
М23С6,С= 19,452(С) +0,0033 VМ23С6 = 26,978 ln(C) + 1341,5 

Ti - СTi= -1,3167(СTi in alloy)2 + 15,89(СTi in alloy) + 6,7956; 

СNb= 1,5658(СTi in alloy)2 – 19,146(СTi in alloy) + 81,708; 

СW= 0,855(СTi in alloy) + 0,8056 

Nb tL
МС,С = -4,2143 (СNb) +1263,8 

 

СNb= -2,249(СNb in alloy)2 + 18,322(СNb in alloy)+43,467; 

СТi= 1,595(СNb in alloy)2 – 13,616 (СNb in alloy ) +36,588; 

СW= 0,3076(СNb in alloy)2 – 2,1667 (СNb in alloy) +4,1193 

Cr tL
М23С6,С= -0,3746(СCr)2 +26,343(СCr) 

+827,2 

СCr= -0,0764(СCr in alloy)2 + 4,8775(СCr in alloy) -4,2879; 

СNi= 0,0807(СCr in alloy)2 -4,9991(СCr in alloy) +80,521; 

СМо= 0,0143(СCr in alloy)2 – 1,1817(СCr in alloy) + 31,767; 

СW= -0,0099(СCr in alloy)2 + 0,9073(СCr in alloy) -9,5687 

Мо tL
М23С6,С=-4,9455(СМо) +1291,7 СМо= -0,3561(СМо in alloy)2 + 4,2116(СМо in alloy) + 0,8076; 

СW= 0,3001(СМо in alloy)2 – 3,4499(СМо in alloy) + 15,58; 

СNi= -0,0576(СМо in alloy)2 + 0,7348(СМо in alloy) + 2,1336 

 

 
The change in the temperature of the carbide liquidus for 

carbides of the MC type is practically not observed when Ti is 

added to the alloy. However, this leads to a change in the 

composition of primary carbides and, at a content of more than 

4%, to the precipitation of the -phase (such as Ni-17Ti-4Nb-

1Al-0.22Cr). The introduction of more than 2.7% Ti leads to a 

change in the base of the carbide from niobium to titanium 

(Fig. 2) (Table 1), while the titanium content in the carbide 

increases to 55%. 

An increase in the concentration of niobium in the alloy leads 

to a decrease in the temperature of formation (precipitation) of 

MC carbides (Fig. 3), which is explained by a change in the 

interatomic bond forces. The formation of primary carbides in 

this system begins with an Nb concentration of 1%, and its 

content in the carbide ranges from 60 to 81%. At the same 

time, the titanium concentration in carbide decreases from 24 

to 7% (Table 1). 
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Fig. 2. - Dependences of the amount of titanium, niobium, and 

tungsten in MС carbides on the titanium content in the alloy 

composition 

 

 
a 

 
b 

Fig. 3. - Temperature dependence of the dissolution of car-

bides of the MC type (a) and the amount of titanium, niobium, 

and tungsten in the MC carbide (b) on the content of niobium 

in the alloy composition 

 

Chromium is an element that influences the formation of 

secondary carbides; it has a noticeable effect on the tempera-

ture of dissolution (precipitation) of carbides. It was found that 

the corresponding dependencies (Fig. 4) have a complex 

character and are described by the following equations (Table 

1). 

Secondary carbides are formed at a chromium concentration, in 

this system, at the level of 10%. With an increase in the Cr 

content in the alloy, the temperature of dissolution (precipita-

tion) of carbides increases, as does its content in the secondary 

carbide. In this case, the concentration of nickel and molyb-

denum decreases to 3.5 and 8.8%, respectively, according to 

parabolic dependences (Table 1). When the concentration of 

chromium in the alloy is 31%, a solid solution based on Cr is 

formed, thus chromium ceases to dissolve in nickel. 

 

 
a 

 
b 

Fig. 4. - Temperature dependence of the dissolution of car-

bides of the М23С6 type (a); chromium, molybdenum, tungsten, 

and nickel in М23С6 carbide (b) on the chromium content in the 

alloy 

 

Figure 5 shows that molybdenum reduces the temperature of 

dissolution (precipitation) of carbides of the М23С6 type; this 

nature of the dependence is explained by a change in the forces 

of interatomic bonds in the secondary carbide. 

An increase in the content of molybdenum in the alloy does not 

affect the chromium content in the secondary carbide, it is at 

the level of 72%. However, the amount of molybdenum in 

carbide increases to 13%, and tungsten decreases to 5.7% (Fig. 

5, b). 

 

 
a 
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b 

Fig. 5. - Temperature dependence of the dissolution of carbides 

of the М23С6 type (a); molybdenum, tungsten, and nickel in 

М23С6 carbide (b) on the content of molybdenum in the alloy 

composition 

 

Tungsten does not affect the temperature of dissolution (precip-

itation) of carbides М23С6, it is at the level of 1280С. An 

increase in the concentration of tungsten in the alloy leads to a 

change in the content of alloying elements in the carbides of 

this system (Fig. 6). Nickel and molybdenum content decrease 

to 2.7 and 4.4%, respectively, and tungsten content increases to 

18% (Table 1). 

The results of calculating the phase composition, obtained 

according to the dependences (Table 1), were further compared 

with the experimental data obtained using electron microscopy 

in the microprobe mode on a scanning electron microscope, 

REM-106I. Typical morphology of primary carbides in the 

structure of an alloy of this class occurs in the form of separate 

blocks (Fig. 7). Carbides of the M23C6 type in this alloy are 

present in a discontinuous block and lamellar forms (Fig. 7). 

 

 
Fig. 6. - Dependences of the content of tungsten, molyb-

denum, and nickel in carbides of the М23С6 type on the content 

of tungsten in the alloy composition 

 

The chemical composition of carbides was determined experi-

mentally by X-ray spectral microanalysis, 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 titanium, niobium, 

tungsten, molybdenum, nickel, and chromium in the following 

ratios in comparison with the calculated values (Table 2). 

 

 
a 

 
b 

Fig. 7. - Typical morphology of carbides in the alloy structure 

of the Ni-34Cr-4,3W-2,3Mo-1,3Al-1,3Ti-1,3Nb-0,1C system 

 

Table 2 shows that the calculated and experimental data are in 

good agreement with each other for almost all elements. 

Increased content of chromium and nickel is observed in 

primary and secondary carbides, respectively. Such values can 

be caused by an increased content of these elements in the 

alloy. Thus, the calculated data for determining the type and 

chemical composition of carbides showed good convergence 

and agreement with the experimental data obtained by electron 

microscopy.

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

microanalysis at 20°C 

Method of obtaining results Element content, % wt. 

Ti Nb W Mo Ni Cr C 

Estimated composition МС 25,11 59,09 2,4 - - 0,49 12,58 

Estimated composition М23С6 - - 9,31 8,62 3,54 73,47 5,06 

Experimental composition МС 

(Fig. 7, point 1) 

23,52 51,3 5,76 - - 6,92 12,5 

Experimental composition М23С6 

(Fig.7, point 2) 

- - 8,85 8,86 6,0 71,2 5,05 
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CONCLUSION 

 
1. Based on an integrated approach for the multicomponent 

system Ni-34Cr-4,3W-2,3Mo-1,3Al-1,3Ti-1,3Nb-0,1C, new 

regression models have been obtained that make it possible to 

adequately predict the chemical composition of carbides by 

chemical composition alloy. It is shown that the temperature 

dependences change with the element content and closely 

correlate with the 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. 

2. It was found that with an increase in titanium concentration 

over 2.7%, the base of MC carbide changes from niobium to 

titanium, and at 4%, the precipitation of topologically close-

packed -phase. Primary carbides are formed in this system 

when more than 1% Nb is added. Starting from 10% Cr, 

secondary carbides are formed in the alloy, and at 31% chro-

mium, the appearance of a solid solution based on chromium is 

observed, which indicates the termination of its dissolution in 

nickel. 

3. A comparative assessment of the calculated results obtained 

by regression models and experimental data obtained by the 

method of X-ray spectroscopy has been carried out. The 

analysis of the results obtained gave good convergence and can 

be proposed for predicting the structural components both in 

industrial alloys and in the development of new materials. 
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