
ISSN 1066-3622, Radiochemistry, 2019, Vol. 61, No. 5, pp. 535–540. © Pleiades Publishing, Inc., 2019. 
Russian Text © The Author(s), 2019, published in Radiokhimiya, 2019, Vol. 61, No. 5, pp. 381–385. 

535 

Thermodynamic Analysis of the Carbothermal Synthesis  
of (U, Pu)N 

I. V. Peshkichev*a, A. A. Bochkarevaa, V. F. Kuropatenko†a,b, I. R. Makeyevaa,b, and O. V. Shultsa 
а Zababakhin All-Russia Research Institute of Technical Physics,  
ul. Vasil’eva 13, Snezhinsk, Chelyabinsk oblast, 456770 Russia 

b South Ural State University, pr. Lenina 76, Chelyabinsk, 454080 Russia 
*e-mail: i.v.peshkichev@vniitf.ru 

Received August 27, 2018; revised November 26, 2018; accepted November 28, 2018 

Abstract—Thermodynamic modeling was performed to study and evaluate the behavior of the physicochemi-
cal system characteristic of the carbothermal synthesis of uranium and plutonium mononitrides. The chemically 
equilibrium system compositions were calculated for different temperatures, pressures, and nitrogen amounts in 
the system using HSC Chemistry 7.1 and TeDy programs. The change in the Gibbs energy was calculated for a 
series of possible reactions, and the equilibrium constants of the chemical reactions were calculated from this 
quantity. The reactions were evaluated thermodynamically using the equilibrium constants and their tempera-
ture dependences. 
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Mixed uranium–plutonium nitride fuel was chosen 
in Russia as promising for fast reactors [1]. Interest in 
this kind of fuel is due to its properties. The nitride fuel 
exhibits good thermal conductivity, high radiation re-
sistance, and relatively high density, which allows the 
linear and specific power obtained from fuel elements 
to be increased. 

A process for producing uranium and plutonium 
mononitrides from oxides by carbothermal synthesis is 
being developed within the framework of Proryv 
(Breakthrough) project [1, 2]. The process consists in 
high-temperature treatment of a mixture of uranium 
and plutonium oxides with graphite in a nitrogen flow. 
Detailed mechanism of the carbothermal synthesis re-
action is insufficiently understood. Therefore, it is ap-
propriate to perform thermodynamic modeling to study 
and evaluate the behavior of the physicochemical sys-
tem characteristic of the carbothermal synthesis, based 
on the data on the chemically equilibrium composi-
tions. Analysis of the thermodynamic modeling results 
allows formulation of the directions for experimental 
and theoretical studies concerning the process mecha-
nism and kinetics.  

DOI: 10.1134/S1066362219050047 

The thermodynamically equilibrium chemical com-
positions of the system were calculated using the HSC 
Chemistry 7.1 software [3]. The temperature depend-
ence of the thermodynamically equilibrium composi-
tion of the system was calculated in the following set-
ting:  

– list of substances included in the system and  
in the program database: CCN(g), CH4(g), CN(g), C2N2(g), 
CNN(g), CO(g), H2(g), HCN(g), N2(g), NCN(g), NH3(g),  
Pu(g), PuO(g), PuO2(g), U(g), UO(g), UO2(g), UO3(g),  
PuO2, UO, U3O8, UO2, PuN, UN, UN1.5, UN1.51, 
UN1.55, UN1.59, UN1.69, UN1.73, UN2, U2N3, PuC,  
PuC2, Pu2C3, UC, U2C3, C, Pu, PuH2, PuH3, U,  
and UH3; 

– ratio of starting substances: C 2 mol, UO2  
0.8 mol, PuO2 0.2 mol, and N2 + 8% H2(g) 2 mol; 

– temperature interval from 1300 to 2000°С; 
– pressure 1 atm. 
The calculation result in the form of the tempera-† Deceased. 

CALCULATION OF THERMODYNAMICALLY 
EQUILIBRIUM COMPOSITIONS  

OF THE SYSTEM  
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ture dependence of the equilibrium substance amount 
is shown in Fig. 1. 

As can be seen, at temperatures higher than 1300°С 
the equilibrium starts to shift toward the formation of 
carbothermal synthesis products, and at 1850°С only 
the products of the mononitride synthesis reactions 
remain in the equilibrium mixture. 

The presence of hydrogen cyanide is possible in the 
presence of hydrogen (Fig. 2); HCN can accelerate the 
synthesis owing to the appearance of an additional 
mechanism of the carbon transport to the reaction sur-
face. Also, tendency to metallization of Pu and U is 
observed at temperatures higher than 1400 and  
1600°С, respectively. 

The cyanogen formation is possible at temperatures 
higher than 1400°С (Fig. 3). Cyanogen can ensure an 
additional mechanism of the carbon transport, as in the 
case of formation of hydrogen cyanide. 

A decrease in the pressure in the system also shifts 

Fig. 1. Equilibrium composition of the system in the tem-
perature range 1300–2000°С. 

Fig. 2. Temperature dependence of the HCN(g) amount.  

Fig. 3. Temperature dependence of the (CN)2(g) amount. 

the equilibrium toward formation of uranium and plu-
tonium mononitrides (Fig. 4). The pressure depend-
ence of the equilibrium composition of the system was 
constructed for the pressure range 0.01–2 atm and iso-
thermal heating temperature of 1750°С. The substance 
composition of the system is the same as in the first 
problem. 

The influence of the nitrogen amount on the equi-
librium composition of the system is shown in Fig. 5. 
The dependence was plotted for the isothermal heating 
temperature of 1750°С.  

Fig. 4. Equilibrium composition of the system in the pres-
sure range 0.01÷2 atm. 

THERMODYNAMIC EVALUATION  
OF POSSIBLE CHEMICAL REACTIONS  

A series of chemical reactions can occur in  
the course of carbothermal synthesis of nitride fuel 
from uranium and plutonium oxides [2, 4–9]. To reveal 
the most probable mechanism of the synthesis, we  
performed thermodynamic evaluation of the following 
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Fig. 5. Equilibrium composition of the system as a function 
of the N2(g) amount.  

set of possible reactions:  

This list includes substances containing only the 
elements present in the system under consideration, 
taking into account the available data on the thermody-
namic properties in the temperature range studied. 
When compiling the list, we also took into account the 
data from [2, 4–9]. 

The thermodynamic calculation of the reactions 
was performed using the TeDy program complex [10–
14] on the basis of reference data [15] on the Gibbs 

2C + N2 → (CN)2, 
C + 1/2 N2 → CN,  
C + N2 → NCN, 

2C + 1/2 N2 → CNN, 
C + 2H2 → CH4,  

N2 + 3H2 → 2NH3, 
N2 + H2 + 2C → 2HCN, 
2HCN → (CN)2 + H2, 

UO2 + 2C + 1/2 N2 → UN + 2CO, 
2UO2 + 5C + N2 + 2H2 → 2UN + 4CO + CH4, 

UO2 + (CN)2 → UN + 2CO + 1/2 N2, 
UO2 + 3C → UC + 2CO, 
UO2 + 4C → UC2 + 2CO, 

2UO2 + 7C → U2C3 + 4CO, 
U3O8 + 14C → 3UC2 + 8CO, 

(I) 

(II) 

(III) 

2U + N2 → 2UN, 
U + 2C → UC2, 
U + C → UC, 

2U + 3H2 → 2UH3, 
UC + UC2 → U2C3, 

UN + 2C → UC2 + 1/2 N2, 
PuO2 + 2C + 1/2 N2 → PuN + 2CO,  

PuO2 + 2HCN → PuN + 2CO + H2 + 1/2 N2, 
2PuO2 + 5C + N2 + 2H2 → 2PuN + 4CO + CH4, 

PuO2 + 3H2 → PuH2 + 2H2O, 
2PuO2 + 7C → Pu2C3 + 4CO, 

PuO2 + 3C → PuC + 2CO, 
PuO2 + 4C → PuC2 + 2CO, 

Pu + H2 → PuH2, 
2Pu + N2 → 2PuN, 

2Pu + 3H2 → 2PuH3, 
PuC + PuC2 → Pu2C3, 

PuH2 + 1/2 H2 → PuH3, 
UO2 + 2HCN → UN + 2CO + H2 + 1/2 N2. (IV) 

energies of the reactants and products of chemical 
transformations. The change in the Gibbs energy in the 
course of chemical reactions was calculated using the 
Hess law. From the changes in the Gibbs energy, we 
calculated the equilibrium constants of the chemical 
reactions using the van’t Hoff isotherm equation. 

The results of calculating the equilibrium constants 
of chemical reactions that can occur in the course of 
the carbothermal synthesis are presented as tempera-
ture dependences in Fig. 6. 

From the equilibrium constants obtained and their 
temperature dependences, it is possible to determine 
for each reaction the equilibrium ratio of the reactants 
and products and the effect exerted on it by external 
factors such as the process temperature, total pressure 
in the system, and gas mixture composition. 

The results of calculating the thermodynamics of 
overall reaction (II) between UO2, C, and N2 show that 
such process is thermodynamically unfavorable up to 
2200 K, and at 3000 K the equilibrium constant is  
2.5 × 103. Hence, to ensure complete synthesis UN,  
the products should be removed from the reaction zone 
as completely as possible. Because CO is one of reac-
tion products, its efficient removal from the reaction 
zone allows the positive driving force of the direct re-
action to be maintained permanently. Also, to enhance  
the driving force of the direct reaction, it is possible to 
increase the process temperature and, correspondingly, 
the reaction rate constant. However, the reaction accel-
eration in this case is restricted by the diffusion factor. 
With increasing temperature, the rate of the transport 
of the reactants and products to the reaction zone  
and from it will increase less steeply than the rate con-
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stant of the chemical reaction; hence, the diffusion will 
limit the process rate, and further heating will be inef-
ficient. 

The thermodynamic calculation of the reactions of 
molecular nitrogen with graphite demonstrated the 
possibility of the formation of gaseous carbon–
nitrogen compounds in microamounts. The cyanogen 
formation reaction is the most thermodynamically fa-
vorable among these reactions. However, for this reac-
tion also the equilibrium constant at 2000 K is of the 
order of 10–6. The cyanogen microamounts formed can 
be consumed in the reaction with UO2 (Fig. 7) and thus 
removed from the reaction zone. 

Fig. 6. Equilibrium constants of the reactions. (1) N2 + H2 + 2C → 2HCN, (2) 2HCN → (CN)2 + H2, (3) C + 2H2 → CH4, (4) N2 + 
3H2 → 2NH3, (5) 2C + N2 → (CN)2, (6) UO2 + 2C + 1/2 N2 → UN + 2CO, (7) 2UO2 + 5C + N2 + 2H2 → 2UN + 4CO + CH4,  
(8) UO2 + 3C → UC + 2CO, (9) UO2 + 4C → UC2 + 2CO, (10) 2UO2 + 7C → U2C3 + 4CO, (11) U3O8 + 14C → 3UC2 + 8CO,  
(12) 2U + N2 → 2UN, (13) U + 2C → UC2, (14) U + C → UC, (15) 2U + 3H2 → 2UH3, (16) UC + UC2 → U2C3, (17) UN + 2C → 
UC2 + 1/2 N2, (18) PuO2 + 2C + 1/2 N2 → PuN + 2CO, (19) PuO2 + 2HCN → PuN + 2CO + H2 + 1/2 N2, (20) 2PuO2 + 5C + N2 + 
2H2 → 2PuN + 4CO + CH4, (21) PuO2 + 3H2 → PuH2 + 2H2O, (22) 2PuO2 + 7C → Pu2C3 + 4CO, (23) PuO2 + 3C → PuC + 2CO, 
(24) PuO2 + 4C → PuC2 + 2CO, (25) Pu + H2 → PuH2, (26) 2Pu + N2 → 2PuN, (27) 2Pu + 3H2 → 2PuH3, (28) PuC + PuC2 → 
Pu2C3, (29) PuH2 + 1/2 H2 → PuH3, and (30) UO2 + 2HCN → UN + 2CO + H2 + 1/2 N2.  

Correspondingly, the positive driving force of the 
thermodynamically unfavorable cyanogen formation 
process will be maintained in such reactions. This, in 
turn, can ensure an additional mechanism of the carbon 
transport to UO2 without graphite diffusion through the 
layer of the UN formed. 

Greenhalgh [2] considered the possibility of prepar-
ing uranium and plutonium mononitrides from oxides 
in the presence of graphite in a flow of nitrogen with 
the addition of hydrogen. Thermodynamic analysis of 
the reactions of nitrogen, carbon, and hydrogen dem-
onstrates the possibility of formation of HCN mi-
croamounts [reaction (I)]. The equilibrium constant of 
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Fig. 7. Equilibrium constants of the (1) overall reaction of 
uranium mononitride synthesis UO2 + 2C + 1/2 N2 →  
UN + 2CO, (2) reaction of mononitride synthesis from 
cyanogen UO2 + (CN)2 → UN + 2CO + 1/2 N2, and  
(3) reaction of moninitride synthesis from hydrogen cya-
nide UO2 + 2HCN → UN + 2CO + H2 + 1/2 N2.  

this process at 2000 K is of the order of 2 × 10–4, being 
higher by two orders of magnitude than that of the 
(CN)2 formation. The formation of HCN, as well as of 
(CN)2, under such conditions is thermodynamically 
unfavorable, but HCN can also be removed from the 
reaction zone via reaction with UO2 [reaction (IV)]. 
Thus, introduction of hydrogen into the system should 
ensure an additional mechanism of carbon transport, 
more efficient than via cyanogen formation without 
hydrogen. The corresponding behavior of the system in 
the presence of H2 and without it was observed in [5]. 

Because the amount of gaseous reaction products in 
the mononitride formation reactions [(II), (III), (IV)] 
exceeds the amount of gaseous reactants, it can be an-
ticipated that the reaction equilibrium can be shifted 
toward the products by decreasing the pressure in the 
system. However, a decrease in the concentration of 
the gaseous reactants, caused by a decrease in the pres-
sure, will cause a decrease in the overall process rate 
and metallization of U and Pu [7]. 

Thus, using the HSC Chemistry 7.1 and TeDy pro-
grams, we studied the behavior of the physicochemical 
system characteristic of the carbothermal synthesis. 
We calculated the chemically equilibrium composi-
tions of the system for the temperature range 1300–
2000°С, pressure range 0.01–2 atm, and various nitro-
gen concentrations in the system. We performed ther-
modynamic evaluation of the possible reactions. The 
following conclusions can be made. 

– Hydrogen cyanide can be formed in the presence 
of hydrogen. Hydrogen cyanide can accelerate the syn-
thesis owing to the appearance of an additional mecha-

nism of the carbon transport to the reaction surface, 
which agrees with the experimental data described in 
[5]. 

– Cyanogen formation is possible at temperatures 
higher than 1400°С. Cyanogen can also ensure an ad-
ditional mechanism of the carbon transport. 

– Tendency to Pu and U metallization is observed 
at temperatures exceeding 1400 and 1600°С, respec-
tively.  
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Foundation for Basic Research (project no. 17-01- 
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