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MAX-фазы представляют собой семейство тройных слоистых соединений с формальной 

стехиометрией Mn+1AXn (n = 1, 2, 3…), где М – переходный d-металл; А – p-элемент (например, Si, Ge, Al, 

S, Sn и др.); Х – углерод или азот [1]. Слоистые тройные карбиды и нитриды d- и p-элементов (MAX-

фазы) проявляют уникальное сочетание свойств, характерных как для металлов, так и для керамики, 

что делает их применение перспективным в космической отрасли в качестве различных покрытий. 

Получение требуемых свойств MAX-фаз зависит от технологических условий синтеза материала. Для 

этого необходимо тщательное теоретическое моделирование взаимодействия элементов на границе 

раздела. Одновременный рост конкурирующих фаз наряду с MAX-фазой может происходить из-за 

выгодности образования конкурирующих фаз, а также из-за более низкоэнергетического интерфейса с 

подложкой по сравнению с MAX-фазой. В данной работе мы изучаем термодинамическую выгодность 

конкурирующих фаз и MAX-фазы Cr2GaC в зависимости от химического состава потока атомов. Для 

изучения этих соединений было необходимо рассмотреть систему Cr-Ga-C. Согласно модели 

эффективной теплоты образования каждую реакцию образования некоторой фазы можно 

охарактеризовать энтальпией [2]. Для выяснения наиболее выгодных к формированию фаз было 

необходимо произвести расчёт энтальпии для всех возможных реакций. Таким образом, задача состояла 

в переборе всех возможных реакций между чистыми элементами, доступными в различных 

соотношениях, в частности, в соотношении, соответствующем заданной стехиометрии MAX-фазы, т. 

е. Cr:Ga:C=2:1:1. Кроме того, считается, что плотность совпадающих узлов [3; 4] для границ раздела 

между MAX-фазой, термодинамически выгодными конкурирующими фазами и поверхностью MgO(111) 
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показывает роль интерфейса при определении структурного качества тонкой плёнки MAX-фазы, 

выращенной на MgO(111).  
 

Ключевые слова: МАХ материалы, тонкие пленки, конкурирующие фазы, энтальпия образования, хром, 
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MAX-phases are a family of ternary layered compounds with the formal stoichiometry Mn+1AXn (n = 1, 2, 3...), 

where M is a transition d-metal; A is a p-element (for example, Si, Ge, Al, S, Sn, etc.); X is carbon or nitrogen [1]. 

Layered triple carbides and nitrides of d-and p-elements (MAX-phases) exhibit a unique combination of 

properties characteristic of both metals and ceramics, which makes their application as various coatings in space 

industry very promising. Obtaining the desired properties of the MAX-phases depends on the technological 

conditions of material synthesis. This requires thorough theoretical modelling of the elements’ interaction at the 

interface. Concurrent growth of competing phases along with the MAX-phase may occur due to the favorability of 

competing phases’ formation and may also be promoted by lower energy interfaces with the substrate in 

comparison with a MAX-phase. In this work, we study thermodynamic favorability of competing phases and 

Cr2GaC MAX-phase depending on the chemical composition of the atomic flow. To study these compounds, it was 

necessary to consider the Cr-Ga-C system. According to the effective heat of formation model, each reaction of a 

certain phase formation can be characterized by enthalpy [2]. To find out the most favorable phases, it was 

necessary to calculate the enthalpy of all possible reactions. Thus, the task was to sort through all possible 

reactions between pure elements available in various ratios, in particular, in the ratio corresponding to the given 

MAX-phase stoichiometry, i.e. Cr:Ga:C=2:1: 1. Moreover, it is considered that the density of near-coincidence 

sites [3,4] for interfaces between MAX-phase, thermodynamically favourable competing phases and MgO(111) 

surface shows a role of the interface in the determination of the structural quality of the MAX-phase thin film 

grown on MgO(111). 
 

Keyword: MAX materials, thin films, competing phases, enthalpy of formation, chromium, galium,  

carbon. 
 

Introduction 

Currently, one of the most promising areas of research related to the synthesis of new materials is the 

study of formation processes and physical properties of MAX phases, the family of which is shown in Fig. 1. 

MAX-phases posess low density, high values of thermal and electrical conductivity, strength, low elastic 

modulus, excellent corrosion resistance in aggressive liquid media [5–7], resistance to high-temperature 

oxidation and thermal shock [8–10], and are also easily machined [11; 12], have a high melting point [13] 

and are quite stable at temperatures up to 1000 ° C and above [14]. 

It is well known that thin films of MAX phases are mainly synthesized applying physical methods, such 

as magnetron sputtering of pulsed layer deposition. A comprehensive study of magnetic properties requires 
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high quality magnetic thin films of MAX-phases. Films of the highest quality are defined as single phase, 

monocrystalline and smooth.  

 

 
 

Рис. 1. Периодическая таблица элементов, образующих наноламинаты общего состава [2] 

 

Fig. 1. The periodic table of the elements constituting the nanolaminates of general composition [2] 

 

The quality of the resulting films is influenced by such factors as precipitation temperature, pressure, 

power supplied to magnetrons, i.e., the outgoing / incoming material flow, as well as the choice of substrate. 

For the synthesis of MAX phases, it is necessary to consider competing binary or ternary phases that are 

close in composition and / or structure. 

The growth of the Cr2GaC epitaxial film is accompanied by the growth of the Cr3Ga phase, which is not 

predicted to be competitive in terms of stoichiometric chemical composition [15]. Substrate, in turn, can 

radically change the situation, as is observed in the case of Mn2GaC. Under the same growth conditions, 

there was no visible signal of the MAX phase on any substrate other than MgO [15]. 

Thus, our task is to consider the effect of a change in the stoichiometry of the atomic flux on the 

thermodynamic advantage of phase formation, and also to take into account the role of the interfaces 

between the substrate and the MAX phase and competing phases.  

 

Results and discussions 

In this work, we study the MAX phase of Cr2GaC. To study this compound, it is necessary to consider the 

Cr-Ga-C system. The challenge is to consider all possible reactions between pure elements available in 

varying quantities. Below is an example of the reaction. 

  22xCr + xGa + xC  Cr GaC + [competing] + Cr + Ga + C.   
                          

(1) 
 

In this example, pure elements are available in quantities corresponding to the stoichiometry of the MAX 

phase, i.e. Cr: Ga: C = 2: 1: 1 on the right-hand side of the equation; the coefficients at the remainder of pure 

elements are symbolised by Greek letters. The competing phase can be any of seven possible phases in the 

Cr-Ga-C system: CrGa4, Cr5Ga6, CrGa, Cr3Ga, Cr3C2, Cr7C3, or Cr23C6. 

The enthalpy of one specific reaction was calculated not only in the case of elements presence in 

quantities corresponding to the stoichiometry of the MAX-phase, i.e, Cr: Ga: C = 2: 1: 1, but also for all 

possible ratios. 

Due to the large amount of calculations required, it was decided to write a special code in the "Matlab" 

software package. The outer cycles are the cycles for i, j, k, which mean the atomic fractions of chromium, 
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gallium and carbon, respectively. When establishing the boundaries of the cycle, it was taken into account 

that their sum is 1. These are the cycles that are responsible for calculating the enthalpy of each specific 

reaction, not only in the case of the elements in quantities corresponding to the stoichiometry of the MAX-

phase, i.e. Cr: Ga: C = 2: 1: 1, but also for all possible ratios. Each phase was assigned to a corresponding set 

of three numbers, the first of which means the number of chromium atoms in the formula unit of the 

compound, the second - the number of gallium atoms, the third – carbon. For example, the set 703 was 

assigned to the Cr7C3 phase, and to the Cr3Ga – 310 phase was assigned. Thus, the netlist was transformed 

into a list of sets of numbers, accessing to which in the program code was reduced to accessing certain 

elements of the matrix. Each set of three digits also had a sequential number, which corresponds to the 

enthalpy of the encoded phase. The need to separately access each type of incoming into the phase atom was 

due to the need to calculate the atomic balance in the equation and to search for the largest coefficients for all 

phases in the right-hand side of the equation. The implementation of the latter in the program code was based 

on the idea of checking whether it is possible to form any phase in the right-hand side from the remainder of 

free atoms. By introducing such additional internal cycles, it was found that in some cases the phase 

coefficients on the right-hand side of the equation are really different from the units, i.e., from how it was 

written at the beginning when describing the general form of reaction equation (1). 

In this paper, three different types of reactions have been considered. The types are determined by the 

number of different competing phases. The first type contains 1
7 7С  various reactions with a competing 

phase; the second type contains 2
7 21С  a different reaction, with each containing a unique pair of competing 

phases; the third type contains 3
7 35С  different reactions, with each containing a unique triple of competing 

phases. In addition, each reaction can be recorded without the MAX phase on the right side of the equation. 

Since the variable parameter in the calculation model was the ratio of the three different pure elements 

numbers, it was agreed to present the results in the form of ternary diagrams, namely, in the form of a set of 

three ternary diagrams for each case (for each of the arrows in Scheme 1). Below, only results for the first 

and second types of reactions in the presence of the MAX-phase on the right side of the equation are given 

(Fig. 2, 3). 

Each point on ternary diagrams in Fig. 2 corresponds to one defined ratio Cr: Ga: C. For this ratio, 7 

enthalpies were calculated and compared. Then the most negative value was determined and the point was 

shown in the color corresponding to the competing phase, the formation of which leads to the greatest energy 

release. Areas and their boundaries are easily visible on the charts. This allows us to judge, for example, the 

experimental error in the ratio of the elements number: by comparing the expected and obtained competing 

phases, it is possible to determine which element was taken in excess. The third diagram (Fig. 2, в) shows the 

difference between the heats of formation of the two most thermodynamically favorable competing phases. It 

is noteworthy that the leading phases are the same, they only change their areas. 
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Рис. 2. Диаграммы номеров наиболее выгодных конкурирующих фаз  

(в случае образования MAX-фазы и одной конкурирующей фазы):  

а – первый кандидат; б – второй кандидат; в – разница между эффективными теплотами  

образования (кДж/моль*атом) двух наиболее термодинамически выгодных конкурирующих фаз 

 

Fig. 2. Diagrams of the numbers of the most favorable competing phases  

(in the case of the formation of the MAX-phase and one competing phase): 

(bottom left) the first candidate; (bottom right) the second candidate; (top right) the difference 

between the effective heat of formation (kJ/mol*atom) of the two most thermodynamically  

favourable competing phases 

 

 
 

Рис. 3. Диаграммы номеров наиболее выгодных конкурирующих фаз  

(в случае образования MAX-фазы и двух конкурирующих фаз):  

а – первый кандидат; б – второй кандидат; в – разница между эффективными теплотами  

образования (кДж/моль*атом) двух наиболее термодинамически выгодных конкурирующих фаз 

 

Fig. 3. Diagrams of the numbers of the most favorable competing phases  

(in the case of the formation of the MAX-phase and two competing phases): 

(bottom left) the first candidate; (bottom right) the second candidate; (top right)  

the difference between the effective heat of formation (kJ/mol*atom)  

of the two most thermodynamically favourable competing phases 
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The same was done in the case of two competing phases (Fig. 3), i.e, for the second type of reactions. It 

can be seen that the group of leading phases remains the same again: CrGa, Cr3Ga, Cr3C2, in this case we are 

simply dealing with their combinations. 

According to the effective heat of formation model [2], one of the most significant factors influencing the 

formation of phases is: the larger the number of atoms in the unit cell, the more difficult the formation of the 

phase is (Table 1). 
 

Table 1 

Number of atoms in unit cells of different phases 

 

Cr3Ga 21 atoms in 

unit cell 
CrGa 92 atoms in unit cell 

Cr3C2 20 atoms in unit 

cell 

Cr2GaC 18 atoms in 

unit cell 

  

  
 

Table 2 

Orientation relations and the density of near-coincident sites at the interface 

between the MAX-phase Cr2GaC and MgO [3;4] 

Interface  u11v11w11 U12v1

2w12 

u21v21w21 u22v22w22 h1k1l1 h2k2l2 Density of near-

coincident sites, R 

MgO||Cr2GaC [011] [020] [10-1] [200] (–11-1) (001) 0.0418 

MgO|| CrGa [0-11] [11-2] 
[–1.578 –

2.989 1.071] 

[4.61 1.49

4 0.0] 
(–11-1) 

(–5.09  

2.989 0.507) 
0.0545 

MgO|| Cr3Ga [0-11] [11-2] [010] [001] (–11-1) (001) 0.0887 

 

In addition, consideration of the possible interface between CrGa and the surface of magnesium oxide 

MgO (111) applying the coincident lattice method reveals the preferability of the Cr3Ga phase over CrGa 

(Table 2). 
 

Conclusion 

During the formation of magnetic thin films of MAX phases, there are only three most 

thermodynamically favorable phases: CrGa, Cr3Ga, and Cr3C2. 

Although the enthalpy of CrGa formation is most negative, according to the coincident lattice method the 

formation of the Cr3Ga phase with fewer atoms is more likely in a unit cell, which has been experimentally 

confirmed [15]. 
 

Библиографические ссылки 
 

1. Сметкин А. А., Майорова Ю. К. Свойства материалов на основе МАХ-фаз (обзор) // Вестник 

Пермского нац. исслед. политехн. ун-та. Машиностроение, материаловедение. 2015. № 17(4). С. 120–

138. 



 
 
 

Раздел 3. Технологические процессы и материалы 
 

 389 

2. Pretorius R., Theron C. C., Vantomme, A., Mayer J. W. Compound phase formation in thin film 

structures // Critical reviews in solid state and materials sciences. 1999. No. 24(1), P. 1–62. 

3. Tarasov I. A., Visotin M. A., Kuznetzova T. V. et. al. Selective synthesis of higher manganese 

silicides: a new Mn17Si30 phase, its electronic, transport, and optical properties in comparison with Mn4Si7 // 

J. Mater Sci. 2018. No. 53. P. 7571–7594. doi: 10.1007/s10853-018-2105-y 

4. Visotin M. A., Tarasov I. A., Fedorov A. S. et al. Prediction of orientation relationships and interface 

structures between α-, β-, γ-FeSi2 and Si phases // Acta Crystallogr Sect B Struct Sci Cryst Eng Mater. 2020. 

No. 76: P. 469–482. doi: 10.1107/S2052520620005727 

5. Barsoum M. W., Radovic M. Elastic and mechanical properties of the MAX phases // Annual review 

of materials research. 2011. Vol. 41. P. 195–227. 

6. Sun Z. M. Progress in research and development on MAX phases: a family of layered ternary 

compounds // International Materials Reviews. 2011. Vol. 56. No. 3. P. 143–166. 

7. Radovic M., Barsoum M. W. MAX phases: bridging the gap between metals and ceramics // American 

Ceramics Society Bulletin. 2013. Vol. 92, No. 3. P. 20–27. 

8. Sokol M. et al. On the chemical diversity of the MAX phases // Trends in Chemistry. 2019. Vol. 1, No. 

2. P. 210–223. 

9. Barsoum M. W. MAX phases: properties of machinable ternary carbides and nitrides. John Wiley & 

Sons, 2013. 

10. Dahlqvist M., Alling B., Rosén J. Stability trends of M A X phases from first principles // Physical 

Review B. 2010. Vol. 81, No. 22. P. 220102. 

11. Hu C. et al. Nb4AlC3: A new compound belonging to the MAX phases // Scripta Materialia. 2007. 

Vol. 57, No. 10. P. 893–896. 

12. Tallman D. J. et al. Effect of neutron irradiation on select MAX phases // Acta Materialia. 2015. Vol. 

85. P. 132–143. 

13. Ingason A. S., Dahlqvist M., Rosén J. Magnetic MAX phases from theory and experiments;  

a review // Journal of Physics: Condensed Matter. 2016. Vol. 28, No. 43. P. 433003. 

14. Медведева Н. И., Еняшин А. Н., Ивановский А. Л. Моделирование электронного строения, 

химической связи и свойств тройного силикокарбида Ti3SiC2 // Журнал структурной химии. 2011. № 

52(4). С. 806. 

15.  Phase stability of Crn+ 1GaCn MAX phases from first principles and Cr2GaC thin‐film synthesis 

using magnetron sputtering from elemental targets / A. Petruhins, A. S. Ingason,  

M. Dahlqvist et al. // Physica status solidi (RRL) – Rapid Research Letters. 2013. No. 7(11). P. 971–974. 

 

References 
 

1. Smetkin A. A., Mayorova Yu. K. Properties of materials based on MAX-phases (review). Bulletin of 

the Perm National Research Polytechnic University. Mechanical engineering, materials science. 2015, No. 

17 (4), P. 120–138 (In Russ.). 

2. Pretorius R., Theron C. C., Vantomme, A., Mayer J. W. Compound phase formation in thin film 

structures. Critical reviews in solid state and materials sciences. 1999, No. 24(1), P. 1–62. 

3. Tarasov I. A., Visotin M. A., Kuznetzova T. V. et. al. Selective synthesis of higher manganese 

silicides: a new Mn17Si30 phase, its electronic, transport, and optical properties in comparison with Mn4Si7. J. 

Mater Sci. 2018, No. 53, P. 7571–7594. doi: 10.1007/s10853-018-2105-y 

4. Visotin M. A., Tarasov I. A., Fedorov A. S. et al. Prediction of orientation relationships and interface 

structures between α-, β-, γ-FeSi2 and Si phases. Acta Crystallogr Sect B Struct Sci Cryst Eng Mater. 2020, 

No. 76, P. 469–482. doi: 10.1107/S2052520620005727 

https://journals.iucr.org/b/issues/2020/03/00/xk5064/index.html
https://journals.iucr.org/b/issues/2020/03/00/xk5064/index.html
https://journals.iucr.org/b/issues/2020/03/00/xk5064/index.html
https://journals.iucr.org/b/issues/2020/03/00/xk5064/index.html


 
 
 

Сибирский аэрокосмический журнал.  Том 22,  № 2 
 

 390 

5. Barsoum M. W., Radovic M. Elastic and mechanical properties of the MAX phases. Annual review of 

materials research. 2011, Vol. 41, P. 195–227. 

6. Sun Z. M. Progress in research and development on MAX phases: a family of layered ternary 

compounds. International Materials Reviews. 2011, Vol. 56, No. 3, P. 143–166. 

7. Radovic M., Barsoum M. W. MAX phases: bridging the gap between metals and ceramics. American 

Ceramics Society Bulletin. 2013, Vol. 92, No. 3, P. 20–27. 

8. Sokol M. et al. On the chemical diversity of the MAX phases. Trends in Chemistry. 2019, Vol. 1, No. 

2, P. 210–223. 

9. Barsoum M. W. MAX phases: properties of machinable ternary carbides and nitrides. John Wiley & 

Sons, 2013. 

10. Dahlqvist M., Alling B., Rosén J. Stability trends of M A X phases from first principles. Physical 

Review B. 2010, Vol. 81, No. 22, P. 220102. 

11. Hu C. et al. Nb4AlC3: A new compound belonging to the MAX phases. Scripta Materialia. 2007, 

Vol. 57, No. 10, P. 893–896. 

12. Tallman D. J. et al. Effect of neutron irradiation on select MAX phases. Acta Materialia. 2015, Vol. 

85, P. 132–143. 

13. Ingason A. S., Dahlqvist M., Rosén J. Magnetic MAX phases from theory and experiments;  

a review. Journal of Physics: Condensed Matter. 2016, Vol. 28, No. 43, P. 433003. 

14. Medvedeva N. I., Enyashin A. N., Ivanovsky A. L. Modeling the electronic structure, chemical bond 

and properties of the Ti3SiC2 ternary silicocarbide. Journal of Structural Chemistry. 2011, No. 52 (4), P. 

806 (In Russ.). 

15. Petruhins A., Ingason A. S., Dahlqvist M. et al.Phase stability of Crn+ 1GaCn MAX phases from first 

principles and Cr2GaC thin‐film synthesis using magnetron sputtering from elemental targets. Physica 

status solidi (RRL) – Rapid Research Letters. 2013, No. 7(11), P. 971–974. 

 

 Назарова З. И., Назаров А. Н., 2021 

 

 

Назаров Александр Николаевич – студент; Сибирский федеральный университет; лаборант; Институт физики 

имени Л. В. Киренского СО РАН – обособленное подразделение ФИЦ КНЦ СО РАН. E-mail: jercompany@gmail.com. 

Назарова Зоя Игоревна – студент; Сибирский федеральный университет; лаборант; Институт физики имени Л. В. 

Киренского СО РАН – обособленное подразделение ФИЦ КНЦ СО РАН. E-mail: zoyavishni@gmail.com. 

 

Nazarov Alexandr Nikolaevich – student, Siberian Federal University; Laboratory assistant, Kirensky Institute of 

Physics, Federal Research Center KSC SB RAS. E-mail: jercompany@gmail.com. 

Nazarova Zoya Igorevna – student, Siberian Federal University; Laboratory assistant, Kirensky Institute of Physics, 

Federal Research Center KSC SB RAS. E-mail: jercompany@gmail.com. E-mail: zoyavishni@gmail.com.   

 

 

mailto:jercompany@gmail.com
mailto:zoyavishni@gmail.com
mailto:jercompany@gmail.com
mailto:jercompany@gmail.com
mailto:zoyavishni@gmail.com

