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In recent decades, MAX phases have attracted considerable attention from the scientific community due to their 

unique combination of metallic and ceramic properties, which provide exceptional mechanical, thermal, electrical 

and chemical characteristics. The synthesis of MAX phases in the form of coatings is of increasing interest for many 

applications. The aim of this review is to summarize the progress made in the synthesis of coatings based on MAX 

phases using different methods. The advantages and characteristics of the implementation of ion-plasma physical 

vapor deposition methods are discussed. The use of ion-plasma methods allows to significantly reduce the synthesis 

temperature of MAX phases due to the high energy of the particles forming the coating. The effect of deposition 

parameters on the composition, structure and properties of the coatings is analyzed. Coatings with high protective 

properties and prospects for their application in industry are considered. This part of the review focuses on methods 

for depositing MAX phase based coatings. 
 

INTRODUCTION 
 

Materials with enhanced functional properties, both 

high-strength and lightweight, that are resistant to wear, 

pressure, temperature and various types of radiation are 

in demand in many industries. MAX phases have 

attracted considerable attention in recent years due to 

their distinctive nanolayered structure and properties, 

occupying a niche between ceramics and metals by 

merging different types of bonding. They form a 

significant group of oxygen-free ceramics, with over 

150 different compositions. They are named according 

to their chemical formula as follows Mn + 1AXn − where 

M is a transition metal; A is an element from the A 

group of the periodic table (mostly elements from 

groups 13 and 14); X is carbon or nitrogen, and n = 1, 2, 

3 or more [1–5]. 

The history of the discovery and development of 

MAX phases can be divided into two stages. The first 

began in the early 1960-s, when the group of 

V.H. Nowotny's group in Vienna synthesized a series of 

new layered ternary carbides and nitrides. Among them 

were the so-called “H-phases” with M2AX chemistry 

(i.e., n = 1) and their relatives Ti3SiC2 and Ti3GeC2 

[6, 7]. For a long time, this topic did not arouse much 

interest until the mid-1990s. The second historical stage 

in the development of MAC phases began when in 1996 

M.W. Barsoum and T. El-Raghy from Drexel 

University (USA) synthesized the first fully dense, 

phase-pure Ti3SiC2 and showed that this material 

combines the best properties of metals and technical 

ceramics [8]. The material was easy to machine due to 

its softness and possessed good electrical and thermal 

conductivity. It also demonstrated remarkable resistance 

to thermal shock and oxidation up to 1400 °C. Later, the 

discovery of the Ti4AlN3 compound by scientists of this 

group showed that these phases have a common basic 

structure, and this similarity in properties led to the 

proposal of the name MAX phase and its subsequent 

classification [1, 9]. 

The excellent properties of MAX phases have led to 

a rapid growth in experimental and theoretical research, 

as well as attempts to commercialize the results, over 

the past 25 years on a global scale. The synthesis and 

properties of bulk MAX phases, as well as the crystal 

structure and history of research on multicomponent 

carbides and nitrides, are reviewed in detail in [1–4,     

9–11]. 

To date, some of the most extensively studied bulk 

MAX phases are systems containing titanium 

(Tin+1AlCn, Tin+1AlNn, Tin+1SiCn) or chromium 

(Crn+1AlCn). These materials are typically synthesized 

by methods such as hot isostatic pressing, plasma 

discharge sintering, and high temperature self-

propagating synthesis [2, 4, 12–14]. The methods 

currently available tend to be technologically complex 

and energy intensive. They sometimes require several 

lengthy additional steps, for example to increase the 

density of the initial porous materials or to ensure the 

required proportion of MAX phase in the final product. 

In this sense, the synthesis of MAX phases in the form 

of thin films and coatings appears to be more 

economical, since the condition and properties of the 

material surface layer largely determine the 

performance characteristics of the product as a whole. 

The results of experimental and theoretical studies 

indicate a high potential for the use of coatings based on 

MAX phases [15–19]. Excellent mechanical properties, 

high electrical and thermal conductivity, damage 

resistance, self-healing ability, high thermal stability, 

and outstanding resistance to oxidation, corrosion, and 
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abrasion make such coatings useful for many 

applications. Especially for high-temperature electrical 

contacts, microelectronic coatings, magnetic and optical 

materials, thermal barriers, protection of structural 

materials for turbines, engines, pumps, bearings, 

accident resistant fuel cladding for nuclear power plants, 

protective coatings for aerospace, etc. Over the past few 

decades, many attempts have been made to grow high 

quality films with a variety of MAX phases by Thermal 

Spraying (TS), Chemical Vapor Deposition (CVD), and 

Physical Vapor Deposition (PVD) methods from the gas 

phase and plasma. TS and CVD methods require very 

high temperatures (> 1000 °C) which are unsuitable for 

many substrate materials. The use of ion-plasma PVD 

methods can significantly reduce the synthesis 

temperature due to the high energy of the particles 

forming the coating [15, 16]. 

The purpose of this review is to analyze the current 

achievements in the field of ion-plasma synthesis of 

coatings based on MAX phases. The main focus is on 

the processes for the deposition of coatings with high 

protective properties, their strengths / weaknesses and 

prospects for industrial application. 
 

1. COMPOSITION, STRUCTURE  

AND PROPERTIES OF MAX PHASES 
 

Currently, about 85 triple MAX carbides and 

nitrides are known, with various elements in the M 

positions (Sc, Ti, V, Cr, Mn, Fe, Y, Zr, Nb, Mo, Hf, Ta, 

W, and most lanthanides) and A positions (Al, Si, P, S, 

Cu, Zn, Ga, Ge, As, Pd, Cd, In, Sn, Sb, Ir, Au, Tl, Pb, 

Bi) [5, 12]. Similar to MAX phases are nanolaminated 

borides, commonly referred to as MAB phases. It is 

believed that MAB phases contain fewer element 

combinations but have a greater number of structural 

variations. Since MAB phases and MAX phases share 

common structural features and properties, the 

possibility of extending X = C, N by adding B to the list 

of MAX phases has recently been discussed [20–22]. 

Recently, another approach to increase the chemical 

diversity of MAX phases has emerged, which consists 

of forming a solid solution by doping the M, A, or X 

positions [3, 16, 23]. Solid solutions of elements with 

different atomic radii and electron valences in an 

identical crystal structure provide a variety of physical 

and chemical properties. Fig. 1 shows the different 

elements M, A, and X reported in the synthesized 

ternary and tetrahedral MAX phases. It illustrates the 

extremely wide range of variation in the composition of 

MAX phases. 

Most MAX phases have a hexagonal crystal lattice 

belonging to the P63/mmc space group. It consists of 

almost densely packed layers formed by ceramic 

octahedra [M6X] with common edges separated by 

metal-like layers of element A, as shown in Fig. 2. This 

type of lattice is called natural nanolaminates. The X-

atoms are located in the octahedral positions between 

the M-layers. The octahedral part of the [M6X] unit cell 

is identical to the NaCl-type structures found in the 

corresponding MX carbides or nitrides. The A-element 

is located at the center of a trigonal prism formed by M-

atoms. Thus, the amazing set of properties of MAX 

phases (see Fig. 2) is due to the layered structure and the 

mixed nature of the bonds [2–4, 16]. 

Depending on the value of n, the M2AX, M3AX2, 

and M4AX3 phases are commonly referred to as 211, 

312, and 413 phases, respectively. The main differences 

in the structures of 211, 312, and 413 phases lie in the 

number of M-layers between each pair of A-layers [3]. 

When n = 1, the A-layers are separated by two M-layers 

(see M2AX in Fig. 2). When n = 2, they are separated by 

three layers (see M3AX2 in Fig. 2). When n = 3, they are 

separated by four layers (see M4AX3 in Fig. 2). 

Recently, some other phases with a higher value of n 

have been found in the MAX family, such as phase 523 

(Ti5Al2C3), phase 615 (Ta6AlC5), phase 725 (Ti7Si2C5), 

etc.  

The number of discovered MAX phase compositions 

is constantly increasing due to a combination of 

experimental work and theoretical calculations. 

However, not all possible combinations are 

thermodynamically stable. For example, in the Ti-Al-C 

system, the Ti2AlC and Ti3AlC2 phases (n = 1 and 2, 

respectively) are stable over a wide temperature range, 

but in systems such as Cr-Al-C and Ti-Si-C there is only 

one stable phase each – Cr2AlC and Ti3SiC2. As for 

alloying, certain combinations have unlimited solubility 

of the components, for example, in the Ti3(Al1-xSix)C2 

system, the value of x varies from 0 to 1.11. Other 

combinations have low solubility, for example < 5 at.% 

Cr in Ti2AlC. It is very useful that some solid solutions 

can be synthesized despite the fact that the initial MAX 

phases are unstable. In [15, 16], stable solid solutions of 

(Cr2/3Ti1/3)3AlC2 and (Cr5/8Ti3/8)4AlC3 were reported, 

although Cr3AlC2, Cr4AlC3 and Ti4AlC3 are not 

thermodynamically stable. The stability of the solutions 

is explained by the formation and higher stability of the 

order of two elements M at two different positions [2]. 

The chemical diversity of MAX phases is key to 

optimizing their properties for potential applications. 

The presence of strong M-X bonds and weaker M-A 

bonds gives these compounds a unique combination of 

properties [3, 4, 14–17]: 

– as metals are characterized by high thermal and 

electrical conductivity, resistance to thermal shock and 

fracture, ductile at high temperatures, and can be easily 

machined; 

– as ceramic materials, they are resistant to 

oxidation, corrosion, and fatigue, are heat resistant, 

retain strength at high temperatures, have a low specific 

gravity, and are characterized by high moduli of 

elasticity and a low coefficient of friction; 

– at the same time, they can have weak magnetic 

properties, high damping properties, radiation 

resistance, and self-healing ability. 

MAX phase is a ceramic material with high 

resistance to mechanical damage, since the formation of 

microcracks, shear and kink bands, delamination and 

crushing, warping and microfractures of the layers act 

as effective energy absorption mechanisms during 

deformation and contribute to the dissipation of 

mechanical energy at the micro level. The localization 

of mechanical damage in a particular grain prevents 

macroscopic destruction of the material as a whole. This 

behavior was explained by the fact that the crystal 
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lattice of MAX phases allows dislocations to slide only 

in the base planes, which, together with weak bonds 

between atomic layers, leads to a strong anisotropy of 

the mechanical properties of MAX phases and the 

realization of an unusual mechanism of plastic 

deformation – the formation of kink bands (Fig. 3) [2, 

15, 16].  

 
Fig. 1. Periodic table showing the location of M, A, and X elements in MAX phases [5, 12] 

 

 

Fig. 2. Multilayer structure of ternary Mn+1AXn phases for n ranging from 1 to 3, including a brief overview of their 

typical properties and potential applications [19] 

 
 

а b 

Fig. 3. SEM images of the characteristic layered structure and strain of the MAX phases (a) and the scheme of kink 

band formation limited by dislocation walls (b) [2, 16] 
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2. SYNTHESIS OF COATINGS BASED ON  

MAX PHASE 

2.1. A GENERAL OVERVIEW OF THE 

DEPOSITION METHODS 
 

The main difficulty in the synthesis of MAX phases 

is to ensure their high content in the obtained materials 

(≥ 95 wt.%), since MAX phases can coexist with other 

thermodynamically stable phases, such as carbides or 

nitrides and intermetallics [15, 16]. In addition, ensuring 

high functional properties of coatings requires the 

formation of a homogeneous, dense coating with a 

satisfactory level of adhesion. Fig. 4 shows a general 

classification of the main methods used to deposit MAX 

phase coatings. 

For thicker coatings (> 100 m), thermal spraying 

and cold spraying technologies are preferred, which are 

based on the application of powdered MAX phases to 

the surface to be treated using gas (plasma) streams 

[24–34]. In this way, coatings up to several millimeters 

thick can be applied to products of various sizes and 

geometries. Depending on the heat source used in the 

process, different methods of gas thermal spraying have 

been applied: plasma spraying [25, 26] and high 

velocity oxyfuel (HVOF) spraying [27–31]. However, 

thermal spraying technology requires the use of high 

temperatures (>2000 °C), which can cause oxidation 

and even decomposition of the MAX phases. This leads 

to a high content of undesirable phases in the coatings, 

which degrades their functional properties. In addition, 

tensile stresses are inevitable during thermal spraying 

causing cracking and even delamination of the coatings.  

In cold spraying technology, particles are applied to 

the substrate at a lower temperature (<1000 °C), but at a 

very high velocity (up to 1200 m/s). With such coatings, 

it is sometimes difficult to ensure the strength of the 

bond to the surface of the metal substrate, which 

degrades under the influence of high-speed 

bombardment [32−34]. So far, only a few coating 

systems from the large family of MAX phases have 

been synthesized by the above methods (mainly 

Ti3AlC2, Ti3SiC2, Cr2AlC, and Ti2AlC), since there are 

currently very few commercial sources of powders [2]. 

Laser cladding is another option for obtaining thick 

MAX phase coatings. Its advantages include the ability 

to form a metallurgical bond between dissimilar 

materials and a small heat affected zone. The deposition 

of coatings is realized both with the use of a powder of 

the MAX phase and with a mixture of elemental 

powders of the corresponding composition, which opens 

the possibility of reducing the cost of the process. 

Composite coatings containing Ti3SiC2 [35] or Ti2AlC 

[36, 37] have been obtained, showing good adhesion to 

the substrate and no obvious defects such as pores and 

cracks, but an additional post-laser treatment was 

required to increase the content of the MAX phase [36]. 

Thus, the deposition of thick coatings with the 

composition and properties of MAX phases is still a 

challenging task. 

Various CVD and PVD techniques are used to 

synthesize thin (< 100 m) films of MAX phases. The 

use of CVD techniques started with Ti3SiC2. Deposition 

was performed from a gas mixture of TiCl4, SiCl4, H2, 

and CCl4 or CH4 as carbon source [15]. CVD is based 

on processes close to thermodynamic equilibrium, so it 

is closer to the methods of synthesis of massive 

materials. Quite high temperatures (1000…1300 °C) are 

required for the formation of MAX phases. In addition, 

it is quite difficult to obtain single phase films. For 

example, in most synthesized CVD MAX films, the 

Ti3SiC2 phase coexists with other phases (TiC, TiSi2, 

SiC, and Ti5Si3Cx) [38–41]. 

High-quality, high-purity and dense thin films of 

MAX phases can be deposited by ion-plasma PVD 

methods at relatively low temperatures, which is 

certainly crucial for coatings on sensitive substrates 

such as certain types of steel [15, 16, 19]. The thickness 

of these films typically ranges from a few nm to 

~ 50 µm. The first comprehensive review on the 

deposition of coatings based on MAX phases, 

nucleation and growth mechanisms, and resulting 

properties was published by P. Eklund et al. in 2010 

[15]. Among the more recent reviews, it is worth 

mentioning the work of O. Berger in 2019, which 

focuses on analyzing the relationship between structure, 

properties, and applications of MAX phase coatings 

[16–18], as well as the review published by A. Biswas 

et al. in 2021, which summarizes the progress in 

epitaxial growth of coatings [19].  

 

Fig. 4. Classification of methods used for deposition of MAX phase coatings  
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It should be noted that initially PVD deposition was 

performed at substrate temperatures between 800 and 

1000 °C. Gradually, efforts were focused on lowering 

the deposition temperatures and significant progress was 

made. 
 

2.2. FEATURES OF PVD SYNTHESIS METHODS 
 

Ion-plasma physical vapor deposition methods are 

widely used to synthesize high quality coatings based on 

MAX phases of various compositions [2, 15, 16]. The 

peculiarity of ion-plasma PVD methods is that they 

operate under conditions far from thermodynamic 

equilibrium [42–46]. Energy is supplied to the system 

not so much by maintaining a high substrate 

temperature as by bombardment with energetic 

particles. In addition to thermal factors, other factors 

(degree of ionization, flux density, and particle energy) 

affect the kinetics of film formation and allow for the 

deposition of high-quality films of various compounds 

at much lower temperatures. As a result of 

bombardment, thermal energy is replaced by the kinetic 

energy of particles [47, 48], however, such 

bombardment is a non-equilibrium process that is not 

identical to conventional heating because the kinetic 

energy of the bombarding particles is transferred to the 

local region of nanometer size and is accompanied by 

excessively rapid cooling at a rate of about 

1013…1014 K/s. In addition, the injection of reactive 

gases into the vacuum chamber has long been used for 

reactive ion plasma PVD synthesis of films of refractory 

compounds that are difficult to obtain by other methods 

[42, 45], so it can be effectively used to produce MAX 

phases. 

In general, three main ion-plasma PVD methods are 

used to synthesize MAX phase thin films: magnetron 

sputtering (MS) [49–111], cathodic arc deposition 

(CAD) [112–118], and pulsed laser deposition (PLD) 

[119–125]. Sometimes a combination of methods is 

used [126–132]. Each of these techniques has its own 

advantages and disadvantages, but they all have one 

thing in common: there is no need to maintain a high 

substrate temperature during the process because 

energetic particles (ions and neutrals) are involved in 

the deposition process. 

The ion plasma synthesis of coatings is a complex 

multifactorial process that consists of several stages: 

generation of the particle stream, its transfer to the 

deposition surface, the interaction of the condensing 

particles with the gaseous medium and the deposition 

surface, and the formation of the coating. The chemical 

composition of the surface, structure, morphology and 

subsequently the properties of the growing film are 

affected at all stages of synthesis and are largely 

determined by the energy of the ions in the stream, 

which is controlled by a negative bias potential on the 

substrate. The higher the degree of ionization of the 

flow, the greater the number of particles with higher 

energy deposited on the substrate. However, excessive 

ion bombardment can have negative consequences, 

leading to atomization of the deposited material, 

decomposition of MAX phases, formation of defect 

structures, and amorphization of coatings [15, 16, 107]. 

Provided that the appropriate elemental composition 

of the coating on the substrate surface is maintained, 

there are two approaches to the synthesis of the MAX 

phase. First, the process can be performed in a single 

step, which requires a higher substrate temperature or 

energy of the particles forming the coating [49, 50, 60, 

68–73, 91, 105, 109, 110, 112, 113]. A typical example 

of the development of a single-step process is the work 

of J. Frodelius et al. [49]. The joint magnetron 

sputtering of Ti2AlC and Ti targets allowed the 

formation of epitaxial layers based on the MAX phase 

of Ti2AlC on the Al2O3 (0001) substrate at a substrate 

temperature of 700 °C (power density ~ 3.2 W/cm2, 

floating potential of the substrate -10 V). The TEM 

image of the cross section of the coating after deposition 

(Fig. 5,a-c) shows a columnar structure with two 

orientations of Ti2AlC grains, which is confirmed by the 

results of X-ray diffraction analysis (see Fig. 5,d): 

Ti2AlC with the base planes perpendicular to the growth 

direction, corresponding to the epitaxial ratio 

Ti2AlC(0001)//Al2O3(0001), and Ti2AlC with the base 

planes inclined 37° from the growth direction, 

corresponding to the ratio Ti2AlC(1017̅)//Al2O3(0001). 

A small amount of cubic TiC carbide is also found in 

the coating. 

 

Fig. 5. Preparation of Ti2AlC coatings by co-sputtering 

Ti2AlC and Ti targets on Al2O3 (0001) substrate at 

700 °C. TEM images of the cross-section of the coating 

(a–c): a – general view; b – enlarged area from (a);  

c – HREM image from (b).  

X-ray diffractogram of the obtained coating (d) [49] 

Another approach to synthesize the MAX phase in a 

coating is a multi-step process based on solid-state 

reactions. First, a film with the desired stoichiometry is 

deposited, and in the next step, annealing is performed 

to crystallize the MAX phase. The film must be in a 

metastable state, e.g. amorphous or multilayer. 

Annealing is performed at a temperature above the 

deposition temperature to initiate the transformation 

[51–53, 78–80, 84, 90, 94, 95, 106, 126–131]. 

In particular, good results are obtained by annealing 

multilayer coatings, and under certain conditions, such 

annealing does not require significant temperatures, and 

by changing the composition and thickness of the 

composition layers, the value of n in the formula 

Mn+1AXn can be controlled [51, 78, 80, 95, 126–131]. 

For example, Z. Wang et al. [126] successfully prepared 

a b 

c d 
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Ti2AlC coatings by annealing multilayer TiC0.65/Al 

coatings. The electron microscope images and X-ray 

energy dispersive spectroscopy data of the cross-section 

of one of the coatings show that after annealing at 

550 °С for 100 h, the boundaries of the TiC0.65 and Al 

layers disappear (see Fig. 6,a–f). According to X-ray 

diffraction (Fig. 6,g), the coating forms the MAX phase 

of Ti2AlC. A schematic representation of the diffusion 

formation process is shown in Fig. 6,h. It should be 

noted that prolonging the annealing time is no less 

effective than increasing the temperature. The sample 

annealed at 580 °C for 100 h has a significantly higher 

Ti2AlC content than the sample annealed at 600 °C for 

20 h (see Fig. 6,g). 

The study of MAX phases in general has been 

accelerated by the introduction of PVD methods for the 

synthesis of thin films. Ion-plasma PVD technologies 

are used to synthesize single crystalline material by 

epitaxial growth, which allows us to study the 

fundamental properties of MAX phases. However, it 

should be noted that the properties of coatings and bulk 

MAX phases are not always completely identical, in 

particular, the decomposition of Mn+1AXn thin films to 

form MX compounds occurs at temperatures of 

1000…1100 °C, which is significantly lower than the 

decomposition temperatures usually reported for the 

corresponding bulk material [15, 19]. 

-  

Fig. 6. Preparation of Ti2AlC coatings by low-temperature long-term annealing of TiC0.65/Al multilayer coating:  

a – STEM image of the cross-section of the synthesized coating; b, c – EDX results of the synthesized coating;  

d − STEM image of the coating annealed at 550 °С for 100 h; e, f – EDX results of the coating after annealing;  

g – XRD patterns of the coatings annealed at different temperatures for different times;  

h – schematic diagram of the MAX phase formation process [126] 

 

2.2.1. Magnetron sputtering 
 

Magnetron sputtering is the most commonly used 

method for MAX phase synthesis due to its relative ease 

of implementation, high process flexibility, and good 

control over phase purity and composition [15, 16, 19, 

49–111]. The coatings obtained by this method are 

characterized by high homogeneity, low porosity, and 

satisfactory adhesion to the substrate and this method 

allows the deposition of coatings over a large area. MS 

method allows to obtain high ion current densities and 

consequently high sputtering rates at relatively low 

working gas pressures (usually Ar) of about 0.3 Pa and 

below [42, 43]. 

Synthesis of MAX phase coatings requires 

delivering a particle flux of appropriate elemental 

composition to the substrate. Fig. 7 shows three basic 

schemes of particle flux formation used to deposit MAX 

phase coatings by MS method. For MAX carbide 

coatings, magnetron sputtering deposition began with 

the simultaneous use of 3 direct current (DC) sources, 

each responsible for one element (see Fig. 7,a). The use 

of M, A, and a graphite target remains the most 

common method for laboratory synthesis, and has been 

used to deposit a wide range of MAX phases: Ti2AlC, 

Ti3AlC2 [51, 52, 54, 58, 57], Ti3SiC2, Ti4SiC3 [60-63, 

80, 81], Ti2GeC, Ti3GeC2, Ti4GeC3 [81, 83], Ti2SnC, 

Ti3SnC2 [67], V2AlC [89], Nb2AlC [92], Cr2GeC [82], 

Cr2AlC [58, 68, 70, 78, 80]. This approach allows 

individual and flexible control of the elemental content 

of coatings. The desired ratio of atoms of different 

elements in the coatings is achieved by applying the 

appropriate power to each target. Using targets of more 

complex composition, it is possible to form solid 

solutions in coatings based on MAX phases. In work 

[84], (Ti,Zr)2AlC and (Ti,Zr)3AlC2 MAX phases were 

synthesized by sputtering elemental targets Al, C, and a 

Ti0.5Zr0.5 alloy target.  
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On the other hand, a single alloy, powder sintered or 

combined target of M, A, and X elements, providing 

MAX phase stoichiometry, is considered desirable to 

simplify industrial processes (see Fig. 7,b). A common 

problem with sputtering a complex target is that the 

chemical composition of the resulting coating can be 

very different from the target. This problem is not 

specific to MAX phases, but is often observed for them 

[15, 16]. For example, sputtering targets from the MAX 

phases of Ti-Si-C or Ti-Al-C systems results in the 

formation of films with an increased C content, so that 

the formation of the MAX phase in the coating requires 

the addition of Ti to the deposition flux [49, 64]. In 

addition, there is a tendency for Al desorption at high 

deposition temperatures (above 700 °C). However, 

when a Cr2AlC target is sputtered, the composition of 

the film is often close to the target [67, 75, 110].  

The authors of [53] solve the problem of the 

mismatch between the composition of the target and the 

coating by optimizing the composition of the target. The 

Ti2AlC and Ti3AlC2 coatings were deposited using cost-

effective targets synthesized by hot pressing (800 °C) of 

elemental powders with Ti:Al:C molar ratios of 2:1.5:1 

and 3:2:2, respectively. The MAX phases were formed 

by a two-step method with initial magnetron sputtering 

at ambient temperature followed by annealing at 800°C, 

but high stresses in the coatings caused them to crack 

after annealing. 

The composition of M-Al-C (M = Cr, Zr and Hf) 

films deposited by magnetron sputtering from 

stoichiometric M2AlC composite targets was 

investigated in [111]. It was found that the composition 

of the Cr-Al-C film is close to the stoichiometric one, 

while the Al content in the Zr-Al-C and Hf-Al-C films 

is significantly reduced compared to the target. Thus, 

the composition of the film is strongly dependent on the 

atomic weight of the transition metal. Zr and Hf atoms 

are 1.8 and 3.4 times heavier than Cr, respectively. 

Based on the modeling, the authors conclude that the re-

sputtering of Al in the deposited film by energetic Ar 

neutrals formed as a result of the reflection of sputtering 

argon ions from the target is significant. Both the energy 

and flux of Ar reflected from the target increase with 

increasing mass of the transition metal in the target. 

In addition to the bombardment of the surface of the 

growing coating with Ar neutrals, several other factors 

cause differences in the composition of the films and 

coatings: selective sputtering of the target, scattering of 

the sputtered particle stream in the gas phase, 

evaporation of the A element, differences in the angular 

and energy distribution for different elements, etc. The 

composition of films depends largely on the pressure of 

the working gas (Ar) during deposition. At high 

pressure, sputtered atoms reflected from the target 

collide with the working gas on their way to the 

substrate. In this case, their energy distribution shifts to 

lower values [15, 16], which can affect not only the 

elemental composition of the coatings, but also the 

substrate temperature required for the formation of the 

MAX phase. 

The results of numerous studies show that the 

temperatures required for the synthesis of most MAX 

phases in ion plasma coatings are in the range of 

500…900 °С and are always lower than for bulk 

synthesis. The order of the MAX phase (211, 312, or 

413) is important in determining the growth 

temperature. Larger unit cells require a higher growth 

temperature due to the longer diffusion length. In 

addition, the bond energy affects the temperature. For 

example, for MAX carbides, the M-C bond energy 

decreases as one moves from group 4 to 6 (e.g., Ti to 

Cr), resulting in a decrease in temperature [15]. Record 

low formation temperatures of 370…450 °С have been 

demonstrated for the MAX phase of Cr2AlC [67, 71], 

which is much lower than that of Ti2AlC, Ti3SiC2, and 

Nb2AlC coatings [52, 59, 88]. Together with the high 

resistance to oxidation and hot corrosion due to the 

formation of a continuous, well-adhered and inert 

protective Al2O3 layer [68, 74], this has led to a 

significant increase in interest in the synthesis of 

Cr2AlC-based coatings by various methods [67–79, 

107–111, 120, 125, 129–131]. 

Reactive deposition is commonly used to deposit 

MAX nitrides (see Fig. 7,c) using N2 as the nitrogen 

source in the coating [96−103]. For example, reactive 

deposition of Ti2AlN is achieved by sputtering a 2Ti:Al 

target in an Ar/N2 mixture [97, 98] or from single-

component Ti and Al targets [96, 99–101]. There have 

been other attempts at reactive deposition of MAX 

phase nitrides, particularly in the Sc-Al-N system [102, 

103]. This can be explained by the extremely narrow 

process window in terms of the partial pressure of N2 

for depositing the monophase coating [96, 98]. An 

attempt at reactive deposition of MAX carbonitride 

coatings was made in [86]. The deposition was 

performed  by sputtering  targets of the MAX phases 

Ti2-xCrxAlC (where x = 0, 0.5, 1.5, and 2) in an Ar 

atmosphere or in a gas mixture of Ar+N2, which 

allowed comparative studies of the structure and 

properties of TiAlC(N), TiCrAlC(N), and CrAlC(N) 

coatings. The coatings had a lower Al content than the 

targets, which prevented the formation of MAX phases. 

The exception is the Cr2AlC MAX phase, which 

crystallizes in the TiCrAlC coating (x = 1.5) deposited 

at a substrate temperature of 300 °C under conditions of 

a relatively high bias potential of -250 V.  

Reactive deposition of carbides typically uses 

acetylene or methane as the carbon source [15]. For 

example, in [77] Cr2AlC-based coatings were deposited 

by co-sputtering Cr2Al and Al targets in a CH4/Ar 

atmosphere followed by annealing at 750 °С. The 

atomic content of Al was controlled by changing the 

current of the Al target. However, due to the relative 

ease with which MAX carbides can be grown using 

other deposition schemes, there is not much interest in 

using the reactive method for the synthesis of 

magnetron MAX carbides [55, 56, 85].  

It should be noted that the deposition of high quality 

magnetron coatings requires careful attention to purity. 

Imperfect vacuum conditions or insufficient purity of 

the working gas can lead to contamination of the 

coatings with unwanted impurities. In particular, J.J. Li 

et al. [71] reported that DC magnetron coatings of 

Cr2AlC had an oxide sublayer on the substrate due to 

water desorption in the chamber at the beginning of 

deposition. 
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Fig. 7. Typical schemes for the deposition of coatings of MAX phases by magnetron and cathodic arc methods:  

a – each element M, A, X has its own cathode (target); b – a composite cathode (target) containing all the necessary 

components is used; c – reactive deposition, when the source of X is a reaction gas, and a cathode (target)  

is used for M and A 

 

The possibility of a one-step synthesis of MAX 

phases at a reduced deposition temperature is primarily 

determined by the high energy of the particles that form 

the coating. The low degree of ionization of the flow of 

film-forming particles in DC magnetron sputtering does 

not allow for the effective implementation of the energy 

control mechanism using a negative bias potential on 

the substrate. An innovative approach is to apply high-

power pulses to the target rather than DC [43]. This 

technique is called high-power pulsed magnetron 

sputtering (HIPIMS) and somewhat imitates cathodic 

arc deposition, but without the corresponding 

disadvantages [44]. Powerful pulses applied to the target 

create a highly ionized deposition stream, allowing the 

composition of the stream and the distribution of ion 

energy to be controlled by applied electric and magnetic 

fields. The deposition rate of coatings is typically 

2…3 µm/h. HIPIMS facilitates the production of denser, 

smoother coatings with a specific texture and 

morphology compared to the DC method [43, 44, 48]. 

Using the Ti-Si-C system as an example, it has been 

shown that for HIPIMS deposition from a complex 

target, the degree of ionization is a particularly 

important parameter, which differs between elements 

(e.g. several percent for C and up to 90% for Ti). This 

means that controlling the structure and composition of 

the film requires careful selection of process parameters 

such as pressure, substrate angle and bias potential. In 

addition, the C content is strongly influenced by the gas 

phase, which is similar to the results for DC magnetron 

sputtering [104].  

At certain deposition parameters, the problem of 

composition mismatch between the film and the target 

can be aggravated by the HIPIMS method [110, 111]. 

The Cr-Al-C composite target was sputtered using 

direct current magnetron sputtering (DCMS, 2.3 W/cm2) 

and high power pulsed magnetron sputtering (HPPMS, 

373 W/cm2). At floating potential, Cr-Al-C thin films 

had the same composition regardless of the power 

density applied. However, when the substrate bias 

potential was increased to -400 V, an aluminum deficit 

of 1.6 times for DCMS and 4.1 times for HPPMS was 

obtained. When the substrate temperature was increased 

to 560 °C, the Al concentration decreased by a factor of 

1.9 compared to room temperature deposition. This 

additional decrease can be explained by the fact that 

thermally induced desorption is active in addition to re-

sputtering [110]. Nevertheless, in [107] the MAX phase 

Cr2AlC was successfully synthesized using a split Cr0.46-

Al0.25-C0.29/Cr0.15-Al0.75-C0.10 composite target, which 

compensates for the lack of Al. The authors note that it 

is inappropriate to reduce the substrate bias potential to 

-200 and -100 V when using DCMS and HPPMS, 

respectively. There is an optimal moderate ion energy 

for the formation of dense Cr2AlC films. Too low 

energy will result in insufficiently dense coatings. Too 

high energy results in the formation of (Cr, Al)2Cx 

carbide in addition to Cr2AlC.  

In a number of studies, during the synthesis of 

Ti2AlN, Ti2AlC, and Cr2AlC, it was possible to prevent 

a significant difference between the elemental 

composition of the targets and the HIPIMS films [105, 

106, 108, 109]. Under these conditions, the mechanism 

of MAX phase formation in the films was determined 

by the deposition temperature. At room temperature, the 

films had an amorphous structure and annealing was 

required for the formation of MAX phases. Increasing 

the temperature promoted the formation of MAX phases 

directly during deposition, but they coexisted with other 

phases [105, 109].  
 

2.2.2. Cathodic arc deposition 
 

Cathodic arc deposition has not been as widely used 

as magnetron sputtering for the synthesis of MAX 

phases due to the higher complexity of the process and 

equipment [112–118]. The process is based on the 

generation of highly ionized plasma fluxes by an arc 

discharge. An electrically conductive material is used as 

a cathode. In particular, cathodes based on MAX phases 

show good performance and high deposition rates, in 

particular for the Ti2AlC cathode, the rate is about 

5 μm/h [117]. In contrast to the magnetron method, the 

cathodic arc process does not require the use of an inert 

gas, thus avoiding the introduction of undesirable gas 

impurities into the coating. The high degree of 

ionization of the cathodic arc plasma (70…90%), 

including for all elements of complex cathodes, and the 

ability to adjust the synthesis process parameters in a 

wide range allow flexible and targeted influence on the 

structural properties of coatings. The cathodic arc 

method allows better control of the ion energy to reduce 
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the deposition temperature compared to magnetron 

sputtering [44, 45]. 

The peculiarity and disadvantage of arc discharge is 

the presence of cathode material droplets in the plasma 

flow – macroparticles, which, when they enter the 

coating, disrupt its homogeneity and lead to an increase 

in surface roughness, deterioration of adhesion, which 

can adversely affect the performance of coatings. 

Typically, the size of macroparticles in coatings is in the 

range of 0.1…10 m [45]. The presence of 

macroparticles is acceptable for many industrial 

applications of cathodic arc technology, however, when 

synthesizing MAX phases, it is advisable to prevent the 

ingress of macroparticles into the coating. This can be 

achieved by using a pulsed discharge current mode 

[112, 113] or by using magnetoelectric filters [115], 

although the presence of filters reduces the performance 

of the process. 

For the synthesis of cathodic arc coatings, the same 

schemes for the deposition of MAX phase coatings as 

for magnetron sputtering can be used: from one or more 

cathodes, as well as reactive deposition (see Fig. 7). In 

[112, 113] the synthesis of epitaxial Ti2AlC was 

reported using a pulsed cathodic arc setup from 

elemental Ti, Al and C cathodes at a substrate 

temperature of 900 °C. However, initial attempts at 

cathodic arc deposition of the MAX phase from a single 

Ti2AlC cathode were not successful [117]. Similar to 

magnetron deposition, the synthesis of Ti-Al-C coatings 

faces the problem of mismatch between the composition 

of the cathodes based on the MAX phase and the 

coatings [117, 118]. In particular, when using a Ti2AlC 

cathode and a bias potential of -100 V on the substrate, 

a significant decrease in the aluminum content in 

vacuum arc coatings is observed. The atomic ratio of the 

components in the coating is Ti:Al:C = 9:1:4 and the 

MAX phase is not formed [117]. 

The cathodic arc method is traditionally used for the 

reactive deposition of protective coatings based on 

nitrides, oxides, and carbides of transition metals. The 

advantages of reactive deposition are that complex 

refractory compounds can be formed using easily 

fabricated metal targets. Therefore, reactive deposition 

looks quite attractive for cathodic arc synthesis of MAX 

phases. The review [15] reports on the reactive cathodic 

arc deposition of Ti2AlN coatings from a 2Ti:Al 

cathode. It is noteworthy that in this way it was possible 

to deposit Ti2AlN on a substrate at a temperature of 

500 °C, which is ~ 200 °C lower than reported for 

sputtering. 

In [114–116], the formation of the MAC phases 

Ti2AlC and Ti3AlC2 was observed by a two-stage 

reactive cathodic arc deposition from Ti-Al alloy 

cathodes in a C2H2/Ar gas mixture followed by vacuum 

annealing. The study revealed that the MAX phase 

formation in the annealed coating is contingent upon the 

C2H2 flow rate during deposition, cathode composition, 

and annealing temperature. It appears that the optimal 

conditions for the process are an annealing temperature 

of 800 °C and a C2H2/Ar ratio of 1/4. When annealed at 

800 °C, only the MAX phase Ti2AlC was formed from 

the 1Ti-2Al target, whereas annealing of the 1Ti-1Al 

target produced three carbides, including the MAX 

phases Ti2AlC and Ti3AlC2 [114]. 

The cathodic arc deposition method of MAX phases 

shows potential and warrants further investigation. It is 

especially interesting to conduct an extensive 

examination of the impact of substrate bias potential on 

the composition and structure of coatings during the 

formation process. 
 

2.2.3. Pulsed laser deposition 
 

PLD is less studied than other PVD methods, despite 

the possibility of depositing some MAX phases at 

substrate temperatures below even 300 °C [119]. The 

method produces materials with much higher energy 

than sputtering. A high power pulsed laser beam 

evaporates a single target of a suitable composition in a 

high vacuum chamber and has the ability to reproduce 

the elemental composition well and provide high purity, 

but in the case of MAX phases, some carbides between 

nanometer grains are usually detected, amorphous 

structures are formed, or concentration gradients are 

found within the films [120]. There have been several 

unconvincing attempts to synthesize Ti3SiC2 at low 

temperatures [121−123]. However, 80 nm thick Ti3SiC2 

films have recently been synthesized at a substrate 

temperature of Al2O3 (0001) close to 700 °C [124]. It 

has also been possible to grow thin (up to 50 nm) 

epitaxial films of the MAX phase of Cr2AlC on 

MgO(111) and Al2O3 (0001) substrates at 600 °C [125]. 

So far, no clear growth models for such films have been 

presented, but the high potential of PLDs calls for 

further research. 
 

2.2.4. Combined methods 
 

The original deposition method, combining 

magnetron and cathodic arc deposition, was used by the 

authors of [126–131] to synthesize MAX coatings of 

Ti2AlN, Ti2AlC, V2AlC, and Cr2AlC phases. A 

schematic diagram of the coating synthesis equipment is 

shown in Fig. 8,а. An Al target was used for magnetron 

sputtering, and Ti, V, and Cr cathodes were used as the 

arc source. The reactive gases N2 and CH4 were used as 

nitrogen and carbon sources, respectively. This 

approach combines the advantages of both methods and 

provides flexible control of the elemental composition 

at a high deposition rate and a reduced content of 

macroparticles that would be generated by a cathode 

containing low-melting Al. In the first step, amorphous 

coatings were deposited at a low substrate temperature 

of 200 °C, and the synthesis of MAX phases took place 

in the second step, which was the vacuum annealing of 

the samples. Thanks to in-situ X-ray diffraction 

analysis, the authors were able to thoroughly investigate 

the effect of annealing temperature on the phase 

composition of M-Al-C coatings. Fig. 8,b shows the 

details of the sequential formation and decomposition of 

the MAX phases in the coatings as a function of the 

annealing temperature, which increases from room 

temperature (RT, ~ 25 °C) to 900 °C [131]. The results 

show that the formation and decomposition 

temperatures of Ti2AlC were higher than those of 

V2AlC and Cr2AlC coatings, which is in good 

agreement with the results of theoretical calculations 
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based on density functional theory (DFT). In addition, 

there were no intermediate phases before the appearance 

of the Ti2AlC MAX phase, unlike V2AlC and Cr2AlC, 

whose appearance was preceded by the formation of 

V2C and Cr2C, respectively.  

Among the combined ion-plasma deposition 

methods is the approach used by the authors of [132]. 

The coating was deposited by sputtering a target based 

on the MAX phase of Ti2AlC using a gas plasma source 

operating on the basis of a low-pressure arc discharge 

with a hot cathode. Target sputtering was performed by 

gas ions extracted from the discharge plasma when a 

negative bias potential was applied to the target. Ar was 

used as the working gas. It was found that Ti2AlC is a 

relatively difficult material to sputter, with a sputtering 

coefficient 1.5 times lower than that of Ti. In addition, 

as a result of ion sputtering, phase transformations occur 

on the target surface associated with the decay of the 

MAX phase and the selective sputtering of light 

elements, which makes it difficult to control the 

elemental composition of the coatings. It has been found 

that the composition of deposited coatings is 

significantly influenced by the value of the negative bias 

potential on the substrate.  
 

  
а b 

Fig. 8. Schematic diagram of the combined cathodic arc / magnetron deposition scheme (a), phase composition and 

schematic diagram of M-Al-C coatings formation as a function of annealing temperature according to the results of 

in-situ X-ray diffraction analysis (b) [131] 

 

CONCLUSIONS 
 

Advanced methods in surface modification 

technologies that enable the creation of new coatings 

with multifunctional properties are in demand for the 

advancement of future engineering applications. In 

recent decades, materials with Mn+1AXn (MAX) phases, 

which have a nanolaminate hexagonal crystal structure 

with mixed bonding, have attracted considerable 

attention from the scientific community due to their 

unique and unusual combination of metallic and 

ceramic properties. Another advantage of MAX phases 

is the ease with which their chemical composition can 

be modified and customized, including the formation of 

solid solutions, while maintaining their original 

structure. New compounds and possible elements of 

MAX phases are still being discovered, so this family of 

materials is expanding every month, revealing 

interesting hybrid properties. However, the high 

synthesis temperatures are a major obstacle to the 

widespread use of MAX phase coatings. 

High-quality, high-purity and dense MAX phase thin 

films can be deposited by ion-plasma PVD methods at 

relatively low temperatures, which is certainly critical 

for coatings on sensitive substrates. The reduction of the 

synthesis temperature is due to the additional energy 

flow resulting from the bombardment of the growth 

surface with energetic particles. The most widely 

studied method is magnetron sputtering. Cathodic arc 

and laser deposition are less studied, although they have 

great potential for further reducing the synthesis 

temperature of coatings. 

Several schemes have been developed for the 

deposition of coatings based on MAX phases: from a 

multicomponent cathode (target), from several different 

cathodes (targets), and by reactive deposition. Provided 

that the appropriate elemental composition of the 

coating on the substrate surface is maintained, there are 

two approaches to the synthesis of the MAX phase. 

First, the process can be performed in a single step, 

which requires a higher substrate temperature or energy 

of the particles forming the coating. Second, a stepwise 

process can be used, in which films of the desired 

stoichiometry are deposited at low temperature followed 

by heat treatment. 

Despite significant progress in the development of 

methods for depositing MAX phase coatings, further 

work is necessary to transfer technologies to the market. 

Successful production of MAX phases requires 

systematic research to clearly define the relationship 

between energy, thermodynamic synthesis parameters, 

and the structure and properties of coatings from 

different systems. 
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СИНТЕЗ, СТРУКТУРА ТА МЕХАНІЧНІ ВЛАСТИВОСТІ PVD-ПОКРИТТІВ MAX-ФАЗ. 
ОГЛЯД. ЧАСТИНА I. ОСАДЖЕННЯ ПОКРИТТІВ МАХ-ФАЗ 

О.М. Решетняк, О.С. Купрін, Т.О. Пріхна, М.О. Бортницька, В.А. Білоус 

В останні десятиліття MAX-фази привернули значну увагу наукової спільноти завдяки унікальному 
поєднанню металевих і керамічних властивостей, які забезпечують виняткові механічні, термічні, 
електричні та хімічні характеристики. Синтез фаз MAX у формі покриттів викликає все більший інтерес для 
багатьох застосувань. Метою цього огляду є узагальнення прогресу, досягнутого у синтезі покриттів на 
основі MAX-фаз різними методами. Обговорено переваги та особливості використання іонно-плазмових 
методів фізичного осадження з газової фази. Застосування іонно-плазмових методів дозволяє значно 
знизити температуру синтезу МАХ-фаз за рахунок високої енергії частинок, що утворюють покриття. 
Проаналізовано вплив параметрів осадження на склад, структуру та властивості покриттів. Розглянуто 
покриття з високими захисними властивостями та перспективи їх застосування в промисловості. Ця частина 
огляду присвячена методам нанесення покриттів на основі MAX-фаз. 


