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H I G H L I G H T S   A B S T R A C T  
• The bulk Zr2AC ceramic MAX phase can be 

produced by hot isostatic pressing sintering, 
hot press sintering, and pressureless 
sintering.  

• At the higher temperatures, the MAX phase 
decomposes into MC and intermetallic 
compounds. 

• The most interesting Zr2AC MAX phase in 
nuclear applications.  

• Providing insight, the potential research 
prospects for this Zr2AC MAX phases in 
numerous fields.  

 Zr2AC MAX phases are ternary carbide family with layered structures combining 
of the outstanding characteristics of metals and ceramics. This review study 
provides an overview of Zr2AC MAX phase formation mechanisms, 
applications, and the correlation between Zr2AC MAX phase formation 
mechanisms and performance in applications such solar coatings, oxidation 
resistance, high temperature applications, and nuclear applications. Zr2InC MAX 
phase has low friction and wear materials that can be used for variety 
applications for significant technology such as electrical spinning connections 
and rotating bearings. More examples, the Zr2SnC MAX phase uses for self-
healing of cracks and oxidation resistance. The Zr2PbC MAX phases are elastic 
and electrically anisotropic in nature and appropriate for high temperature 
applications, optoelectronic devices, and coating materials. Studying the optical 
characteristics of the Zr2SeC has shown its potential for application as a shielding 
material in order to decrease the heating of solar. The Zr2SC is suitable for use in 
high-temperature technologies, such as thermal barrier coating material TBC.  
The Zr2AlC phase is the most attractive among all non-synthesizable ternary 
MAX phases, particularly for the nuclear industry. There are a lot of challenges 
during fabrication of the MAX phase, including synthesis temperature, the MAX 
phase purity, and the secondary phase (impurities). In harsh external conditions, 
the defect density has a substantial impact on the MAX phase's stability and thus, 
the methods of defect formation and migration have a considerable impact on the 
phases' radiation resistance and self-healing capabilities.  
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1. Introduction 
Over the history of MAX phases, the MAX phases have been widely accepted by researchers because of their distinctive 

features and its application. In the early 1960s, almost 100 new MAX phases of carbides and nitrides were discovered  by 
Jeitschko and Nowotny [1,2]. Nowotny's group in Vienna discovered the MAX phases for the first time in 1960. The 
experimental synthesis of compounds of the 211 phases (for example, Ti2AlC, termed to then as "H-phases") and Ti3SiC2 and 
Ti3GeC2 of the 312 phases were successfully done. As Nowotny's study in the 1980s, Dr. Schuster discovered the Ti3AlC2 
compound. Interestingly, there until 1996 and 1997, there was a shortage of attention in this phase [3, 4]. Barsoum and El-
Raghy subsequently published their study regarding ternary carbides, which have a number of outstanding features including 
good electrical and thermal conductivity, machinability, and high resistance to oxidation and thermal shock [5]. After the 
discovery of Ti4AlN3 with n = 3 or 413 phases in 1999, it was addressed as Mn+1AXn, also known as the MAX phase short 
form. In addition, researchers at Linköping University in Sweden found the quaternary 312 MAX phase in 2014 [4]. 

The Mn+1AXn, known as 211, 312, 413 MAX phases for n = 1, 2, 3, respectively [6 , 7]. Numerous research suggested that 
replacement on the M, A, or X site in the MAX phase Mn+1AXn that can enhance their mechanical, chemical, and physical 
properties. Therefore, by substituting on M, A, or X sites, MAX phase solid solutions hold the potential to improve the 
characteristics of this class of materials for many prospective applications [4]. Varying number of solid-solution MAX 
compounds have been created and described in the intervening years. All known MAX phases as of the end of 2014 were made 
of single M element or arbitrary solid solution quaternaries with the M, A, and / or X sites. The first chemically ordered 
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quaternary 312 MAX phase was reported in 2014 .Shortly after, the University of Poitiers in France proved the existence of 
more ordered phases, which included 413 composition of MAX phases and were referred to as o-MAX for out-of-plane order. 
In-plane ordering, also known as the i-MAX phase, was found in 2017 at Linköping University in Sweden [8]. There are now 
roughly 80 compounds (from the MAX phase) that have been synthesized, and there are theoretically 155 known MAX phases 
(Mn+1AXn, n = 1-4) out of a possible 665 feasible MAX phases. However, both theoretical and experimental reports are being 
carried much more frequently. Research in the MAX phase nanolaminates has become a significant field of research in the 
world of materials science. Scientific communities are always interested in the development of new MAX phase solid solutions 
since it is one of the most effective ways to change the properties of already-existing MAX phase materials, opening up new 
fields of investigation and expanding their range of applications. It has been claimed that the solid solutions have improved a 
number of significant characteristics, including oxidation, fracture toughness, strength, and self-healing properties [9]. 

In this direction, recently the scientific community has been showing a substantial interest in MAX phase solid solutions to 
enhance the physical properties by (M'xM"1_x)n_1AXn, Mn+1(A'xA"x_1)Xn or C, N and B in the case of X-site solid solutions [8]. 
For example, inclusion of Mn element on the M-site, this allows to obtain an opportunity to synthesize metallic-based 
nanolamellar materials, especially with the desired electronic and magnetic properties [4]. The MAX-phase family, which 
includes the materials Cr2GaC, Mn-doped Cr2GaC, Cr2GaN Cr2GeC, Cr2AlC, (V, Mn)3GaC2, and (Mo, Mn)2GaC, can also 
exhibit permanent magnetic activity [10]. Recently, the C/N atom was replaced with a boron atom by Aysenur Gencer et al. 
and Gokhan Surucu et al. The high neutron cross-section of boron makes these MAX phase boride ceramics, which are new 
materials, stable and effective in control rods in nuclear reactors [11]. The MAX phases are also excellent optical and electrical 
conductors’ properties. Furthermore, from the MAX phases, it can be produced the MXene structures in two dimensions [12, 
13], which are used in sodium ion and Lithium ion batteries and super capacitors [13,14] . The MXene are hydrophilic with 
excellent conductivity and are being important for a high applications host [15].  

Material, such as metals, had high electrical and thermal conductivity with excellent machinability. Similar to ceramics, 
the MAX phase was also resistant to oxidation and thermal shock. They found that phases had a distinct fundamental structure, 
giving them equivalent metal characteristics[16–18].  

 The Mn+1AXn (or simply MAX) phases are a family of intrinsically nanolaminates ternary carbides, nitrides and borides 
with over 80 members. In the notation of Mn+1AXn, M refers to the early and late transition metals (Sc, Ti, Zr, Hf, V, Nb, Ta, 
Cr, Mn, and Mo) from groups 3–6, A comes from the old American nomenclature for 12–16 groups elements (Cd, Al, Ga, In, 
Tl, Si, Ge, Sn, Pb, P, As, and S) in the periodic table and X is carbon or nitrogen or boron. The integer n generally varies from 
1 to 3 and its highest value so far has been found experimentally 6. Structurally, the MAX phases are composed of Mn+1Xn 
ceramic sheets sandwiched in between metallic A-layers of one-atom-thick [5–7]. 

The term "Mn+1AXn" was recently reduced to "MAX", with well-known MAX phases. The near close-packed M layers are 
interleaved by A element layers and atoms of X fill the octahedral positions between the M early transition metal. The edge-
sharing M6X octahedrals are identical with those found in rock salt. Based on the value of n, MAX phases have been divided 
into the following groups [19-21]: M2AX (211 phase)[19], M3AX2 (312 phase)[20], M4AX3 (413 phase)[21],M5AX4 (514 
phase)[22], M6AX5 (615 phase), M7AX6 (716 phase), hybrid MAX phases 523 phase (211 phase + 312 phase) and 725 phase 
(413 phase + 514 phase)[23], and M2AB2(212 phase) and M3AB4 (314phase) boride MAX phases[12], [24– 26]. Moreover, 
there is also another class of MAX phase such as 221 phase[27] .The number of M layers between the A layers vary 
significantly between the three structures as illustrated in Figure 1.1: there are two in the 211 phase, three in the 312 phase, and 
four in the 413 phase. By similarity, the rest of the 514 phase, 615 phase, and 716 phase can be deduced. This layering 
structure results in some outstanding MAX phases characteristics [28]. 

M-X bonds are mixed metallic-covalent, whereas M-A bonds are poor resulting an extremely powerful material [29]. 
Thermal shock and oxidation resistance are regarded to be strong in the MAX phases [2]. They are relatively soft, have great 
strength at high temperatures, and may be machined without oil using standard fast speed tools.  

The density of states at the Fermi level is large and dominated by the d-d orbitals of the M elements, which explains why 
they are all metallic-like conductors (with resistivity ranging from 0.07 to 2 µΩ.m). Their conductivities in some situations 
exceed those of their pure M element. They all deform when compressed due to ripplocation nucleation, which then causes 
kink bands to develop clearly. In addition, they are relatively soft (Vickers hardness values vary from 1.4 to 8 GPa), damage-
resistant, and plastic at high temperatures. Due to their electrical conductivity, which ranges from 12 to 60 W K-1 m-1 at 
ambient temperature, they are all largely thermally conductive. They demonstrate, in some situations, unusual thermal-shock 
behavior, which is when the post-quenched strengths of the material are higher than their pristine counterparts. They are 
relatively thermal-shock resistant [8]. 

MAX phase perform excellently in a variety of technological and industrial application , including machinable refractories 
,ductile, high – temperature heating components, electrical connections for coatings, nuclear application, superconductivity 
,fuel cells, nuclear industries, and spintronics, which have recently demonstrated promise as thermal barrier coatings (TBC) 
[11]. 

The structural, mechanical, electronic, electrical, optical, and bonding properties of the 211 MAX phases have been 
determined by a combination of theoretical calculations with laboratory experiments. There are currently around 50 M2AX 
phases discovered among them. Nevertheless, all possible combinations cannot obtain MAX phases as stable 
thermodynamically. Additionally, substitutions on the "M," "A," and/or "X" sites can lead to essentially an infinite number of 
solid solutions [12], [30–33]. The compositions of solid solutions that are thermodynamically stable have not been established 
yet, and the maximum solubility for any system is still unknown due to the enormous number of possible permutations. Some 
substances have a low solubility, whereas others have a wide range (0 - 1.11). Contrary to popular belief, even when end-
member MAX phases are instability, solid solutions can be produced [8, 34, 35]. Preparation of two M elements onto the 
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crystal's 2 separate M Wyckoff sites, along with their enhanced ordering stability, are regarded with contributing to the 
solutions' stability [35]. The synthesis of novel phases and solid solutions has dominated research on MAX phases since 2000. 
For any researchers looking for a description of the MAX phases, Barsoum produced an excellent book in 2013 titled "MAX 
phases: Properties of Ternary Carbides and Nitrides" [36]. This book carefully collects a lot of information [37]. In this review, 
different techniques to synthesize the most often reported ternary MAX phases with A (element from IIIA group or IVA group 
as show in Figure 1 and formal Zr2AC are summarized. The various synthesis protocols are described for each substance. 

 
Figure 1: Periodic Table Elements of the unit cell for n = 1 that found in MAX phases [37] 

2. Technical Methods to Synthesize Zr2AC MAX Phases  
2 1 1 (M2AX) MAX-phase crystals with Wyckoff positions M (4f), A (2d), and X (2a) and hexagonal symmetry in the 

space group P63/mmc are shown in Scheme 1. They possess the majority of the potentials requirement today in the field of 
current technologies, and unique distinctive qualities of metal and ceramic. The key to utilize their potential engineering is to 
comprehend their stoichiometry and distinctive crystal structure, thus it's crucial to properly identify their unique basic 
characteristics [38]. 

Zr-based materials are considering to the nuclear industry due to atoms of Zr contain a tiny cross section for thermal 
neutron. In addition to this cost consideration, the fuel cladding materials of next generation (Gen-III+) light water reactors 
(LWRs) must withstand an extreme operating conditions, including mechanical, thermal, significant neutron irradiation, and 
extremely oxidative or corrosive surroundings. Due to remarkable qualities of MAX phases, whether in bulk state or as 
coatings, MAX phases consider as suitable materials for cladding of fuel applications. The majority of Zr-based MAX phases 
with In, Pb, S, Sn, or Tl as the A element have been reported. These phases have crystallographic similarities to the normal 
MAX phases, but due to their greater hardness, they are harder to machine with conventional equipment [39]. The majority of 
engineering materials are utilized in bulk. High purity MAX phase are required for nuclear fuel cladding applications because 
they have good mechanical qualities, coolant compatibility (anti-corrosion, anti-oxidation), and radiation resistance [40]. 
Different processing techniques are used to fabricate bulk MAX phases [28].  These techniques are described in the following 
part. Table 1 Shows the comparison between the MAX phase synthesis processes. 

 
Scheme 1: shows M2AX (211) MAX phase structure 
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Table 1: Shows the comparison between synthesis process of the MAX phase [28, 41] 

Synthesis methods Advantage Disadvantage Application Phase purity 
Pressureless 
sintering(PS) 

Simple setup 
High purity product 
Easy scalable 

Higher reactant loss 
Low density product 
(70%) 

Product MAX phase 
suitable for grinding 
to powder 

Up to 99% 
Generally much 
lower 

Hot pressing 
sintering (HP) 

highest quality of 
Product and high 
density 

Small batch size 
And high cost 
equipment 

High quality sample 
and size <100mm 

> 99% 

Self –propagation 
sintering (SHP) 

Significantly reduce 
input energy, time 
and low cost 
 

Lack of control over 
reaction 
Low density 50% 

Rapid energy 
efficiency method of 
producing materials  
suitable to powder 

˜ 90% 

Hot isostatic 
pressing sintering  
( HIP) 

successfully 
synthesize 
monolithic bulk 
MAX phases 

Small batch size 
And high cost 
equipment  and 
control 

fabricating  high 
pure bulk MAX 
phases 

> 99% 

2.1 Synthesis of Zr2InC MAX Phase  
Manoun et al. fabricated Zr2InC using Zr, In , and C powders synthesizing bulk polycrystalline samples of Zr2InC, which 

are pre-sintering in vacuum and sealed tubes of glass. These sealed glass tubes were subjected in hot isostatic pressing 
sintering (HIPS) Scheme 2 at 1300°C for 7 hours under 90 MPa. The HIPS samples were primarily single phase, according to 
X-ray powder diffraction. The predominant impurities were < 3.5 vol% (In) element, mostly at boundaries of grain with ZrC < 
2 % of volume, according to microstructural studies and differential scanning calorimetry. The dense grain size ranged from 5 
to 10 mm. The discovered MAX phases are a hexagonal crystal structure. Even under high pressure of 52 GPa, no further 
peaks can be seen in the XRD spectrum. This structure is therefore stable, similar to the other MAX phases that are 
investigated recently [42].  

 
Scheme 2: Shows The MAX Phase Hot Isostatic Press Sintering 

Hoffman et al , synthesized Zr2InC MAX phase utilizing ball milling. The main raw materials in this case are Zr, In and 
graphite. In borosilicate glass tubes, the mixed powders were sealed under vacuum before being heated to 500°C in air for two 
hours and then for 9 hours in 600 °C. After collapsing, the containers put in a hot isotactic press HIP. The Argon gas pressure 
was raised to 70 MPa while the HIP was heated to 750°C in 2 hours and held there for 1.5 hours. The temperature was 
immediately raised to 1300 °C following compression and maintained there for 12 hours with 90 MPa. According to XRD, 
SEM, and TEM analyses, few volume fractions of non-reacted indium and zirconium carbide were found at the boundaries of 
grain that is completely dense (single-phase Zr2InC samples). According to DSC analysis, the indium content is approximately 
about 3.6 % vol. The majority of the obtained grains were from 3 to 5 μm [43]. 

Gupta and co-workers synthesized Zr2InC using the HIPS technology. They milled the powders using a ball mill (using 
alumina balls) for 1 hour in a container of plastic to obtain stoichiometric properties. In tubes of borosilicate glass the blended 
powder was enclosed and heated for 10 hours to temperature of 650°C. The tubes were collapsed and the powder was able to 
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preheat as a result of the HIP method. They used a hot isostatic press (HIP) to heat the collapsed tubes to 750°C. It was pressed 
to 70 MPa before being heated for 12 hours to temperature of 1300°C, and the samples were kept at this temperature. Based on 
the results of this research, it appears that the moderate temperatures in air are the only one method to investigate the ternary 
carbides. The ternary carbides rapidly oxidizing to form transition metal oxides as well as In2O3. Given that oxygen can easily 
penetrate even the most oxidation-resistant substance, M2InC phases. These low friction and wear materials can be used for a 
variety of applications  of important technologically fields such as electrical spinning connections, rotating bearings and 
others  [44]. 

2.2 Synthesis of Zr2SnC MAX Phase 
For the first time, M. Barsoum et al. tried to offer a processing technique that enabled them to create four known Sn-

containing H-phases M2SnC. They show some preliminary property measurements obtained on these products. This phases are 
polycrystalline and totally dense with single-phase samples. The bulk polycrystalline sample Zr2SnC was produced by 
stoichiometrically combining graphite, tin and transition metal powders (all powders were 325 mesh, 99% purity). The 
powders were blended for two hours in a V-blender type blender before being cold pressed at 138 MP into a stainless steel 
die. The Pyrex test tube was used to vacuum-seal green bodies and then placed in a HIPS chamber, and they used a 
temperature of 1250 °C. They discovered that the formation of this ternary carbide, or MAX phase, is hindered by the fact that 
their reaction kinetics are slow at low temperatures (≈l000°C), but that they decompose at higher temperatures (≈1350°C). The 
uniqueness of this layered compound is that it is easily machinable as graphite and it has excellent electrical conductivity, with 
a conductivity of about 7 x 106 (Ω.m)-1. The Zr2SnC resistivity temperature coefficient is 0.004 1/K and shows a metallic-like 
temperature dependency of the resistivity. This ternary had a hardness of 3.5±0.4GPa[45]. Table 2 illustrates properties of 
synthesized Zr2SnC.   

El-Raghy et al. produced Zr2SnC samples that were mostly single phase (92–94 vol.%) and fully dense using HIP 
(Reactive sintering is a type of sintering in which the chemical reaction between the contents of the green compact and its 
densification happen at the same time [35] at a temperature of 1200°C for 12 h with a HIP pressure increase to 70 MPa. The 
Zr2SnC MAX phase is considered to be effective electrical conductors, readily machinable and have temperature coefficients 
of resistivity of about 0.0035 K-1. The resistivity temperature coefficients, Vickers hardness, thermal coefficients of expansion 
(TCEs), and Young's modulus are shown in the Table 3. They discovered that at the 1250-1390 °C temperature range, the 
synthesized ternary carbides dissociated to A member of IIIA or IVA group and carbide  of  transition metal [46]. 

Table 2: shows the Zr2SnC properties synthesis by Barsoum et al.,[45] 

Theoretical 
density 
(g/cm3) 

Measured 
density 
(g/cm3) 

Dissociated 
Temperature 
(°C) 

Processing 
Temperature 
(°C) 

Conductivity 
(m.Ω)-1 

Resistivity 
Temperature 
coeff  (k-1) 

Vickers 
hardness  
GPa 

7.16  6.98 1260 ±25°C 1250  7x106  0.004  3.5±0.4 

Table 3: Shows the properties of synthesis Zr2SnC and Zr2PbC by El-Raghy et al.,[46] 

Sample Thermal 
expansion 
coeff. 
(ppm/K) 

Dissociated 
Temp 
(°C) 

Processing 
Temp 
(°C) 

Conductivity 
1-(m.Ω) 

Resistivity 
Temp. 
coeff 

)1-(k 

Vickers 
hardness 
(GPa) 

Elastic 
modulus 
(GPa) 

SnC2Zr 8.3±0.2  1275 1200 6 14*10±2 0.0035  3.9±0.3 178 
PbC2Zr 8.2±0.2  <1300 1200 614*10±2 0.0144 3.8±0.7 _____ 

2.3 Synthesis of Zr2PbC MAX Phase 
For the first time, El-Raghy et al. produced mostly single phase of about 92 to 94 vol.% and Zr2PbC that totally dense 

samples by utilizing the HIPS technique at a temperature of 1200 °C for 48–96 hours with a HIP raised to 70 MPa. At room 
temperature, the ternaries MAX phase Zr2PbC is unstable in the natural atmosphere. The Zr2PbC MAX phase is considered as 
good electrical conductors with resistivity temperature coefficients of about (0.0144) k-1 and readily machinable property. The 
range of vickers hardness values is around (3.8±0.7) GPa. Pb-containing ternaries had thermal coefficients of expansion 
(TCEs) that were almost near or equal level with Sn-containing ternaries. Zr-containing ternaries carbides have thermal 
expansion coefficients of around  (8.2±0.2)*106 K-1 as illustrated in Table 3 [46]. 

2.4 Synthesis of Zr2AlC MAX Phase 
Lapauw and coworkers studied synthesis temperature that effect on the structure of the Zr2AlC MAX phases. They 

claimed that the hot pressing technique (HP) Scheme 3 can successfully synthesize the ceramic MAX phase of the Zr2AlC at a 
temperature rang 1475-1575°C for 0.5 h, with the impure ZrC component as a secondary phase. Upon achieving dwell 
temperature, 7 MPa initial applied load was increased to 20 MPa. Additionally, Lapauw and coworkers showed that the 
temperature of the synthesized was about 1525 oC and the yield of Zr2AlC MAX phase was about 67 wt. % with 33 wt.% of 
ZrCx as an impurity component. The difficulties are encountered in this research to obtain the Zr2AlC MAX phase at a low 
temperature with high purity [39].  
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Scheme 3: Shows The MAX Phase Hot Press Sintering 

Haemers and colleagues proposed that the ceramic MAX phase Zr2AlC may be produced utilizing the hot press (HP) 
process. They were successful reducing the impure quantities of Zr3AlC2 and ZrCx components. The sintering temperature 
ranged from 1525 to 1575 °C for 0.5 h under a pressure increase from 7 MPa to 20 MPa. The mixing ratio is 2Zr: 0.8Al: 1.2C 
and the heating rate is 25 °C.min-1. Using a pressureless sintering (PLS) approach, the researchers attempted to synthesize 
ceramic Zr2AlC MAX phase. The samples were sintered for 10 minutes at 1900 °C before being kept at 1600°C (1 hour), 
1450°C (1 hour), 1300°C (1 hour), and 1150°C (10 hours) under an argon gas environment and at a heating range of 20°C 
/min. The ZrC component formation at high temperatures with Zr-Al alloy components is a significant problem that 
researchers face with this process. The researchers also assumed that the PLS method is used to combine zirconium with 
additional substances such as Cr, Mo, or Ti to create (ZrxM1-x)2AlC compounds. None of these compounds, however, contains 
a Zr-based MAX phase. According to this study, pressureless sintering is not be capable producing the Zr2AlC MAX phase 
with high purity [47]. 

Horlait and co-workers attempted to partially substitute one of the components of Zr2AlC in order to stabilize the MAX 
phase. They provided details to synthesize two types of the quaternary MAX phases. They created (Zr, M)2AlC and Zr2(Al, 
A)C quaternary MAX phases, M stands for Cr, Ti, or Mo and A stands for S, As, Sn, Sb, or Pb. For ZrH2, ZrC, TiH2, As, Cr, 
Mo, Sn, Pb, Al, Al2S3, Sb and graphite were maintained in jars for milling process. The ZrO2 balls of 10 mm were used to fill 
milling jars with argon (Ar). The jars were sealed and spun at 360 rpm for 0.5 hours. In tightly sealed bottles of plastic, the 
powders were kept after being delivered to the glove box and kept there. They modified the stoichiometry ratio for the (Zr + 
M), (Al + A), and C MAX phases to be 2/1.05/0.95, respectively. The reactions were carried out in graphite crucibles using 
powders pressureless sintering of the in Argon gas as see in Scheme 4. There were four different synthesis temperatures that 
can be used such as 1900 °C for 10 min, 1600 °C and 1450 °C for 1 hour, 1300 °C and 1150 °C for 10 hours at rate of heating 
20°C min-1. No Zr-containing MAX phases were produced in Zr2AlC when Zr was partially replaced by Mo, Ti, or Cr. Similar 
results were not obtained when Al was substituted for as or even S. The Al has been partially replaced, although, heavier MAX 
formers like tin, Antimony, lead, and bismuth. Zr2(Al0.2Sn0.8)C, Zr2(Al0.3Sb0.7)C, Zr2(Al0.35Pb0.65)C, and Zr2(Al0.42Bi0.58)C are 
the end products. These compounds contain only trace amounts of Al. This proves that partial replacements on the A-sites can 
still result in the desired Zr2AlC phase [48]. Green compact Tunca et al, produced MAX phases using a technique with 
conditions of 30 MPa hot pressing and 30 min pressureless sintering for (Zr1-x,Tix)2(Al0.5,Sn0.5)C MAX phase , x (0 - 1) 
were at 1450°C in a vacuum environment. The resulting is a double solid solution of MAX phase with virtually pure phase (> 
98%). The pressureless sintering ceramics had up to 60% residual porosity while the hot pressed ceramics had a complete 
densification. This high purity was examined using the XRD, as well as and minor phases such as intermetallic compound 
Al2Zr, Al3Zr2 and Ti2Sn, Al2O3 and carbides (Zr,Ti)C. The key challenges to achieving a good phase purity was the inclusion 
of tin element to the (Zr,Ti)2AlC MAX phase structure. Sn-containing double solid solutions were found to have lower M6A 
prismatic distortion values than (Zr,Ti)2AlC MAX phases. Once the (Zr,Ti)2(Al0.5,Sn0.5)C MAX phases were comparable to 
the Zr2(Al0.5,Sn0.5)C and Ti2(Al0.5,Sn0.5)C end-members, the anisotropy of thermal expansion was enhanced [40]. 

 
  Scheme 4: Shows The MAX Phase Pressureless Sintering 
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Ali et al, study the First principles calculations based on density functional theory (DFT) to examine the impacts of M 
atomic species mixing on the structural, elastic, electrical, thermodynamic, and charge transport properties of newly 
synthesized MAX phase (Zr1-xTix)2AlC (0 ≤ x ≤ 1 ) solid solutions. It is discovered that the lattice constants decrease with Ti 
content, which is in good agreement with the experimental findings. These solid solutions' mechanical stability criteria are 
satisfied by the elastic constants. Up to x = 0.67, it is discovered that the constants C11, C33, and C44 rise with Ti 
concentrations before significantly falling after that. C12 and C13 exhibit a counter-trend. Additionally, it is discovered that 
the elastic moduli rise up to x = 0.67, after which they start to significantly decline. The both Pugh's ratio and the Poisson's 
ratio support the brittleness of (Zr1-xTix)2AlC. These solid solutions were anisotropy and likely metallic in nature. The 
electronic structure has revealed a mixture of covalent, ionic, and metallic bonding, with covalent bonding predominating as a 
result of the hybridization of Zr-4d states and C-2p states. The calculated Debye temperature and minimum thermal 
conductivity are found to rise with Ti contents, while the melting temperature is highest for x = 0.67. In comparison to the two 
end members, Zr2AlC and Ti2AlC, the solid solution at x = 0.67 exhibits better mechanical and thermal properties. At 400 K, 
(Zr1-xTix)2AlC has the highest power factor (S2 σ/τ =11.1×1010 Wm-1K-2s-1) [49]. 

Ali et al, investigated the First-principles density functional theory (DFT) computations were used to examine the 
structural, elastic, and electrical properties of newly synthesized Zr2(Al0.58Bi0.42)C, Zr2(Al0.2Sn0.8)C, and Zr2(Al0.3Sb0.7)C MAX 
nanolaminates. For these compounds, theoretical Vickers hardness has also been estimated. Where applicable, all the computed 
results are compared to experimental data as well as data from the recently discovered Zr2AlC phase. These two 
Zr2(Al0.58Bi0.42)C and Zr2(Al0.2Sn0.8)C compounds are the first MAX compounds that incorporate Bi and Sn. The estimated 
structural parameters and the experimental results are found to be in good agreement. The mechanical stabilities of these 
compounds have been theoretically supported by calculations of the polycrystalline elastic coefficients and various single 
crystal elastic constants, including Cij. The partial Bi/Sn/Sb substitution for Al in Zr2AlC results in an increase in the bulk 
modulus and a decrease in the shear modulus. These Bi/Sn/Sb containing MAX phases are more anisotropic than Zr2AlC, 
exhibit a tendency toward ductility and have a lower Vickers hardness. The Zr 4d orbitals contribute mostly to the metallic 
characteristics of the electronic band structures. Bi, Sn, and Sb atoms can partially raise the EDOS at the Fermi level[50]. 

2.5 Synthesis of Zr2SC MAX Phase 
Opeka et al. synthesized the Zr2SC ceramics MAX-phase by mixing process including ZrH2, carbon or ZrC, and ZrS2, 

WS2, or FeS2 as sulfur sources and hot pressing.  The powder combinations were performed in helium with ZrS2 with the range 
of temperature about 1300–1650°C from 30 to 90 minutes with 20 MPa. The Zr2SC ceramics made from FeS2, ZrH2, and ZrC 
at 1750°C had a typical MAX-phase layered structure, good thermal shock resistance, thermal stability to 2100°C. Up to 
800°C, 250 MPa was the flexural strength, 38 W. (m.K)-1 at 100 °C to around 30 W.(m.K)-1 at 1100 °C was thermal 
conductivity range, and  (0.4 - 0.5 )kJ.(kg oC)-1 at temperatures between 100 and 1100 °C specific heat ranging. In the 25–2000 
°C temperature range the coefficient of thermal expansion was 8.8×10−6 (°C)-1. Load –deflection curves revealed plastic 
deformation at room temperature to 2066°C. Temperature had a considerable effect on sample deflection at fracture, with a 
minimum temperature at 1510 °C. The material generated an adhering, protective scale after 23 seconds of arc heater testing at 
2150 °C[51]. 

Tomohige et al. discovered the SHS process that can readily produce Zr2SC, with ZrC and Mo2C as byproducts. The basic 
composition of the MAX phase was established as Zr:S: C =2:1:1. In the molar ratio Zr2-xMoxSC (x = 0–1.2), the molybdenum 
transition metal element was added in order to try to form a solid solution of the MAX phase. A metal heating coil was used to 
establish the SHS process. The MAX phases were synthesized showing an evidence of the formation of solid solution with up 
to 20% Mo to Zr, according to XRD measurements. The monolithic Zr2SC phase interlayers were discovered to be tightly 
bonded to one another by SEM test, and the structure appeared to be one in which interlayer exfoliation could be challenging. 
Moreover, the interlayer structure of the molybdenum-added MAX phase is easy to exfoliate. Because the material properties 
of the Mo-added Zr2SC MAX phase differed from those of monolithic Zr2SC. It was inferred that the Mo-added one may be a 
promising material, particularly in terms of solid lubricity. The TEM studies revealed that the Mo-added MAX phase was 
made up of thin layers with a 10 nm thickness [52]. 

2.6 Synthesis of Zr2SeC- Zr2SC MAX Phases 
Wang synthesized bulk Zr2SeC MAX phase using commercially available powders. For 30 minutes in an argon 

environment, zirconium diselenide ZrSe2, zirconium, and carbon were combined in the following molar ratio: 1.05:3:1.95 In a 
graphite mold, cold pressing was used to form the powder mixture. Under an argon environment, the Zr2SeC mass was in situ 
sintered using a pulse-electric-current-assisted sintering apparatus. These green pellets were initially heated at a range of 50°C. 
min-1 from 450°C to 1100°C, while the temperature range from 1100°C to 1500°C was applied at a range of 25 °C. min-1. The 
pressure (48 MPa) was applied to the pellets as the temperature raised, and the pellets were maintained at the desired 
temperature for 20 minutes. For the Zr2SeC phase, similar details were used. The iron particles were removed from the pellets 
by further grinding them and submerging in a solution of hydrochloric acid (1 M) at 45°C for two days. In the pulse-electric-
current-assisted sintering method, the iron-removed powders were employed to create high densityZr2SC monolith. Under an 
argon environment, the pellets were sintered for 20 minutes at 1600 °C with 48 MPa pressure. They discovered that according 
to the anisotropy of hexagonal crystals, the thermal expansion of MAX phases in various directions tended to differ from one 
another. They discovered that according to the anisotropy of hexagonal crystals, the thermal expansion of MAX phases tended 
to differ in various directions. Zr2SC has lower coefficients of thermal expansion (CTEs) than Zr2SeC attributed to the strong 
M-S bond. The CTEs of the Se-MAX phases were interestingly greater than those of the S-MAX phases, indicating that the A 
elements were necessary for the MAX phase's thermal expansion as well as other physical characteristics. Zr-Se had a bond 
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length of 2.800, while Zr-S had a bond length of 2.691. The examination of state density in earlier publications also supported 
the Zr-Se bonding energy being weaker than Zr- S's. As shown by a large thermal expansion in Zr2SeC, the amplitude of 
vibration was enhanced by the flexible crystal structure. They propose that, in accordance with the level of anisotropy 
proportions for thermal expansion, isotropic expansion increases with temperature [53]. 

3. Future Perspective with Applications of Zr2AC MAX Phase  
The outstanding performance of MAX phase materials, which combine metals and ceramics, can pay a lot of attention. 

These materials are machinable, electrically and thermally conductive, not prone to thermal shock, plastic at high temperatures, 
and extremely damage-tolerant. They therefore provide ideal choices for high-temperature technologies, such as components, 
sliding electrical contacts, contacts for 2D electronic circuits, Li-ion batteries, wear- and corrosion-resistant coatings, 
superconducting materials, spintronic, and the nuclear sector. Strong covalent M-X bonds and comparatively weak metallic M-
A bonds are seen in MAX phases' structures, which contribute to their hybrid properties. Scientists are always motivated by 
these difficult characteristics, which has led to the recent discovery of more than 150 MAX phases [12]. Nuclear reactor 
designers are becoming more interested in Zr-based MAX phases because of its exceptional neutronic capabilities. Zr is 
neutron transparent because its thermal neutron absorption cross-section is relatively tiny (Zr atoms have a small cross section 
for thermal neutrons), which can help nuclear reactors maintain a high neutron economy. As a result, it is routinely utilized in 
today's nuclear reactors [54]. Aside from economic reasons, Next-generation (Gen-III+) light water reactors (LWRs) require 
fuel cladding materials that can survive difficult operating circumstances such high mechanical and thermal loads, large 
neutron irradiation doses, and intensely oxidizing or corrosive environments[39]. either as coatings or in mass Because of their 
exceptional characteristics, MAX phases are regarded as potential materials for applications such as fuel cladding [39], [54]. 
The MAX phase applications of Zr2AC is widely explain in the next sections.  

3.1 Nuclear Application 
The Zr2AlC phase is the most attractive among all non-synthesizable ternary MAX phases, particularly for the nuclear 

industry because Zr possesses outstanding reactor neutronics and fuel economy qualities and a high neutron transparency. 
Additionally, the presence of the Al component is intended to increase the resistance to high-temperature steam oxidation due 
to its ability to facilitate the layer of protective oxide creation [55,56]. Since good oxidation resistance at high temperatures is 
predicted for Zr2AlC, which has been established for other Al based MAX phases, it is strongly regarded as a protective 
material in modified Accident Tolerant Fuel (ATF), assembly grids [48]. The Zr2AlC phase has attracted interest as a potential 
accident fuel (ATF) cladding for third-generation light-water reactors (LWRs) and fourth-generation fission reactors due to its 
high radiation tolerance, oxidation and corrosion resistance, mechanical characteristics, and chemical stability [37]. Despite 
being suitable for using as cladding materials in nuclear power reactors, zirconium alloys perform poorly in Loss of Coolant 
Accidents LOCAs, such as those that happened at Chernobyl in 1986 and Fukushima in 2011. The MAX phases' improved 
oxidation and corrosion resistance makes them a good choice to coat or replace zirconium alloy claddings. Dense, completely 
pure, homogeneous, and non-textured coatings made of MAX phases should be created at low temperatures to avoid 
deterioration and/or alteration to the Zircaloy substrates [57]. Following a loss of coolant (LOCA) event that might potentially 
exceed commercial Zircaloy clads Following a loss of coolant (LOCA) event that might potentially exceed commercial 
Zircaloy clads, Among the MAX phases of attention for the high-temperature steam atmosphere in next-generation (Gen-III) 
light water reactors (LWRs) (Gen-III+ LWRs) is Zr2AlC [39]. 

Exceptional mechanical stability, radiation tolerance, oxidation and corrosion resistance, and compatibility with Pb alloy 
coolants are essential properties of some MAX phases [58]. It is necessary to look for alternative materials because the 
majority of nuclear steel grades are susceptible to embrittlement  of liquid metal and attack  of heavy liquid metal (HLM) 
under certain operating conditions [59].  

Tunca and Coworkers, claimed that the two promising research directions:  

 ZrC-based diffusion barriers on the surface of Zr2AlC ceramics may successfully decrease the Zr2AlC/lead-
bismuth eutectic (LBE) interaction for a long enough time (for example, the lifetime of the substrate fuel clad).  

 The in-situ generated Zr2(Al, Bi, Pb)C solid solution is a good option for Gen-IV lead-cooled fast reactors (LFR) 
fuel cladding because it is less neutron-absorbing than Zr2AlC and more stable in contact with LBE. 

 More study is needed to increase the phase purity of ceramics and coatings created from this MAX phase solid solution 
and to determine the wide range of possible uses [60]. 

3.2 Oxidation Resistance Application 
The following reaction describes how MAX phases typically oxidize at very low temperatures (600°C) [37]: 

 M (1)n+1AXn+bO2→Mn+1Ox+AOy+XnO2b−x−y (1)  

As a result, the majority of MAX phase are unsuitable for applications of high temperature in environment of oxidizing. 
additionally , At temperature up to 1400°C, some compositions containing Al as the "A" element can produce an external and 
adhering  Al2O3 layer that protects against further internal oxygen diffusion [61]. Unfortunately, not all Al-based MAX phases 
generate an exterior protective alumina shell due to "competition" between the oxidation of the "M" and "A" elements[62]. 
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3.3 Self-Healing of Crack Damage Application 
At least three requirements must be met for self-healing behavior to occur, whether it is intrinsic or extrinsic: the agent of 

healing should be (i) "flow" to the fracture, (ii) fill and closed the volume opened by the crack, and (iii) stick to the surfaces of 
crack. For Mn+1AXn phases, oxidation at the fracture surfaces that results in a significant volume expansion takes the role of the 
"flow" criterion. As a result, it is possible to evaluate the ability of crack healing of MAX phase at high-temperature materials 
by simultaneously looking at all four of the primary criteria that were proposed: accelerated diffusion of the A-element, 
volume expansion due to oxidation, adherence of the oxidation product to the matrix, and preferential oxidation of the A-
element. The mechanical performance of the filler is also evaluated by comparing the thermal expansion coefficient and 
Young's modulus of the oxide used to fill cracks with those of the parent material. The latter two criteria are taken into 
consideration as supporting criteria, creating a total of six considerations to be evaluated for MAX phase compounds that have 
not yet been looked at for their potential to heal at high temperatures. There four elements arsenic, phosphor, sulfur, and lead 
that will be eliminated from the 12 A-elements considered for MAX-phases due to the low melting or sublimation points of 
their oxides. Therefore, the remaining MAX phase compounds that need to be studied only contain Al, Si, Ge, Ga, In, Sn, Tl, 
or Cd elements. This choice does not include Mn+1AXn phases with n ≥ 4.The Zr2AlC MAX phase is a compound that, through 
high-temperature selective oxidation, provide the conditions for crack repair[63].  

3.4 Optical Application 
Zr2AC's electronic structures revealed that the properties of the metal with covalent bonds are exceptional properties. 

Excepting the Zr2SC, Zr2AC compounds are potential candidates for coatings that can produce the solar heating. The Zr2AC 
MAX phases as an A-group atom traverses through the periodic table from left to right show that the plasma frequency is 
followed by a decrease in shear stress [64]. The band structure with the absorption and photoconductivity curves, as well as the 
real and imaginary components of the dielectric constant, all reflect Zr2SeC metallic character. Studying the optical 
characteristics of the Zr2SeC has shown its potential for application as a shielding material in order to decrease the heating of 
solar. The Zr2SeC optical characteristics also exhibit anisotropic behavior, similar to its electrical conductivity and mechanical 
properties [12]. 

3.5 Corrosion Resistance 
The potential susceptibility of several MAX phases to environmental-assisted deterioration under both static and fast-

flowing exposure conditions (at least 1000 hours at 500°C) was evaluated in an oxygen-poor liquid lead-bismuth eutectic 
(LBE) environment. There was no indication that LBE had deteriorated despite the constant presence of an external oxide 
scale. In situ synthesis of (Zr,Ti)n+1(Al, pb, Bi)Cn solid solutions and partial substitution of Al by Pb/Bi in the crystal structure 
resulted in the local LBE interaction with the Zr-rich MAX phases. Additionally, the parasitic intermetallic phase was 
dissolved as a result of the interaction between static liquid LBE and Zr-based MAX phases, enabling LBE to penetrate 
through to the bulk material. In comparison to 316L stainless steels, the selected MAX phases showed better resistance to 
dissolution corrosion and erosion [49,50]. 

3.6 MXenes  
Naguib et al. discovered MXenes as a novel form of 2-Dimensional material, in 2011. The "A" element is chemically 

etched to yield the MAX phases, which are then formed through the delamination process. The MXenes have a lot of attention 
and have been suggested as cathodes for Li and Na batteries, energy storage, water purification and desalination, filtration, 
sensors, CO catalysts, biosensors, and antibacterial agents due to their high electrical conductivity, hydrophilicity, surface area, 
and biocompatibility [62].The MXenes have attracted the attentions of several research organizations and industry, but the only 
precursors available are the powders of MAX phase. These materials are currently in extremely high demand, which could lead 
to MAX phase industrial manufacturing [65,66]. 

3.7 Mechanical Application 
Yang et al. discovered that Zr2InC is an elastic isotropic material with a high degree of anisotropy as pressure increases. As 

a result, they discovered that the origin of a variety of characteristics is transition from an isotropic to an anisotropic 
characteristic. The brittleness of Zr2InC at ambient parameters was shown by the ratio of the bulk (B) and shear (G) 
moduli(B/G), as well as B/C44, and the degree of brittleness decreases with pressure [67]. The anisotropic bonding properties 
of Zr2InC and its structural stability make it suitable for usage in future the eventual technological applications [68]. 

3.8 High-Temperature Technology MAX Phase 
The previous theoretical and experimental findings led researchers to consider the electrical, bonding, and dynamical 

characteristics of the Zr2AC MAX phase, as well as its mechanical and structural stability, and also its elasticity under 
pressure. Theoretical analysis of the structural stability, electrical, mechanical, and phonon properties of the Zr2PbC MAX 
phase systems was reported by Alrebdi et al. The results shown that the Zr2PbC MAX phases are elastic and electrically 
anisotropic in nature and appropriate for high temperature applications, optoelectronic devices, and coating materials [69]. 

A good match for traditional Thermal Barrier Coatings (TBCs) like YSZ (10-11 10-6 K-1) and the thermally grown oxide 
(TGO, α-Al2O3; 8.5-9.5 10-6 K-1) is the Coefficient of Thermal Expansion (CTE) of MAX phases, which is found between non-
oxide ceramics and metals in Figure 2.When MAX phases acting as a material for a thermal barrier coating (TBC) , For 
example, MAX phases are utilized because they require some prior knowledge of the Debye temperature, minimum thermal 
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conductivity, and melting temperature. Ali and colleagues have studied the optical, thermal, mechanical, electrical, and 
structural characteristics of Zr2SeC. The Zr2SC MAX phase's characteristics have been compared to those of Zr2SeC.They 
discovered the Zr2SeC is soft and has a low value of test of Vickers hardness, such as other MAX phases. Additionally, when 
compared to a promising TBC material (Y4Al2O9), it is suitable for use in high-temperature technologies, such as thermal 
barrier coating material TBC.  The Zr2SeC can also be used as a material for spacecraft covers to lessen solar heating[12]. 
Table 4 shows the conclusion for MAX phase synthesis methods and its application. 

 
Figure 2: shows the coefficient of thermal expansion (CTE) of typical metals, MAX phases, and ceramics[37] 

Table 4: illustration the conclusion of MAX phase synthesis methods and application 

MAX Phase Method Condition  Purity Application Ref. 
Zr2InC HIPS 1300°C,7h 

90 MPa 
____ Oxidation Resistance 

Self-Healing of Crack 
Damage 
Mechanical Application 
MXenes 

[42] 

Zr2InC HIPS 1300°C,12h 
70 MPa 

____ [43] 

Zr2InC HIPS 1300°C,12h 
70 MPa 

____ [44] 

Zr2SnC HIPS 1250°C 
138 MPa 

____ Oxidation Resistance 
Self-Healing of Crack 
Damage 
MXenes 

[45] 

Zr2SnC HIPS 1200°C, 12h 
70 MPa 

92%-
94% 

[46] 

Zr2PbC HIPS 1200°C 
48-96h 
70 MPa 

92%-
94% 

Oxidation Resistance 
MXenes 
high-temperature 
application, optoelectronic 
devices 
coating material 

[46] 

Zr2AlC HPS 1475-1575°C 0.5h 
20 MPa 

67% Nuclear Oxidation 
Resistance 
Self-Healing of Crack 
Damage 
MXenes 

[39] 

Zr2AlC HPS 1150-1900°C 
different time 
20 MPa 

____ [47] 

Zr2AlC PLS 1150-1900°C 
different time 
20 MPa 

____ [47] 

Zr2(Al0.2Sn0.8)C 
Zr2(Al0.3Sn0.7)C 
Zr2(Al0.35Sn0.65)C 
Zr2(Al0.42Sn0.58)C 

PLS 1150-1900°C 
different time 
20 MPa 

____ Oxidation Resistance 
 

[48] 

(Zr,Ti)2AlC HP 
PLS 

1450°C 
0.5h 
30 MPa 

> 98% Oxidation Resistance 
 

[40] 

Zr2SC HP 1750°C 
0.5-1.5 h 
20 MPa 

____ TBCOxidation Resistance 
MXenes 
 

[51] 

Zr2SC SHS ____ 20% [52] 
Zr2SC HP 1600°C 

20 min 
48 MPa 

____ [53] 

Zr2SeC HP 1500°C 
20 min 
48 MPa 

____ Oxidation Resistance 
solar heating coating 
MXenes 

[53] 
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4. Conclusion 
The preparation techniques to synthesize Zr2AC MAX phases from the essential elements are thoroughly explained in this 

review. The MAX phases are associated with the extraordinary properties products and their application such solar coatings, 
oxidation resistance, high temperature applications, and nuclear applications. Zr2InC MAX phase is low friction and wear 
materials can be used for a variety of applications of important technologically such as electrical spinning connections, rotating 
bearings and others. The Zr2SnC MAX phase uses for self-healing of cracks and oxidation resistance. The Zr2PbC MAX 
phases are elastic and electrically anisotropic in nature and appropriate for high temperature applications, optoelectronic 
devices, and coating materials. Studying the optical characteristics of the Zr2SeC has shown its potential for application as a 
shielding material in order to decrease the heating of solar. Zr2SC is suitable for use in high-temperature technologies, such as 
thermal barrier coating material TBC.  The Zr2AlC phase is the most attractive among all non-synthesizable ternary MAX 
phases, particularly for the nuclear industry. The technical methods to synthesize Zr2AC MAX phases can be included, 
Pressureless sintering (PS),Hot pressing sintering (HP), hot isostatic pressing sintering (HIPS) and Self –propagation sintering 
(SHP). The A concentration of the starting materials, the synthesis temperature, and the holding period must be regulated in 
order to produce MAX phases with a high degree of purity while taking the vaporization of the A element and the generation 
of intermediate phases into account. The stability of MAX phases is significantly impacted in some extreme environmental 
conditions, and thus, the methods of defect formation have a considerable impact on the phases' radiation resistance and self-
healing capabilities. 
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