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Mn+1AX,, (MAX) phases are a novel class of materials with a closely packed hexagonal structure that
bridge the gap between metals and ceramics, garnering tremendous research interest worldwide in
recent years. Benefiting from their unique layered structure and mixed covalent—ionic—metallic bonding
characteristics, MAX phase coatings possess excellent oxidation resistance, and exceptional electrical
and thermal conductivities, making them highly promising for applications in advanced nuclear materials,
battery plate protection materials, and aero-engine functional materials. This review aims to provide a
comprehensive understanding of MAX phase coatings. It presents an overview of their compositions and
microstructure, highlighting well-established structures like 211, 312, and 413. Furthermore, it delves into
the various synthesis methods employed in fabricating MAX phase coatings, including physical vapor
deposition, chemical vapor deposition, spraying methods, and laser cladding, among others. The
potential applications of MAX phase coatings, high-temperature oxidation resistance, mechanical
protection, salt spray corrosion resistance, etc., are also investigated. Finally, this review discusses the
future potential of MAX phase coatings and proposes areas for further research and improvement. The
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primary goal is to offer theoretical guidance and innovative ideas for the synthesis and development of

rsc.li/materials-horizons superior MAX phase coatings for commercial applications.

Wider impact

The synthesis and application of MAX phase coatings have attracted significant attention in materials science due to their unique metallic and ceramic
properties. This review on their synthesis, protective performance, and functional characteristics broadens our understanding and potential advancements in
several critical areas. The theoretical insights and innovative synthesis methods discussed pave the way for future research and development. By exploring new
compositions and techniques, researchers can enhance the properties of MAX phase coatings, making them more versatile and effective. MAX phase coatings
offer exceptional resistance to high-temperature oxidation and corrosion, making them ideal for extreme environments such as marine and nuclear fields.
Understanding the oxidation and corrosion mechanisms discussed provides valuable insights for designing high-performance coatings. This review also
summarizes the functional protective capabilities of MAX phase coatings in electrical conductivity, corrosion resistance, and electromagnetic shielding, and
highlights their properties as radiation-resistant nuclear cladding and interfacial layers for thermal barrier coatings. This opens new avenues for applications in
electronics, advanced energy, and aerospace sectors, driving innovation and contributing to more sustainable and efficient industrial practices.

Barsoum et al.’> synthesized relatively phase-pure samples of
Ti;SiC,. However, in 2000 the Hagg phase was renamed

1. Introduction

In the 1960s, Nowotny"' and his group in Vienna discovered
more than 100 new carbides and nitrides. Among these, over
30 had similar layered hexagonal structures, known initially as
Hagg phases, characterized by M,X layers interspersed with
pure A layers. The significant breakthrough that reignited
interest in these materials occurred in the mid-1990s when
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M,,.1AX,(MAX), where M represents a transition metal element
mainly including Ti, Nb, Zr, Hf, V, Mo, Ta and Cr,’ the A sites
are occupied by elements from group IIIA or IVA, such as Al, Si,
and Ge, and also included post-transition metal elements like
Au, Ir, and Zn, while X was C or N.* In 2011, the first 2D
transition metal carbide (TizC,), known as “MXene”, was
synthesized by selectively etching Al atoms from the Ti;AlC,
MAX phase, which further stimulated the development of
MAX phases.®? Subsequently, the structures of in-plane MAX
(-MAX) and out-of-plane (0-MAX) were studied from both

Mater. Horiz., 2025, 12,1689-1710 | 1689
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Fig. 1 History and research trends of MAX phases.
11-13

experimental and theoretical simulation calculations.
Fig. 1 illustrates the history and research trends of MAX phases.

All reported MAX phases were C-based or N-based MAX
systems until 2019, when Ade et al.™* attempted to synthesize a
new MAX phase by introducing B as the X element. The first stable
B-based (X site) MAX phase was prepared by Wang et al'’
Recently, the X site element expanded to P and Se,'® and the M
site elements have been extended from transition metals (includ-
ing Mn, Fe, Co, Ni, Cu, and Zn) to rare-earth elements, including
Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm and Lu."”"*® Moreover, the
discovery of new solid-solution MAX phases has allowed for the
incorporation of more elements into ternary MAX phases, signifi-
cantly expanding the MAX phase family. Meanwhile, since the
positions of oxygen and carbon peaks perfectly match with each
other, oxygen was identified as a potential X element in the
MAX.*® Additionally, the medium-entropy MAX phases composed
of 3 elements mixed at a specific site and high-entropy phases
formed by correspondingly mixing equal or relatively large pro-
portions of 4 or more elements were found, which also promoted
the diversity of MAX phases.”’ In 2023, Huang et al.*® discov-
ered a series of layered carbonitride materials with new structure
and composition characteristics by using the universal “chemical
scissors” structure editing strategy, which further expanded the
types of MAX phases. Recently, Dahlqvist et al. identified 182 new
theoretically stable MAX phases by calculation of phase stability.*"
Fig. 2 provides an overview of the elements constituting the MAX
phases, which encompass both solid solution and chemical order,
and covers a significant portion of the periodic table. Specifically,
it includes 28 different elements for the M-site, 28 elements for
the A-site, and 6 elements for the X-site.

Depending on the value of n, the M,,,;AX,, phases were initially
classified into 211, 312, and 413 phases.*” These MAX phases all
have layered hexagonal structures with space group P63/mmc (No.
194), consisting of MeX octahedra separated by A atomic layers.*®

1690 | Mater. Horiz., 2025, 12, 1689-1710

M-X bonds in MgX octahedra are strong covalent bonds, while the
M-A bonds between the MgX layers and the A atomic layer are
much weaker, particularly in shear.®® The primary structural
differences among the 211, 312 and 413 phases lie in the number
of MgX layers separating the A layers. As illustrated in Fig. 3a, two,
three and four MgX layers exist in between every two A layers in
the 211, 312 and 413 phases crystal structures, respectively.
Another distinction among the three crystal structures is their
polymorphism: the 211 phase has one polymorph, the 312 phase
has two polymorphs (¢ and B), and the 413 phases have three (o, B
and vy), as shown in Fig. 3b. The polymorphs differ slightly in the
atomic stacking sequences of the M-X blocks.>® With ongoing
research into MAX phases, the family has expanded to include
higher-order phases such as the 514, 615, and 716 series.>*>®
Over the last few decades, MAX phases have garnered
considerable interest from researchers, due to their unique
combination of both metallic and ceramic characteristics.*”*°
The study of MAX phases has been systematically and extensively
investigated, ranging from theoretical models to experimental
validations,”®™* and from structural design to performance
evaluation."””**™** Particularly, thanks to their unique layered struc-
ture and atomic bond characteristics, MAX phase coatings, which
have been developed since 2004, exhibit outstanding damage
tolerance,**™*® excellent corrosion/oxidation resistance,***°
able mechanical properties,”>> and high electrical conductivity.
These superior advantages highlight the potential applications of
MAX phases as protective coatings for vital components in severe
environments,” such as advanced nuclear materials,**® battery
plate protection materials,”’”® and aero-engine functional
materials.>® Fig. 4 shows the potential applications, properties,
and common preparation methods of MAX phase coatings. Benefit-
ing from the tremendous contribution of researchers worldwide,
numerous innovative synthesis methodologies and novel micro-
structures of MAX phase coatings have been documented in recent

remark-
53,54
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Fig. 2 The corresponding positions of MAX phase elements in the periodic table of chemical elements. Reproduced and adapted with permission.

Copyright 2023 Elsevier Ltd.

years. Here, we summarize the synthesis techniques and prospective
application domains utilized in the creation of MAX phase coatings,
alongside the ongoing research endeavors to elucidate their physical
properties and viable commercial utilization.

2. Preparation methods of MAX phase
coatings
2.1. Physical vapor deposition

Physical vapor deposition (PVD) is a widely used method for
preparing various MAX phase coating systems, known for its
low operating temperature, convenient equipment operation,
environmentally friendly nature, and the ability to achieve
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large-area preparation.®”®' In the fabrication of MAX phase
coatings, popular PVD techniques mainly include magnetron
sputtering, cathodic arc deposition and pulse laser deposition.

2.1.1 Magnetron sputtering. Magnetron sputtering (MS)
generates plasma by supplying current and voltage through a
direct current (DC) power source, causing the target material to
release metal ions that deposit onto the substrate to form a
coating.®” Li et al.®® successfully prepared high-purity Ti,AlC
and Ti3AlC, coatings by conducting DCMS at room temperature
and subsequently annealing them at 800 °C. Abbas et al.®*
employed medium-frequency MS to deposit a Ti,AlIC MAX
phase on a stainless-steel substrate, achieving a one-step trans-
formation of the Ti,AIC MAX phase at a lower substrate
temperature of 750 °C. The coatings were uniform, dense,

Fig. 3 Crystal structure of 211, 312, and 413 MAX phases. (a) Unit cell of the three phases. The lattice parameter ¢ of each unit cell is outlined by vertical
dashed lines. The thicknesses of the MgX layer and A layer are denoted as dyx and d,, respectively. (b) Schematics of the [1120] planes and the
polymorphism of the MAX phases. Reproduced with permission.>®> Copyright 2020 Wiley-VCH GmbH.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Potential applications, properties and common preparation methods of MAX phase coatings.

and free from cracks, with significantly enhanced electrical
conductivity.

Furthermore, high power impulse magnetron sputtering
(HiPIMS) is a novel magnetron sputtering technique that over-
comes the limitations of insufficient heat capacity in traditional
magnetron sources by utilizing high peak power and low duty
cycle (1-10%), enabling operation at high power levels and
short pulse widths (50-200 ps).®> During the fabrication pro-
cess, HiPIMS allows for adjustable plasma density (up to 10"~
10" m™> near the target), ionization rate (>30%) and deposi-
tion particle energy, offering significant controllability.*®

Li and co-authors®” deposited Ti-Al-C coatings on a Ti-6Al-
4V substrate using the HiPIMS technique. Experimental results
demonstrated that HiPIMS, with its high ionization plasma flux
and high kinetic energy, facilitated the formation of nano-
structured TiAl, compounds. After a low-temperature annealing
step at 700 °C, HiPIMS promoted the generation of dense and
smooth Ti;AlC, phase coatings. Fig. 5 shows a schematic
illustration of HiPIMS synthesis of the Ti;AlC, MAX phase
coating. The sufficiently high ion energy provided by HiPIMS
supported the continuous growth of the coatings, resulting in a
denser microstructure and relatively stronger adhesion. Zhang
et al.®® utilized HiPIMS to prepare Ti-Al-N coatings from a

1692 | Mater. Horiz., 2025, 12, 1689-1710

Ti,AIN composite target. The coatings, composed of MAX-phase
Ti,AIN and tetragonal Ti,N phases, were obtained at a tem-
perature of 450 °C, exhibiting a stable coating structure after
vacuum annealing at 800 °C. Recently, Zhou et al® also
obtained highly crystallized Cr,AIC MAX phase coatings on a
Ti-6Al-4V substrate at a temperature as low as 480 °C using a
hybrid DCMS/HiPIMS technique (Fig. 6a and b). The research
revealed that Cr,AIC MAX phase coatings deposited within the
temperature range of 480-530 °C consisted of uniform, densely
packed, and randomly oriented grains (Fig. 6¢c and d), but
started to decompose at 800 °C. Moreover, the hybrid DCMS/
HiPIMS technique resulted in a calculated surface temperature
increment of approximately 122 °C, with Cr and Ar ions/atoms
contributing 64% and 31% of the total energy flux, respectively.

The HiPIMS technique significantly enhances the diffusion
of adsorbed atoms on the surface of coatings, thereby improv-
ing their density and protective capabilities. This makes
HiPIMS crucial for future PVD deposition coatings. However,
variations in HiPIMS process parameters can substantially
impact coating properties. Zhou et al.’® utilized HiPIMS to
fabricate Ti-Al-C coatings at different deposition pressures,
observing that as the pressure increased, the thickness and
deposition rate of the coatings initially rose and then declined.

This journal is © The Royal Society of Chemistry 2025
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Qureshi et al.”* conducted a comparative study on the influence

of different frequencies (1.2-1.6 kHz) and pulse widths (20-60 ps)
of average power on Cr,AlC MAX phase coatings. The results
demonstrated that the pulse width had a more pronounced effect
on enhancing the compactness of coatings in HiPIMS compared
to the frequency. Therefore, further research is essential to
investigate how deposition process parameters such as pulse
width, frequency, and bias voltage affect the coating structure,
performance, and other characteristics.

Magnetron sputtering is the most commonly used PVD
method due to the easy processing, high flexibility, good

(@) =0
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control over phase purity and composition, and the smooth
coating surface. However, the coating prepared by this method
has a low rate, and the required time is relatively long when the
thickness of the prepared coating is large. In addition, the
coating prepared by this method is limited by the substrate
material, and a transition layer is often needed to improve the
bonding strength.

2.1.2 Cathodic arc deposition. Cathodic arc deposition
involves generating high-intensity arc discharges on the cath-
ode surface, which heats and evaporates the cathode material.
The resulting high-energy ions and neutral atoms then deposit

teee

i lgam o

e

22200228222

N
=
=

|

Fig. 6 (a) Schematic diagram of the hybrid DCMS/HiPIMS deposition system used, (b) physical images of three target materials during operation, (c)
HRTEM images and the Fourier filter of the Cr—Al-C coating at 480 °C, and (d) the SAED pattern of the Cr—Al-C coating at 480 °C. Reproduced and

adapted with permission.%® Copyright 2024 Elsevier B.V.
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onto the substrate surface, forming the coating. The heat and
energy released by the arc during the fabrication process facil-
itate diffusion and interaction between the coating material and
the substrate, thus achieving a strong bond between them.”*

Rosen et al.”® fabricated Ti,AIC coatings using the high-
current pulsed cathodic arc deposition method. They employed
three independent cathodes to deposit epitaxial coatings under
alternating plasma pulses at 900 °C, allowing for high-level
control over the deposition material flux ratio. Li and co-
authors™ utilized filtered cathode vacuum arc deposition to
deposit TizAlC, coatings at room temperature, followed by
annealing at 800 °C for 1 h. The prepared coatings exhibited
a smooth and dense structure with a significant reduction in
surface micro-particles. Guenette et al.”” successfully produced
directionally oriented Ti,AlC coatings using pulsed cathodic arc
deposition through various ratios of Ti:Al:C, achieving this
without the need for a TiC, seed layer. In a separate study
conducted by Mahmoudi et al.,”® the arc method was employed
to generate Ti,AlC and Ti;AlC, MAX phase coatings in a mixed
gas environment of C,H,/Ar following an annealing treatment.
The research findings revealed that annealing the coatings at
900 °C increased the content of Ti,AlC and TizAlC,, thus
improving the overall deposition effect. The optimal deposition
effect was observed when maintaining a volume ratio of 1/4 for
C,H,/Ar. 1t is crucial to have a sufficient volume of C,H, during
the deposition process, as excessively low levels can result in
carbon deficiency, ultimately impeding the formation of Ti,AlC
and Ti;AlC, MAX phases.

Cathodic arc deposition is known for its high cathodic
deposition rate and low production cost, which enables rapid
preparation of coatings and enhances the adhesion between
the coating and the substrate. However, the prepared coatings
often have large particles on the surface of the coating, resulting
in an uneven coating surface. Therefore, the advantages of
cathodic arc deposition and magnetron sputtering can be com-
bined to prepare excellent coatings.

2.1.3 Combined arc/sputtering deposition. Combined arc/
sputtering deposition is a technique that combines arc discharge
and magnetron sputtering techniques. It involves applying high
voltage between the anode and cathode to generate arc
discharge. The high temperature and energy generated by the
arc discharge cause the anode material to evaporate or ionize,
and it is then deposited onto the substrate surface. Concurrently,
a magnetic field is applied to control the ion trajectory, enhan-
cing ion kinetic energy and impact energy, thus improving the
density and adhesion of the coating.

Wang et al.”” innovated and developed the high ionization
arc combined magnetron sputtering technique for the prepara-
tion of MAX phase coatings. In this method, the arc provides
the M-element, the magnetron supplies the A-element, and
reactive gases such as hydrocarbons are introduced. By com-
bining this with heat treatment, high-purity and well-dense
Cr,AlC MAX phase coatings were successfully obtained. The
prepared Cr,AlC coatings exhibit an equiaxed grain structure
without columnar crystals and possess high bonding strength
with substrates such as titanium alloys. This makes MAX phase

1694 | Mater. Horiz., 2025, 12, 1689-1710
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coatings promising for high-temperature protection and corro-
sion resistance in harsh environments.

Based on the special crystallographic relationship between the
MAX phase and M,,;1X,, a two-step strategy of pre-constructing the
M,.1X,, precursor for the subsequent solid-state reaction with
element A can also reduce the phase formation temperature of
MAX phases. Wang et al.”®”° used a cathodic arc/sputter system to
deposit multilayer Cr-C/Al phases and subsequently conducted
heat treatment to obtain the Cr,AlC, as shown in Fig. 7(a-c).
Analysis of its formation mechanism revealed the alternating
growth of (Cr, C)rich and Al-rich layers. The multi-layer phase
composition was initially CrC,, but after vacuum annealing, the
internal diffusion of Al resulted in the blurring and disappearance
of the multi-layer interface, and the thickness of the Al-rich layer
decreased, forming the MAX phase. This revealed the lowest
temperature synthesis process for the preparation of MAX coat-
ings so far. The mechanism of the intercalation method was also
found in the preparation of Ti,AIC,*" and the atom diffusion
during annealing illustrated in Fig. 7(d). The strategy employs
a “building blocks” approach in crystallography, where the A
atomic layer diffuses and inserts into the MX (111) twin bound-
aries under thermal driving forces, leading to the formation of the
MAX phase. Importantly, this synthesis process effectively circum-
vents the formation of intermediate competitive phases, offering a
novel approach for the low-temperature fabrication of high-purity
MAX phases.

2.1.4 Pulse laser deposition. Pulse laser deposition (PLD)
has been less explored than other PVD techniques despite its high
potential and better scalability for depositing MAX phase coatings
at temperatures below 300 °C. In this method, a high-power
pulsed laser beam strikes a MAX phase target in a high-vacuum
chamber, vaporizing the target material and depositing it onto a
substrate maintained at a low temperature (25-800 °C).*"

Hu et al.®* prepared Ti;SiC, coatings with a friction coeffi-
cient of 0.2 in humid air and a hardness between 30 and 40 GPa
using MS assisted PLD at near room temperature to 300 °C.
To control the mirror system, which allowed the laser beam to
randomly strike the target over the selected ablation area, beam
steering was accomplished using a computer with 248 nm
wavelength, 20 ns duration, 1-50 Hz rate and 200-600 m]
energy. A schematic illustration of the magnetron sputtering
assisted pulsed laser deposition system is shown in Fig. 8.
Lange and co-authors®* employed PLD with a pulsed Nd:YAG
laser to the synthesized Cr,AlC MAX phase coating on stainless
steel (SS) substrates. The method demonstrated that the ion-
beam has several significant effects on coating thickness and
composition, concentration gradients within the coatings as
well as on conductivity and hardness.

2.1.5 Other methods of PVD. Feng et al.®** employed the
direct current reactive magnetron sputtering technique to pre-
pare Ti-Al-C coatings on austenitic SS surfaces, which subse-
quently transformed into the Ti,AIC phase through heat
treatment. Using a TiAl alloy target and introducing hydrocar-
bon reactive gases, they successfully produced Ti,AlC coatings
with a high purity of up to 90 wt%. This method offers a simple
and easy-to-control process, eliminating the need for Ti,AlC

This journal is © The Royal Society of Chemistry 2025
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Fig. 7

(a) TEM bright-field image of the Cr,AlC coating at low magnification. (b) HRTEM image of the grain within the round solid line in (a), and the

inserted image showing the unit cell of Cr,AlC. (c) The corresponding SAED with the electron beam parallel to the [11-20] direction. (d) Schematic
diagram of a MAX phase coating prepared by depositing a precursor combined with a subsequent solid-phase reaction. Reproduced and adapted with

permission.”®8% Copyright 2020 Elsevier Ltd and 2019 Elsevier B.V.

MAX phase deposition targets and significantly reducing pro-
duction costs. The prepared coatings exhibit a uniformly high-
purity structure, expanding the compositional window of MAX
phase coatings and broadening the range of substrate selection.

Ma et al® fabricated amorphous Cr-Al-C coatings using a
hybrid MS/cathodic arc deposition technique (Fig. 9a), and sub-
sequently obtained the Cr,AlC MAX phase by in situ heating TEM
(Fig. 9b). Increasing the temperature from 25 to 370 °C led to the
structural transformation from amorphous Cr-Al-C to crystalline
Cr,Al interphases, with the high-purity Cr,AIC MAX phase dis-
tinctly forming at 500 °C, accompanied by the diminished amor-
phous feature. Similar phase evolution was also evidenced by the
ab initio molecular dynamics calculations, where the bond energy
of Cr-Cr, Cr-Al, and Cr-C played the key role in the formed
crystalline stability during the heating process. Furthermore,
Yuan et al* also used sputtering/cathodic arc deposition and
an in situ XRD technique to successfully prepare M,AIC (M =Ti, V,
Cr) MAX phases. Compared to V,AIC and Cr,AIC MAX phase
coatings, the Ti,AlC coating displayed a higher phase-forming
temperature, without any intermediate phases before the appear-
ance of the Ti,AlIC MAX phase. The results of the first-principles
calculations correlated with the experience in which Ti,AIC exhib-
ited the largest formation energy and density of states.

Bahiraei et al.®® developed a novel approach using a combi-
nation of PVD and post-laser treatment to successfully fabricate
Ti,AlC MAX phase coatings on Ti-6A1-4V alloy substrates. This

This journal is © The Royal Society of Chemistry 2025

method involves an initial carbon coating treatment of the
substrate using PVD, followed by Nd:YAG laser and semicon-
ductor laser irradiation of the coating. Compared to the Ti-6Al-
4V substrate, the wear rate of the laser-treated samples was
reduced by approximately 81%, the average friction coefficient
decreased by nearly 66%, and the hardness increased by 2.5 to
4.5 times. This method enhances the wear resistance and
hardness of the coatings, further expanding their range of
application.

2.2. Chemical vapor deposition

Chemical vapor deposition (CVD) is a method for forming
coatings on a substrate surface through chemical reactions
using gas-phase elemental or compound species containing
the coating elements. This process involves temperatures that
facilitate the diffusion of reactants on the substrate surface,
and appropriate control of the reaction temperature ensures a
strong bond between the coating and the substrate.

In 1972, Nickl et al.®” successfully prepared Ti;SiC, coatings
using a mixture of gases including TiCly, SiCl, CCl,, and H, at
1200 °C, demonstrating the feasibility of CVD for fabricating
MAX phase coatings for the first time. Subsequently, researchers
replaced CCl, with CH, as the carbon source and successfully
prepared TizSiC, coatings.®® Pickering et al®® utilized the CVD
method to fabricate Ti;SiC,, obtaining a complex microstructure
consisting of multiple phases such as Ti;SiC,, TiC, and TiSi,.

Mater. Horiz., 2025, 12,1689-1710 | 1695
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Fig. 8 Schematic illustration of the magnetron sputtering assisted pulsed laser deposition system. Reproduced and adapted with permission.8?
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Fig. 9 (a) A schematic of the hybrid cathodic arc/magnetron sputtering process for depositing Cr—Al-C coatings. (b) Microstructure of TEM and
schematic diagram evolution of the Cr—Al-C coating during in situ TEM heating. Reproduced and adapted with permission.8> Copyright 2024 Elsevier Ltd
on behalf of the editorial office of the Journal of Materials Science & Technology.

This provided a deeper understanding of the chemical vapor
deposition evolution process for Ti;SiC,.

However, the process of fabricating MAX phase coatings
using CVD methods is relatively complex, requiring strict
control over parameters such as gas flow rate, temperature,
and composition. This increases the difficulty of operation and
the equipment costs. Additionally, there may be issues with gas
contaminants during the deposition process, which not only
degrade coating quality or affect equipment performance, but
also pollutes the environment. Moreover, controlling phase
purity is challenging in the CVD fabrication of MAX phase
coatings. In addition, the temperature for preparing MAX phase

1696 | Mater. Horiz., 2025, 12, 1689-1710

coatings by CVD deposition is relatively high, which can easily
cause tempering of the substrate material and limit its applica-
tion. Consequently, the widespread application of CVD techni-
ques for producing MAX phase coatings is presently limited.

2.3. Spraying method

Thermal spraying is a process that involves melting the coating
material using thermal energy and then spraying it onto the
substrate surface through high-speed gas flow atomization.
Molten or semi-melted droplets are sprayed onto the substrate
surface, “splashing” to cool and form a layered
microstructure.”® Depending on the heat source used, thermal
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spraying techniques can be classified into methods such as
plasma spraying, arc spraying, and high-velocity oxy-fuel
(HVOF) spraying.®* For the fabrication of MAX phase coatings,
HVOF spraying is commonly employed. Frodelins et al.®> uti-
lized the HVOF spraying method to produce dense Ti,AlC
coatings. In their experiments, the coatings, over 100 pm thick,
exhibited good bonding with SS substrates and had a hardness
ranging from 3-5 GPa. Nevertheless, the thermal spraying
process necessitates the substrate to be heated to elevated
temperatures, which constrains the choice of matrix materials
and frequently results in the formation of cracks and potential
delamination of the coating. Moreover, the thermal spraying
process is prone to the formation of pores and metal oxides,
resulting in a substantial presence of interfaces and defects
within the coating. These issues negatively impact electron
conduction within the coating, leading to poor electrical con-
ductivity, as well as reduced heating efficiency and low utiliza-
tion of the sprayed material. Thus, achieving large-scale
production of MAX coatings through thermal spraying techni-
ques still poses challenges.

Compared to thermal spraying, cold spraying technology
utilizes high-speed and relatively low-temperature acceleration
of micron-sized solid particles towards the substrate to form a
coating through deformation and bonding mechanisms. Gutz-
mann et al.”® achieved Ti,AIC coatings with a thickness of
approximately 110-155 um on Cu substrates using cold spray-
ing. The coating maintained the crystalline structure of the
starting material during the cold spraying process and exhib-
ited a relatively low porosity. Maier et al.”* utilized cold spray-
ing to prepare Ti,AIC MAX phase coatings on Zr alloys.
Experimental results demonstrated that the wear resistance of
the coatings was significantly superior to that of the zirconium
alloy substrate, with the depth of wear tracks reduced from
12 pm to 1 pm after coating deposition.

Cold spraying of MAX phase coatings avoids many issues
such as tensile residual stress, low oxidation, adverse chemical
reactions, and phase decomposition. However, cold spraying of
MAX phase coatings typically requires micron-sized solid par-
ticles, and there are specific requirements for particle size and
morphology. Additionally, the interface characteristics between
cold-sprayed MAX phase coatings and the metal substrate are
not yet well understood, including phenomena such as inter-
face melting and interface amorphization.”> Currently, only a
few MAX phases, such as TizAlC,, TizSiC,, Cr,AIC, and Ti,AlC,
have been studied and reported for cold-sprayed coatings.”® To
meet practical application demands, developing MAX phase
coatings of different types is necessary. Although some studies
have been conducted on the mechanical and wear properties of
cold-sprayed MAX phase coatings, research on their high-
temperature oxidation resistance, corrosion resistance, and
electrical properties is still relatively limited. Further in-depth
research is needed in these areas.

2.4. Other methods

A new path for the production of MAX phase coating has been
developed using a laser cladding layer, due to its advantages

This journal is © The Royal Society of Chemistry 2025
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such as high binding strength, low dilution rate, dense coating,
good strength and toughness, and a small heat-affected zone.
Richardson et al.®” investigated the method of laser cladding
for in situ synthesis and successfully prepared a three-layer
dense and well-bonded Ti,AIC MAX phase composite coating
with a thickness of 1.33 £ 0.02 mm. It is the first instance of
in situ synthesis of MAX phase coatings from elemental pow-
ders through laser cladding. Tian et al.®® utilized a two-step
approach of laser cladding and laser post-treatment to fabricate
high-content Ti,AIC MAX phase coatings on a TC, titanium
alloy substrate. During the laser cladding process, the diffusion
of Al atoms resulted in the formation of a core-shell structure
with TiC as the core and Ti,AlC as the shell in the coating. In
the laser post-treatment process, the diffusion of C and Al
atoms intensified, promoting the nucleation and growth of the
Ti,AlC phase. Prior to laser post-treatment, the microhardness
of the coating increased dramatically from the bonding region
to the surface. After laser irradiation, with increasing laser
power, the microhardness distribution in the coating became
more uniform. This novel two-step laser technique opens up
new prospects for the efficient fabrication of MAX phase coat-
ings and related structures.

Electrophoretic deposition (EPD) is a method that involves
suspending particles in a liquid medium and applying an
electric field between two electrodes to uniformly coat the
particles onto complex geometries. Galvin et al.°® deposited
Ti;SiC, coatings on titanium substrates through electrophore-
tic deposition and then performed rapid consolidation using
laser sintering. By adjusting the laser power and focal length,
they were able to achieve high coverage or good adhesion with
approximately 30 pm thick coatings. This method is simple to
operate, can be carried out at room temperature, and provides
uniform coatings on complex geometries.

Zamulaeva et al.'® prepared Cr,AlC coatings on Ti alloy
substrates by applying pulsed electrical discharge. The results
showed that the deposited coatings were primarily composed of
the Cr,AlIC phase, along with small amounts of y-Al,03, TiC,
(Ti, Cr)C, and Cr; ,Al, phases. This technique allowed for
the production of high-density coatings with good adhesion.
However, the transient heating pulses and high heating and
cooling rates during the pulsed electrical discharge process
may result in overheating and thermal decomposition of the
coating material, leading to the formation of impurity phases in
the prepared coatings.

3. Protective performance of MAX
phase coatings

3.1. High temperature air oxidation resistance of MAX phase
coatings

The formation of an Al,O; protective oxide coating plays an
important role in the oxidation resistance of the material, which
can greatly improve the service life of the material in the high-
temperature air atmosphere.'”" In MAX phase coatings, due to
the weaker M-A bond and stronger M-X bond, the Al element in
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Al-containing MAX phase coatings readily diffuses to the surface
and forms a dense, continuous passive coating, which exhibits
excellent oxidation resistance under high temperature, and
oxidation of the MAX phases occurs as follows:

M, 11 AX, + bOZ - (n + 1)Mox/n+1 + Aoy + Xnozb—x—y (1)

In the present study, all oxidation kinetic curves of MAX-
phase coatings exhibited parabolic shapes, which could be
attributed to the initial rapid oxidation reaction of MAX phases
upon exposure to oxygen. As the oxidation reaction progresses, a
stable oxide layer formed on the surface of the MAX phase coating,
effectively slowing down the oxidation process and establishing a
protective layer. This results in a decrease in the rate of oxidation
weight gain. Particularly noteworthy are the continuous and dense
AL O; coating produced during oxidation, which highlight the
potential of Ti,AIC and Cr,AlC coatings as promising materials
for high-temperature protection. Consequently, current research
on the oxidation properties of MAX phase coatings has largely
focused on Cr-based Cr,AlC and Ti-based Ti,AIC coatings.'®*™%

3.1.1 Cr,AlC coating oxidation. When exposed to high-
temperature air, Cr,AlC coatings can form oxide layers that
reduce their oxidation rates. The formed Cr,0; and Al,O; oxide
layers exhibit exceptional thermal and chemical stability, effec-
tively preventing further oxidation of the Cr,AlC coatings by
oxygen or other oxidizing mediums. Mengis et al.'°® assessed
the oxidation resistance of Cr,AlC coatings in an air atmo-
sphere at 800 °C over a period of 300 h. The results showed a
lower mass gain in Cr,AlC compared to the Ti4822 alloy
substrate, with a very thin mixed oxide layer consisting of
Cr,0; + Al,O; forming on the coating surface. However, during
the oxidation process, inward diffusion of Al and C elements
occurred, leading to the decomposition of Cr,AlC and the
formation of binary compound phases such as Cr;Cs, Cry;Cs
and Cr,Al, which reduced its high-temperature resistance. Li
et al.'” observed similar findings regarding the improved

200 nm

100 nm
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oxidation resistance of Cr,AlC coatings due to the formation of
a continuous Al O3 coating at 900-1100 °C (Fig. 10). However,
with increasing oxidation temperatures, the depletion of Al
becomes more severe, resulting in the formation of Cr,C;. As a
result of the inward diffusion of oxygen, Cr,C; undergoes oxida-
tion, leading to the formation of an (Al, Cr),0; solid solution
oxide layer on the surface (Fig. 10b and d). Nonetheless, the
presence of a large number of columnar crystals in Cr,AlC
coatings accelerates the inward diffusion of oxygen. Moreover,
N in the air diffuses inward, reacting with Al to form AIN through
columnar crystals, which increases the oxidation rate of Cr,AlC
coatings (Fig. 10b and c).

To improve the oxidation resistance of Cr,AlC coatings, a
diffusion barrier layer may be applied at the interface between
the coating and substrate during the preparation process.
Additionally, modifying the coating’s columnar crystal struc-
ture to equiaxial crystals or reducing the number of columnar
crystals can hinder oxygen diffusion pathways, ultimately lead-
ing to lower inward oxygen diffusion rates. These measures are
believed to slow down inward oxygen diffusion and improve the
oxidation resistance of Cr,AlC coatings.

To inhibit internal nitridation and delay mutual diffusion rates
at the coating/substrate interface, Li et al.'®® developed a three-
layer Cr,AlC coating structure, featuring a crystalline outer layer,
an amorphous middle layer, and a (Cr, Al),O; bottom layer.
Compared to single-layer Cr,AlC coatings, the three-layer structure
demonstrated superior oxidation resistance at high temperatures,
with lower oxidation weight gain observed. Nevertheless, multi-
layer coating preparation can result in cracking during high-
temperature oxidation, primarily due to significant thermal
expansion coefficient mismatches and thermal stress concen-
tration. To mitigate these factors, diffusion barrier layers can be
incorporated between the coating and substrate to slow the
mutual diffusion of coating elements and reduce Al consumption.

Wang et al.”® conducted a study where they prepared MAX
phase coatings on hastelloy substrates, consisting of Cr
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Fig. 10 (a) TEM bright-field image of the Cr,AlC coating oxidized at 1000 °C for 20 h, where the inset shows the corresponding STEM image, (b) EDS
profiles acquired from A and B points in (a), and (c) and (d) HRTEM images of points A and B in (a), respectively. Reproduced with permission.'%” Copyright

2011 Elsevier Ltd.
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intermediate and Cr-Al-C layers (Fig. 11a). Following annealing
at 700 °C for 5 h, the inward diffusion of coating elements
resulted in the formation of a diffusion layer, transforming the
Cr,AlIC coating into an equiaxial crystal structure. As shown in
Fig. 11b, after oxidation at 1000 °C for 40 h, a continuous Al,0O;
layer formed on the coating surface, with a Cr-C layer forming
at the bottom. Upon increasing the oxidation temperature to
1100 °C, the oxide coating converted to (Al, Cr),0;, and a Cr-C-
N layer formed at the bottom due to nitridation. However, Al
diffused inward and aggregated in the substrate, forming a
continuous Al,O; layer. This Al,O; layer provided protection
against further oxidation of the substrate and reduced elemen-
tal interdiffusion. It is notable, however, that Cr,AlC coatings
exhibit limitations in oxidation resistance due to Al and Cr
depletion and the generation of gases at high temperatures,
which can lead to visible pore formation in the carbide layer.

Chen et al'® conducted a study comparing the high-
temperature oxidation resistance of Cr,AlC coatings with
columnar and equiaxial crystal structures (Fig. 12a and b).
The equiaxial crystal Cr,AlC exhibited better oxidation resis-
tance, characterized by a thinner oxide coating after oxidation.
The grain boundaries of equiaxial crystals were denser than
those of columnar crystals, reducing the diffusion rate of
corrosive media. Intriguingly, nanopores (2-25 nm) were
observed in the columnar grain boundaries, which reduced
the oxidation resistance and increased the oxidation rate of
Cr,AIC coatings. Therefore, reducing nanoporosity and trans-
forming from columnar to equiaxed crystals can improve the
oxidation resistance of Cr,AIC coatings.

Cr,AlC coatings have shown excellent oxidation resistance in
high temperature atmospheres, and have also been widely
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investigated in water vapor atmospheres. Tang et a
gated the water vapor oxidation behavior at 1000 °C of single
layer Cr,AlC and Cr/Cr,AlC multilayer coatings for a short
duration. The findings revealed that both coatings outper-
formed the Zr alloy substrate in terms of oxidation resistance,
although their mass gain was similar. In the case of the Cr/
Cr,AlC multilayer oxidation, the columnar grain boundaries of
the Cr overlayer served as fast diffusion paths for the oxidation
medium, resulting in internal oxidation beneath the Cr,AlC
layer. Notably, oxidation occurred within both the Cr layer and
the Cr,AlC layer, forming a protective Al,O; barrier that hin-
dered the further inward diffusion of oxidizing species towards
the substrate. Additionally, the high Cr content in the overlayer
facilitated the formation of a passivation coating comprising
Cr,0; at high temperatures. This dual-layer passivation coating
(Cr,05/Al,03) effectively impeded the diffusion of corrosive
media, making it a promising candidate for potential applica-
tions in accident-tolerant fuel (ATF) systems.

Wang et al.''! fabricated a dense equiaxial crystal structure
Cr,AIC MAX phase coating on a Zr alloy substrate, featuring a
Cr/CrC, interfacial layer structure. The researchers investigated
the steam oxidation resistance of the coating at temperatures
ranging from 1000 to 1200 °C. The findings indicated that the
incorporation of the interfacial layer played a significant role in
inhibiting the rapid diffusion of Al into the substrate and
preventing premature delamination of the coating during the
annealing process. By selectively oxidizing Al, the coating
experienced rapid growth of o-Al,O; on the surface while
inhibiting the formation of other oxides. This enhanced the
high-temperature steam oxidation capability of the Cr,AlC
coating. However, the surface did not exhibit an (Al, Cr),03

Fig. 11 (a) Cross-sectional image of the Cr,AlC coatings at 1000 °C for 40 h, and the corresponding line-scanning results. (b) Cross-sectional STEM
micrographs of the outmost oxide layer for these oxidized Cr,AlC coatings. Reproduced with permission.”® Copyright 2020 Elsevier Ltd.
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Fig. 12 STEM bright field images of the cross-sections of (a) columnar and (b) equiaxed grained Cr,AlC coatings before oxidation and after oxidation at
1100 °C from 1 to 240 min. (c) Variation of the oxide scale thickness with oxidation time and corresponding power lawfit in the equiaxed and columnar
grained samples. Reproduced and adapted with permission.1°® Copyright 2020 Taylor & Francis INC.

coating, most likely due to the relatively short steam oxidation
duration, leading to incomplete oxidation of the Cr element.

The aforementioned findings illustrate the exceptional
oxidation resistance of Cr,AIC coatings, which exhibit the ability
to form passivation coatings of Cr,O; and Al,O; in high-
temperature atmospheres. Nonetheless, it is important to note
that at elevated temperatures, mutual diffusion occurs between
the Cr,AlC coatings and the substrate. This diffusion process,
coupled with the depletion of Al content and the generation of
gases, resulting in the formation of pore defects, thus reduced the
service life of the coatings. Therefore, future research efforts
should prioritize the structural design of the coatings, explore
variations in crystal structure, investigate alterations in Al content,
and delve into the dynamics of diffusion. These aspects represent
key focal points for further exploration concerning the prepara-
tion and performance of Cr,AlC coatings.

3.1.2 Oxidation of Ti,AIC coatings. Ti,AlC coatings exhibit
excellent high temperature oxidation resistance and self-healing
capabilities, primarily due to the formation of a continuous,
dense Al,O; layer. Numerous studies have focused on Ti,AlC
coatings. Feng et al.''? investigated the oxidation behavior of
Ti,AlC coatings at 750 °C, compared to 316LSS substrates. The
results showed that the oxide scale exhibited a distinct four-layer
structure: the outermost layer comprised a mixed oxide layer of
TiO, and Al,O3, followed by a layer of (Al, Cr),03, a mixed layer of
Fe,O; and TiO,, and the innermost layer consisting of a-Al,Oj.
Notably, the presence of Fe,O; in the oxide layer indicated
elemental mutual diffusion between the substrate and the coat-
ing. However, the TiO, provided a diffusion pathway for oxygen
within the outer mixed oxide layer. Consequently, the oxidation
resistance of the TiO, and Al,O; mixed oxide coating was less
effective in inhibiting inward oxygen diffusion compared to a
pure AL,O; coating. Additionally, the presence of Fe,O; created
further diffusion channels, undermining the desired oxidation
resistance and accelerating the oxidation process due to thermal
expansion coefficient mismatches among the multiple oxides.

To inhibit mutual diffusion and improve adhesion between
the coatings and substrate, Li et al.'*® prepared an intermediate
layer of TiC between the Ti,AlC coatings and investigated
oxidation resistance at 1000-1200 °C. The oxidation scale
exhibits a three-layer structure, with the outermost layer being
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a TiO, + Al,0; mixed oxide layer, the intermediate layer being
Al,O3, and the inner layer being TiO,. However, visible pore
defects appeared, attributed to the diffusion of Ti following the
Kirkendall mutual diffusion mechanism and the formation of
CO, and H, during the reaction process.''* The transformation
of the oxide structure was closely related to the diffusion
kinetics and thermodynamics of the elements in the M-site
and A-site. Due to the fact that Al is bonded with weak bonds,
outward diffusion more easily occurs during the oxidation
process. However, because TiO, has a more disordered struc-
ture than Al,O;, its growth rate is much higher than that of
Al,O;. Thus, the outermost layer is a mixed oxide layer of TiO, +
Al,O; at 1000-1200 °C. As Al continues to diffuse and accumu-
late at the bottom of the outermost oxide layer, an Al,O; layer is
formed. But as the Al in Ti,AlIC is depleted and aggregates in
the middle layer, TiC forms, which is eventually fully oxidized
to TiO, due to the inward diffusion of oxygen.

Self-healing materials are capable of repairing cracks
and damage automatically, thereby prolonging their service life.
Wang et al.'*® achieved self-healing of cracks in Ti,AIC coatings by
Sn doping at 700 °C. The primary mechanism for self-healing
involved filling the cracks with SnO, and TiO,, which demon-
strated better oxidation resistance than the unhealed coatings.
However, achieving effective elemental doping requires considera-
tion of factors such as the thermal expansion coefficient, thermal
conductivity, and diffusion coefficient, all of which significantly
affect the formation of cracks and other defects.''® Meanwhile,
the Al content also affects the formation of oxides.''” The
formation of a continuous, dense Al,O; layer consumes a large
amount of Al in the coating. Insufficient Al content can hinder the
formation of Al,O; during oxidation and lead to the formation of
TiO, in the outer oxide layer, which is detrimental to the oxidation
resistance of Ti,AIC coatings at high temperatures.

3.2. Corrosion of MAX phase coatings in harsh environments

3.2.1 Salt spray corrosion of MAX phase coatings. MAX
phase coatings exhibit excellent protective performance by
effectively blocking the diffusion pathways of corrosive and
oxidizing media under high-temperature oxidation conditions
due to the formation of a continuous and dense oxide layer on
their surfaces.™*® However, in specific corrosive environments,
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such as those containing NacCl, the surface oxide layer is severely
damaged, resulting in the formation of numerous porous salt-
metal-oxide complex compounds. This disrupts the dense and
continuous oxide coating on the surface and poses greater
challenges compared to oxidizing environments. Nonetheless,
MAX phase coatings possess strong corrosion resistance due to
the unique structure, which enables the easy formation of oxide
coatings and certain self-healing capabilities."*

To explore the corrosion mechanism of Ti,AIC MAX phase
coatings in NaCl solution, Fu et al.'*® compared the corrosion
resistance of the amorphous Ti-Al-C coatings and Ti,AIC coatings
in a 3.5 wt% NaCl aqueous solution. The Ti,AlC coatings exhib-
ited a higher corrosion potential value (—0.301 V) and a lower
corrosion current density value (5.82 x 10~® A cm™?) compared to
those of amorphous coatings (—0.618 V and 1.44 x 10 ° A cm™?).
The exceptional corrosion resistance of Ti,AlC coating was attrib-
uted to the high mobility of active Al atoms, which could readily
migrate to the coating surface and form a dense Al,O; oxide layer.
This Al,O5 layer acts as a passivation barrier, effectively preventing
further corrosion during chemical attacks.

Wang et al.”® conducted a comprehensive investigation on
the corrosion process of Ti,AIC MAX phase coatings in NaCl
deposits in water vapor at 600 °C. After subjecting the Ti,AlC
coatings to 75 h of corrosion, a compact and continuous
corrosion scale with a thickness of 3 um was observed on the
coating surface, leading to remarkable corrosion resistance.
This dense corrosion scale was composed of Na,Ti,O, fine
grains with a size of 11 £ 0.4 nm and amorphous Al,O; phases,
which self-healed the generated defects during corrosion, ben-
efiting from the novel layered structure of the MAX phase.

Li et al."** conducted a comparative study on the hot NaCl
salt corrosion behavior of three kinds of MAX phase materials
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(TizSiC,, Ti,AIC and Cr,AlC) at a high temperature of 750 °C for
240 h. They found that Ti;SiC, exhibited the best high-temperature
corrosion resistance, maintaining its surface integrity well after
corrosion (Fig. 13a), without layering phenomenon in the corro-
sion layer (Fig. 13d). The surface damage of Ti,AIC after corrosion
was more significant (Fig. 13b), and its corrosion products mainly
consisted of rod-shaped TiO,, bright block shaped Al,O;, and the
presence of Na' in its oxide layer (Fig. 13e). However, Cr,AlC
exhibited the worst high-temperature corrosion resistance
(Fig. 13c). The generated oxide layer had a three-layer structure:
the upper layer was Al,O3, the middle layer was Cr,03, and the
lower layer was Cr,C; (Fig. 13f). Its poor high-temperature corro-
sion resistance was primarily due to its strong reaction with NaCl,
which produces volatile Na,CrO,, making it difficult to form a
dense oxide layer on the surface of Cr,AlC.

3.2.2 Corrosion of MAX phase coatings in NaCl solution. Li
et al."”* studied the electrochemical performance of Ti,AlC
MAX phase coatings in a 3.5 wt% NacCl solution and found
that high-purity Ti,AIC MAX phase coatings exhibited signifi-
cantly enhanced impedance characteristics and lower corrosion
current density. The excellent corrosion resistance is attributed
to the high transport kinetics of Al atoms in the Ti,AIC coating,
which is conducive to the preferential formation of the Al,O;
passivation layer (Fig. 14a). Moreover, over 50% of Al vacancies
have a high tolerance, providing favorable conditions for the
formation of stable defect-type Ti,Al,C structures after consum-
ing Al elements. Zhu et al.**® investigated the corrosion beha-
vior of Ti;SiC, and Ti;AlC, in a 3.5% NacCl solution. Compared
to Ti substrates, both Ti;SiC, and Ti;AIC, coatings demon-
strated markedly enhanced passivation properties. This super-
iority is attributed to the distinctive layered structure of the
MAX phase, which promotes the diffusion of A-site Si/Al atoms.

Fig. 13 Surface and cross-sectional morphology after corrosion: (a)—(c) are the surface morphology and (d)—(f) are the cross-sectional morphology of
TisSiCs, Ti,AIC, and Cr,AIC. Reproduced with permission.'?* Copyright 2022 Elsevier Ltd and Techna Group S.r.l.
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As a consequence, the atomic passivation efficiency is observed
to be lower when these atoms diffuse to the barrier layer,
thereby contributing to the improved passivation characteris-
tics of these coatings. Additionally, Ti;SiC, has better corrosion
resistance due to its Si layer being more stable than the Al layer
in Ti;AIC,.

Recently, Zhang et al.’*® studied the corrosion behavior of
the amorphous, partially crystalline, and fully crystalline Cr,AIC
MAX phase coatings in 3.5 wt% NaCl aqueous solutions. It was
revealed that both Cr and Al played important roles in the
corrosion process. To further increase the electrochemical
corrosion resistance, Zhang and co-authors'** fabricated
(€Cr0.9, Mo0.1),AIC coatings based on the concept of M-site
solid solutions. Results showed that the corrosion current
density of (Cr, Mo),AIC solid solutions was reduced, and the
electric impedance was enhanced by about an order of magni-
tude in 3.5 wt% NaCl solution compared to pristine Cr,AlC
coating. According to the density functional theory (DFT)
simulation, this phenomenon was mainly ascribed to the
partial substitution of Mo for Cr in Cr,AlC, which favored the
stronger mobility of Al atoms due to the reduction in vacancy
formation energy, leading to the rapid growth of passivating Al
oxides substantially (Fig. 14b).

3.2.3 Corrosion of MAX phase coatings under other harsh
environments. Shi et al.’*® conducted an in-depth comparative
study on the corrosion behavior of Al- containing MAX phase
coatings in 10~® wt% oxygen-containing molten Pb for 3200 h
at 600 °C. Three distinct MAX-phase coatings (Cr,AlC, Ti,AlC
and Ti;AlC,) demonstrated corrosion resistance against molten
Pb through the formation of a protective oxide layer. Specifi-
cally, the Cr,AlC coating developed an Al,O; scale with a small
amount of Cr,0;. In contrast, both the Ti,AlIC and Ti;AIC,
coatings displayed a mixed Al,O; and TiO, oxide scale. How-
ever, a more complex mixed oxide layer consisting of VO,, V,0-,
and Pb;(VO,), phases formed on the V,AIC coating, leading to
the complete consumption of the MAX-phase coating.

1702 | Mater. Horiz., 2025, 12, 1689-1710

Zakeri-Shahroudi et al.'®” investigated the performance of
Cr,AlC MAX phase coatings in the presence of 40 wt% V,05 + 60
wt% Na,SO,. After 5 h of cyclic hot corrosion behavior at
900 °C, it was found that the Cr,AlC coating exhibited good
corrosion resistance for up to 30 h. But, after 40 h, microcracks
appeared on the sample surface. With the corrosion time
increased to 50 h, the sample was completely degraded due
to spallation.

3.3. Mechanical performance protection of MAX phase
coatings

Due to the unique nano-laminated structure and combination
of covalent, ionic and metallic chemical bonds, MAX phases
generally exhibit high stiffness, compressive strength, and
fracture toughness."*® According to the well-known Hall-Petch
relationship, MAX phase coatings are expected to be stronger
and harder than their corresponding bulk materials because
the grains in coatings are typically smaller than those in bulk
materials. Table 1 summarizes the hardness and modulus of
common MAX phases such as Cr,AlC, Ti,AlC, TizAlC, and
Ti;SiC,. Most MAX phase coatings exhibit a hardness of 10-
20 GPa and a modulus of 200-300 GPa, which impart greater
resistance to impact and wear, making them promising for
applications as protective coatings.

Preparation parameters and methods are widely investi-
gated to improve the mechanical properties of MAX phase
coatings. Naveed et al.'*® deposited Cr,AlC coatings with dif-
ferent sputtering powers, resulting in variations in the inter-
metallic AlCr, and Cr,C; carbide phases and the preferred
orientation of the coating. Hardness values were measured
in the range of 11-14 GPa, showing a slight increase with
increasing sputtering powers, which was attributed to the
preferred orientation. Du et al'*° studied the temperature
effect on the bulk moduli of Cr,AlIC within the quasiharmonic
Debye model by first-principles GGA+U calculations, which

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of the hardness of Cr,AlC, Ti,AlC, TizAlC,, TisSiC, and V,AIC coatings

Coatings Hardness (GPa) Modulus (GPa) Ref.
Cr,AlC 13.7 £ 0.5 196 £+ 14 Wear, 2018, 402-403, 187-195
19.0 £ 1.7 268 + 16 J. Alloys Compd., 2018, 753, 11-17
13 +2 298 + 21 Scr. Mater., 2007, 57, 1137-1140
16 + 2 — Mater. Design, 2021, 206, 109757
16.6 £+ 0.5 261 £ 7 Mater. Des., 2022, 222, 111060
12.8 + 0.4 334 + 24 J. Mater. Sci. Technol., 2023, 143, 140-152
18.4 + 0.8 328 + 26 Wear, 2024, 540-541, 205221
15.4 288 Surf. Coatings Technol., 2013, 235, 454-460
15.1 + 1.8 259 + 20 J. Nucl. Mater., 2019, 526, 151742
15.3 + 3.6 254 4 22 Intermetallics, 2023, 163, 108039
Ti,AlC 11.6 + 0.3 — Adv. Eng. Mater., 2022, 24, 1-11
11.2 £ 14 191 £+ 26 Wear, 2015, 342-343, 391-397
17.2 + 1.6 257 + 12 Surf. Coatings Technol., 2017, 309, 445-455
15.8 + 2.1 273 £ 20 Surf. Coatings Technol., 2018, 334, 384-393
17.9 + 0.8 279 £ 4 J. Eur. Ceram. Soc., 2023, 43, 4673-4683
10.2 £+ 0.5 221 + 10 Appl. Surf. Sci., 2021, 537, 147864
16.9 + 0.5 347 + 16 J. Mater. Sci. Technol., 2023, 143, 140-152
14.2 + 0.1 231 + 3 Ceram. Int., 2019, 45, 13912-13922
Ti;AIC, 3.2+ 0.8 120 + 21 Appl. Surf. Sci., 2021, 537, 147864
5.3 + 0.9 — Adv. Eng. Mater., 2022, 24, 1-11
12.3 + 1.1 232 + 11 J. Eur. Ceram. Soc., 2023, 43, 4673-4683
19+ 1 250 + 9 Appl. Phys. Lett., 2004, 85, 1066-1068
20.7 + 0.5 237 + 4 J. Eur. Ceram. Soc., 2022, 42, 2073-2083
18.0 240 + 4 Mater. Charact., 2022, 194, 112421
Ti;zSiC, 19+ 1 282 +9 J. Appl. Phys., 2004, 96, 4817-4826
11.1 £ 1.6 229 + 4 Mater. Sci. Technol., 2013, 29, 975-979

revealed the origin of the deviation between the experimental
and theoretical data.

Eichner et al.®' confirmed that the hardness of the Cr,AlC
coating on softer IN718 substrates with a (100) preferred orienta-
tion was higher than the hardness measured in cross-sections.
Yang et al.*° studied the elastic anisotropies, thermodynamic and
tensile properties of Ti,AX (A = Al and Ga, X = C and N) MAX
phases using first-principles calculations. The calculated aniso-
tropy indexes indicated that the MAX phases were anisotropic in
elastic modulus. Moreover, according to the tensile calculation,
the tensile strength along the [110] direction is greater than that
along the [001] direction, and fracture failure will occur in the [110]
direction. Li et al."** predicted the mechanical and thermody-
namics of MAX phase V,SiC under different pressures based on
DFT simulations. The results showed that elastic constants satis-
fied the Born stability criterion, ensuring mechanical stability
under pressurized and unpressurized conditions. And the increase
in U from 0.239 to 0.279 indicated that the compound changed
from brittle to ductile, with the maximum ductility observed at 20
GPa. Liu et al."*® compared the mechanical properties of different
phase compositions in Cr,AlC coatings obtained by varying the
current of the Al target during the deposition process. When the Al
content was maximized at an Al-target current of 1.0 A, the coating
exhibited the highest hardness, elastic modulus, H/E, H*/E* and
toughness fracture. Increasing or decreasing the Al-target current
led to a reduction in Cr,AIC content and an increase in inter-
metallic AlgCrs, which deteriorated the hardness and fracture
toughness of the coatings. This phenomenon demonstrates that
reducing ductile intermetallic content in MAX phase coatings is in
favor of their mechanical properties.

This journal is © The Royal Society of Chemistry 2025

Ruef’ et al.'** investigated the mechanical properties of
Cr,AlC prepared by DCMS and HiPIMS, respectively. Generally,
the coating prepared by HiPIMS had superior density and larger
elastic moduli compared to that prepared by DCMS, indicating
that ion bombardment by ionized coating-forming species is
beneficial. The findings demonstrated that there is an opti-
mum ion energy for forming dense and high-purity MAX phase
coatings. Too low energy results in the formation of under-
dense coatings, while too high energy yields the formation of
(Cr, Al),C, in addition to Cr,AlC. Similar observations were
reported by Volker et al.'®> and Qureshi et al,”’ where the
hardness and modulus of Cr,AIC coatings prepared by HiPIMS
were higher than those prepared by DCMS. The HiPIMS-
deposited coating had the highest fracture toughness 2.0 +
0.2 MPa m'?, whereas the coating deposited by DCMS had the
lowest value of 1.8 + 0.1 MPa m"2."*® This further explains the
influence of preparation methods on the fracture toughness of
Cr,AlC coatings. The equiaxed crystal coating prepared by
HiPIMS has entangled grain boundaries and a longer crack
propagation path compared to the columnar crystal coating
deposited by DCMS, demonstrating better crack resistance.

Molina-Aldareguia et al'®® analyzed the deformation
mechanisms in single-crystal TizSiC, (0001) coatings by nanoin-
dentation. Basal plane dislocation glide created dislocation
walls and formed kink bands and delamination cracks at the
free surface near indentations. Yuan et al'®’ studied the
mechanical properties of Cr,AlC coatings with a grain size of
88 nm by nanoindentation. An ultrahigh compressive strength
of 5.3 GPa and plastic strain beyond 12.5% were achieved in the
Cr,AlIC coating according to micropillar compression tests
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(Fig. 15a). Several slip bands at 45° from the load direction were
visible in the compressed micropillar without vertical cracks or
delamination (Fig. 15b). TEM micrographs of the deformed
region revealed the synchronous emergence of two dislocations
under the diffraction vector g = 0001, demonstrating that these
were not routine basal dislocations with Burger’s vector b = 1/
3(1120) (Fig. 15c and d). These non-basal dislocations form in
nanograins under complex stress states, thereby increasing the
forms of dislocation slip and ultimately enhancing the plasti-
city deformation ability. Additionally, deformation twins were
observed in the severely-deformed region (Fig. 15e). SAED
patterns (Fig. 15f) displayed close but distinctly separate spots
(1013) shared by the matrix and twin, confirming the presence
of an incoherent (1013) twin boundary. These twins, which
withstand high shear stress during deformation, favor the
enhancement of both strength and plasticity.

For MAX phase coatings prepared by the deposition-annealing
two-step method, the annealing process plays a crucial role in
determining the mechanical properties of the coatings. In general,
the preparation requires a specific annealing temperature range.
As the annealing temperature increases, the hardness of the
coating typically increases because as-deposited coatings are often
amorphous or partially crystalline with low hardness, and heating
transforms this disordered structure into densely arranged hex-
agonal layered MAX phases.'***° However, further increases in
annealing temperature can led to either a decrease or an increase
in hardness. The former is due to grain growth at elevated
temperature, while the latter is associated with phase transitions,
such as the formation of the hard TiC phase resulting from the
decomposition of TizAlC, and Ti,AIC coatings above 900 °C.>*'*!
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Zhang et al.*** found that the porosity of Ti;SiC, coatings
significantly declined with the increasing annealing temperature
at 500-900 °C, contributing to gradually improved hardness and
fracture toughness of the coating. Wang et al.'*? investigated the
annealing effect on the helium-irradiated Cr,AIC coating. As the
annealing temperature increased, the gradual recovery in the
hardness of the MAX phase coating was observed due to the
recombination of defects, suggesting that appropriately raising
the annealing temperature could enhance the mechanical proper-
ties of MAX phase coatings by eliminating defects.

Moreover, alloying to form solid solution is an effective method
to improve the mechanical properties of MAX phase coatings."***°
Cr,AlC MAX phase coatings typically suffer from low hardness and
toughness as well as a lack of lubrication at high temperature.
Wang et al.'*” demonstrated that the hardness of the Cr,AIC MAX
phase coating was enhanced by 34.3% when Cr was partially
substituted with V (47 at%), and the coating toughness was also
improved (Fig. 16a). Simultaneously, both the friction coefficient
and the wear rate of the coatings at 900 °C against Al,O; balls were
significantly reduced at 47 at% V (Fig. 16b), which was attributed to
the formation of a large number of molten V,0s that encapsulated
(Cr, Al),0; hard crystal grains (Fig. 16c).

4. New functional protection
performance of MAX phase coatings
4.1. Protection on metal bipolar plates

MAX phase materials, with their unique crystal structure,
combine the excellent electrical and thermal conductivity of

Fig. 15 Micropillar compression test of Cr,AlC coatings: (a) load—displacement and true stress—strain curves of the Cr,AlC coating micropillar. (b) SEM
image of the micropillar after compression. (c) Bright-field TEM micrograph of a deformed grain under the diffraction vector g = 0001. (d) Weak-team

dark-field micrograph of (c). (e) HRTEM micrograph of the twins in the deformed region. (f) SAED patterns in (e). Reproduced with permission.

Copyright 2023 Acta Materialia Inc, Elsevier Ltd.
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metals and the high-temperature oxidation resistance and corro-
sion resistance of ceramics. This makes them an ideal protective
coating material for metal bipolar plates in proton exchange
membrane fuel cells (PEMFCs)."*® Abbas et al.®* applied TiAlC
MAX phase coating to metal bipolar plates for testing. Due to the
formation of the Ti,AlIC MAX phase, the coating exhibited excel-
lent electrical conductivity, with an interfacial contact resistance
(ICR) of only 3.27 mQ cm? much lower than the United States
Department of Energy (DOE) standard.'*® Lu et al.>® studied the
conductive and corrosion-resistant protective performance of
TizAlC, MAX phase coating on SS304 with a TiC diffusion layer
in H,S0, solution (pH = 3) containing 2 ppm F~ at 70 °C in
simulated PEMFC environments. The ICR of the Ti;AlC,-coated
$S304 was only 3.725 mQ cm” at 140 N cm™ > The outstanding
electrical conductivity was attributed to the presence of an easier
pathway for the transport of electrons via TizAlC, channels. In the
potentiostatic polarization test simulating PEMFC environments,
the average current densities at 0.6 V (vs. SCE) and —0.1 V (vs. SCE)
were 8.0 x 1077 A ecm 2 and 5.0 x 10~ ® A cm™?, respectively,
demonstrating the coating’s excellent corrosion resistance and
durability. Moreover, Lu, et al® also studied the protection
performance of Ti;SiC, on metal bipolar plates.

This journal is © The Royal Society of Chemistry 2025

Ma et al.”” studied the conductivity and corrosion resistance
of MAX phase coatings with different degrees of crystallization.
The as-deposited samples showed the best corrosion resistance,
with a stable potentiostatic polarization current density of 3.7 x
1077 A cm™>, much lower than the corrosion current density of
the SS316L substrate. This improvement was attributed to the
preferential formation of the passivation film on the surface of
amorphous coatings. The strength of corrosion resistance is
ascribed to the differences in passivation films, which can be
traced back to the differences in the stacking of atoms with
different orientations in the crystal. Subsequently, they fabri-
cated Cr,AlC coatings with different crystallographic orienta-
tions on $S316L.”° The Cr,AIC coating with a (103) preferred
orientation exhibited the best corrosion resistance, with an
average current density of 9.0 x 107° pA cm 2, because the
exposed Cr atom in coatings with (103) preferred orientation had
the lowest binding energy and was more likely to preferentially
form a passivation film by binding with oxygen. Liu et al.**® also
researched the conductivity and corrosion resistance of Cr,AlC
MAX phase coating, finding that the corrosion current of the
coated sample was 2.43 x 1077 A cm ™2, two orders of magnitude
lower than that of the uncoated SS304.
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4.2. Radiation resistance property

MAX phases have emerged as a promising structural material for
components requiring high-temperature durability and exposure
to extreme radiation environments in upcoming nuclear
reactors."> > Neutron or ion radiation exposure can induce the
accumulation of Frenkel defects, such as voids and interstitial
atoms, due to displacement cascades within materials.'>*">®
Assessing the radiation resilience of MAX phases is essential to
identify the most suitable MAX phases for this domain.’>” >
Bowden et al.**® assessed the radiation resilience of MAX phase
coatings of Zr;AlC,, Nb,AlC;, and (Zrys, Tiys)3AIC, by proton
irradiation followed by post-irradiation examination based primar-
ily on X-ray diffraction analysis. The findings indicated that Zr-
based 312-MAX phase, Zr;AlC, and (Zrys, Tig5)3AlC,, exhibited
remarkable defect recovery capabilities above 400 °C, whereas
Nb,AIC; showed no significant defect recovery below 600 °C.
DFT calculations suggest that the structural distinctions between
the 312 and 413 MAX phases govern the variations in radiation
resistance observed in these materials. Similarly, Dai et al.'®" and
Duan et al.'® investigated the point defect and mono-vacancy
defective in the MAX phase Cr,AlIC coating using first-principles
calculations, which suggested the excellent anti-radiation perfor-
mance in nuclear applications.

4.3. Electromagnetic shielding performance

In recent years, there has been significant focus on the MAX phase
coatings as exceptional electromagnetic interference (EMI) shield-
ing materials due to their high conductivity, remarkable thermal
conductivity, resistance to high temperatures and oxidation
resistance.'®"® The superior EMI shielding capabilities of
MAX phases stem from their high absorption and reflection of
EM waves. Huang and co-authors'®® studied the EMI shielding
performance of MAX@ carbonised wood (CW) composites
(Ti,AIC@CW, V,AIC@CW and Cr,AIC@CW) with a porous struc-
ture. The MAX@CW composite materials preserve the porous
structure characteristics of CW templates, while the CW template
facilitates the oriented assembly of the MAX phase by filling the
porous structure of CW, creating multiple interfaces. These dis-
tinctive structures establish a pathway for terahertz wave dissipa-
tion in porous network structures, leading to a notable rise in
transmission loss. Consequently, MAX@CW composite materials
display significantly higher shielding effectiveness than CW.

4.4. MAX phase as a bond coating for thermal barrier coatings

In order to prevent the interdiffusion of elements at the sub-
strate alloy/coating interface, MAX phase coatings are also used
as intermediate or diffusion barriers in some composites.'¢”*¢®
For example, Li et al.'®'*® assesses the performance of Cr,AlC
coatings as a thin transition layer between the NiCrAlY coating
and alloy substrate at high temperature. It was observed that the
Al in Cr,AlC could diffuse outwardly to the substrate alloy and
NiCrAlY coating, which strengthened the metallurgical bonds at
the interfaces between the substrate alloy and Cr,AlC layer, as
well as between the Cr,AlC layer and NiCrAlY coating. However,
due to the rapid outward diffusion of Al the Al content in Cr,AIC
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steadily decreased, leading to the phase transformation of
Cr,AlC to dense Cr-C compounds (Cr,Cs, Cr,3Cs) on both sides
of the transition layer. These Cr-C compounds are typical
ceramic candidates for diffusion barriers. Moreover, Mourad
et al'’® demonstrated the thermodynamic, dynamic and
mechanical stability of Hf,GeX (X = C, N, and B) 211 MAX phases
through a first-principles investigation, which displayed that
they were likely to have thermal barrier coating applications.

5. Summary and outlook

To summarize, this report reviews the development, chemical
compositions, and microstructures of MAX phase coatings, as
well as various synthesis techniques such as PVD, CVD, spray-
ing methods, and laser cladding. It also surveys the protective
performances of MAX phase coatings and explores their
potential functional applications. Thanks to the dedicated
efforts of material researchers, significant progress has been
made in understanding and characterizing the microstructures
and properties of MAX phases, discovering new coatings and
identifying potential applications. However, there are still some
issues which need to be solved or more deeply investigated.

To date, over 340 types of MAX phase materials have been
synthesized, with most research focusing on bulk materials and
powder preparation. Developing a wider range of MAX phase coating
systems, including MAX phase solid solutions, is crucial for expand-
ing the research and functional applications of MAX phase materi-
als. Although many MAX phases have been theoretically predicted to
be thermodynamically and mechanically stable, their experimental
realization remains challenging due to immature synthesis techni-
ques. Achieving high-purity MAX phases is particularly difficult,
complicating accurate property characterization. Consequently,
improving the purity of MAX phase coatings using existing synthesis
methods, as well as developing novel synthesis techniques, remains
a key priority. Moreover, further research is needed to elucidate the
microstructure-property relationships of MAX phases. For instance,
the stability of MAX phases with atomic vacancies requires deeper
investigation, as it can provide valuable insight into their application
as high temperature oxidation resistance and self-healing materials.
Additionally, a wide range of chemical and physical properties of the
newly developed MAX phase coatings await further characterization.
In particular, the magnetic properties of MAX phases and their solid
solutions demand attention, including the effects of atomic configu-
ration, alloy composition, temperature, magnetic fields, and applied
pressure. Finally, developing commercially viable applications for
MAX phase materials is an urgent priority, as successful market
penetration could significantly stimulate further research and devel-
opment. The potential applications for this family of layered metallic
ceramics are vast, and their commercialization could revolutionize
multiple industries.
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