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ABSTRACT

Layered MAX phases possess distinctive chemical, physical, electrical, and mechanical properties
due to their amalgamation of metallic and ceramic characteristics. Understanding the corrosion
mechanisms of MAX phases in various extreme environments is crucial. This paper commenced
by scrutinizing synthesis techniques for MAX phase powders, thin films, and bulk materials, with a
focus on fabrication processes and formation mechanisms. Subsequently, it delved into corrosion &
oxidation mechanisms in diverse environments, emphasized their unique self-healing properties,
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and outlined future research directions. This comprehensive and systematic review aims to fur-
nish researchers with effective guidance for selecting MAX phases based on different application

environments.

1. Introduction

The MAX phases were first discovered in the late 1970s
by Novotny et al with the name of ‘H-phase materials’
which is a class of nano-layered carbides and nitrides.
The general formula is My, 4 1 AX;, where n equals 1 ~6,
M belongs to an early transition metal, A is an A-group
(mostly I ITA and IVA) element, and X can be C, B or
N [1-4]. The crystal structure of the MAX phases is
characterized by different My, 41X, layers and A layers
alternately stacked along the c-axis. Based on the value
of ‘n’, traditional MAX phases were categorized into
three groups: 211 phases (Ti,AlC), 312 phases (TizAlC;)
and 413 phases (Nb4AlC3) [5-7]. Recently, MAX phases
with higher values of ‘n’ have also been discovered,
including 514 phases ((Tig5Nbg5)5AlC4) [8], 615 phases
(TagAlCs) [9], 716 phases (Ti;SnCs) [10]. Additionally,

by doping elements in the M, A, or X site, new MAX
phases can be synthesized, such as (Tip 5Zrg5)2AlC [11],
Tiz(Al1—xSix)Cy [12], Tip Al(Cx,N1—x)y [13] etc. In addi-
tion to the traditional MAX phase structures, there are
also hybrid structures. Notable examples include the 725
phases (Ti;SipCs) [14] and the 523 phases (TisAl,Cs3)
[15]. The 725 and 523 phases are intergrown phases with
alternating layers of 211 and 312 (or 312 and 413).

The MAX phases were typically fabricated using
methods such as hot press sintering (HP) [16], spark
plasma sintering (SPS) [17], mechanical alloying (MA)
[18], self-propagating high-temperature synthesis (SHS)
[19], physical vapor deposition (PVD) [20] and chemical
vapor deposition (CVD) [21]. In the preparation process,
a primary challenge arised from the formation of inter-
mediate phases, leading to a reduction in purity. Recently,
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Scheme 1. A brief history for the development of MAX phases.

the formation mechanism and theoretical research of
MAX phases have received extensive attention [3,4,22].

The MAX phases exhibit unique properties aris-
ing from the mixed covalent-ionic-metallic nature of
their chemical bonds and the special nanolayered struc-
ture. These properties combine characteristics of ceram-
ics and metals, including good ductility, high ther-
mal and electrical conductivity, superior oxidation resis-
tance, remarkable high-temperature stability, and excel-
lent radiation resistance. Such distinctive features make
MAX phases as an ideal material family for various appli-
cations, including thermal shock-resistant refractories,
electrical contact coatings, neutron radiation-resistant
materials, etc [23,24]. In additon, MAX phase is the pre-
cursor of MXene. The MXene can be formed by etching
the A-position atoms of MAX phase. Due to its advan-
tages of high conductivity, hydrophilicity, large surface
area, it has a wide range of applications in catalysis and
energy storage [25]. Researchers have extensively studied
these unique properties of the MAX phases since the early
2000s [1,21,22,26-35], as illustrated in Scheme 1.

The most significant application of MAX is high-
temperature materials due to its superior oxidation resis-
tance in various environments, including atmospheric
conditions, high-temperature water environments, crit-
ical water conditions, and molten corrosive media. This
application primarily relies on its unique layered nanos-
tructures and characteristic elements. Over the past
two decades, considerable attention has been devoted
to MAX phases such as Cr,AlC [36], Ti,AlC [37] and
Ti3AlC; [38] which showed excellent antioxidant prop-
erties in harsh environment. Corrosion or oxidation
resistance hinges on the formation of a dense protec-
tive layer on the surface and a good thermal match
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between the protective layer and the substrate. TiAIC
exhibits almost the same coefficient of thermal expansion
(CTE) (7.4 x 107° /K from 25°C to 1300°C) with in-situ
formed Al,03(7.9 x 107° /K from 25°C to 1000°C and
9.0 x 107 from 25°C to 1500°C, respectively) [37]. Con-
sequently, thermoelastic stress is minimized (the residual
thermal stress on Al,O3 can be reduced to 7 times com-
pared to nickel superalloys), reducing and preventing
premature spalling. The MAX phases with Al element
were inherently self-healing under oxidation conditions
[39-42]. Due to the relatively weak M-A bond, A atoms
tend to diffuse outward from the A layer and are more
easily oxidized when exposed to an oxygen environment
athigh temperatures. Therefore, existing microcracks can
be filled by the formation of A-oxides.

The intricate corrosion environment has presented
challenges to the application of MAX. For instance, in
high-temperature oxidation environments with water or
vapor, hydroxide ions selectively bond with Si and Al in
the A-site of MAX phases, hindering the formation of
dense passivation structures. Achieving matching oxida-
tion resistance under both air and water vapor environ-
ments requires a theoretical understanding of the for-
mation and destruction mechanisms of the oxide layer.
The formation of the protective layer is influenced by
the diffusion of elements. Various forms of element diftu-
sion in MAX phases, particularly in coating MAX phases,
have not been thoroughly investigated. The microscale
diffusion mechanisms of elements in different environ-
ments remain unclear. To predict and control the behav-
ior of MAX phases at different temperatures, it is essential
to systematically study the phase formation processes,
microstructure evolution, and oxidation behavior in var-
ious environments.
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Scheme 2. A review of different application environments and
corrosion resistance factors of MAX phases.

This review aims to summarize the oxidation behavior
and mechanisms of MAX phases in various environ-
ments. This endeavor contributes to a better understand-
ing of the application of MAX phases in diverse settings,
along with existing challenges and potential solutions.
The review briefly outlines preparation methods for vari-
ous MAX phases and summarizes their formation mech-
anisms. Furthermore, it explores MAX phase oxidation
mechanisms in different environments, with a focus on
factors like composition, surface texture, oxide structure,
and the destruction mechanism, as depicted in Scheme 2.

The review also addresses the multi-component oxi-
dation behavior and mechanisms of MAX phases. Fur-
thermore, a brief discussion on the impact of molten salt
on MAX phase corrosion enhances our understanding of
MAX phase material behavior in fourth-generation reac-
tor environments. Finally, the review succinctly summa-
rizes the main research achievements and outlines future
research directions for MAX phases in diverse corrosion
fields.

2. Preparation of MAX phases

MAX phases were produced in various forms, including
bulk material [34], thin layer films [43] or thick coatings
[44], and powders [45]. Bulk MAX phases blocks were
commonly utilized for structural materials, such as tur-
bine blades [46]. Thin films were typically deposited by
Magnetron sputtering (Figure 1(a)). Thick coatings were
fabricated by thermal spraying (including laser cladding
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(Figure 1(b)), plasma spraying (Figure 1(c)) and high-
speed oxygen fuel (HVOF) spraying) and cold spraying
technology, which were used in various industries such
as aerospace, nuclear power plants, ships and oceans
[47,48].

Different forms of materials underwent distinct
changes during preparation and phase transition, neces-
sitating specific conditions. For instance, powder prepa-
ration requires addressing issues related to excessive spe-
cific surface area and surface overexposure. The film
preparation process primarily involved the nucleation of
atoms islands on the substrate, requiring careful con-
sideration of two-dimensional atom diffusion. In the
early stages, research focused mainly on Si-containing
MAX phases such as Ti3SiC,. In recent years, an increas-
ing number of studies have emerged on Al-containing
MAX phases, such as Ti, AIC, Cr,AlC, etc [20,35,49,50].
Higher-order MAX phase structures were also reported
to form at higher temperatures due to longer diffusion
lengths [1]. In this section, the preparation methods and
formation mechanism of different forms of MAX phases
were briefly discussed.

2.1. Preparation of MAX phase powers

The synthesis of MAX powders has been reported using
various methods, such as pressureless sintering [53],
mechanical alloying [54], self-propagation high temper-
ature synthesis [55], molten salt synthesis(MSS) [56]. Su
et al. [57] synthesized high purity (98.7wt %) Ti3SiC,
powder using coir carbon, Ti and Si as raw materials in
a flowing argon atmosphere of 1673 K through a sim-
ple press-free sintering process. The reactions can be
described by the following equations.

Ti(s) + C(s) = TiC(s) (1)
5Ti(s) 4 3Si(s,)) — TisSis(s) (2)
TiSSi3(S) + 4TiC(S) + ZC(S) — 3Ti3SiC2(S) (3)

Etebarian et al. [56] synthesized Ti3SiC, phase powder
using the molten salt synthesis (MSS) method with rel-
atively high purity (93%) at 1200°C for 2 h. In the MSS
method, low melting salt(s) such as NaCl or a com-
bination of NaCl and KCl were used as the reaction
medium to accelerate the reaction process. The solubility
of reactants in the salt medium provides a quite homoge-
neous mixture, and the final products were formed in the
molten salt medium at lower temperatures and shorter.
The synthesis process was determined by the relative
dissolution rate of the reactants in the molten salt.

For powder sintering to produce MAX phases, tem-
peratures exceeding 1300°C led to significant Al evap-
oration, causing lattice distortion and reduced fracture
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Figure 1. Schematic illustration of MAX coating preparation (a) magnetron sputtering process (reprinted with permission from [20]), (b)
laser cladding process (reprinted with permission from [51]), (c) plasma spraying process (reprinted with permission from [52]).

toughness within the MAX phase. To enhance the purity
of synthesized MAX phases, higher A-element content
in the initial material was required to compensate for
evaporative losses during high-temperature synthesis.
Otherwise, residual MxXy phases or MAX phases with
higher ‘n’ values may remain in the final product. How-
ever, excessively high A-element content in the start-
ing materials might result in residual MxAy compounds.
When using pure metal powder sintering for MAX phase
synthesis, the formation temperature usually exceeded
1100°C. Fortunately, MAX phases can be obtained at
low temperature by introducing intermediate phase MX
compounds into the raw materials.

2.2. Preparation of MAX phase coatings

The preparation of MAX coatings mainly involves PVD,
CVD, laser cladding and plasma spraying. Thermal
spraying technology was commonly used in thick coating
fabrications process [47,58]. The source material, which
can be a powder or wire, is heated or even melted by
thermal energy through chemical (combustion flame) or
electrical (plasma or laser) methods, and then sprayed
onto the substrate at a high speed. However, the MAX
phase composite coating is unstable at high temperature
when sprayed with high energy. The high energy beam
could promote the decomposition of in-situ synthesized
MAX phase. Proper heat treatment of the coating after
laser cladding was required to enhance the interatomic
diffusion in the coating, reduce the residual stress, and
improve the microstructure of the coating [51].

The PVD process mainly includes direct current mag-
netron sputtering (DCMS), arc ion plating (AIP) and

radio frequency magnetron sputtering (RFMS). There
are mainly three synthesis ways for the preparation of
MAX film, which are multi-target co-sputtering deposi-
tion [50], multi-target sequential deposition [20,59-61]
and single-target sputtering deposition [49,62,63]. Heat-
ing the substrate during sputtering facilitates in-situ crys-
tallization of the MAX phase. The non-in-situ annealing
a bunch of amorphous or partially crystalline nanolayer
has also been reported. During the sputtering process, the
monolayer thickness, temperature & time have important
effects on the evolution of MAX phase microstructure.

As described by Eklund et al. [3,4], the formation
mechanism of MAX phase films focuses on the key
role of sputtering and chemical vapor deposition (CVD)
techniques. These methods allow for the precise con-
trol of film composition and morphology through careful
selection of target materials, substrates, and deposition
parameters. Post-deposition annealing processes are crit-
ical for enhancing crystallinity and phase purity. The
choice of substrate and optimization of deposition con-
ditions, such as temperature and pressure, significantly
influence the quality and properties of the resulting MAX
phase films. These processes enable the creation of high-
quality thin films with tailored properties suitable for
various applications.

Palmquist et al. [29] synthesized Ti3SiC, MAX phase
films using two approaches: Ti and Si sputtering targets
combined with C60 evaporation and sputtering from a
Ti3SiC, composite target. The results demonstrated that
both methods successfully produced single-crystal epi-
taxial Ti3SiC, films at a growth temperature of 900°C.
However, films deposited from the composite target
at temperatures below 900°C showed no signs of the



Ti3SiC, phase. In contrast, the C60 precursor method
yielded crystallized Ti3SiC, films at a lower temperature
of 700°C, though the film quality was inferior.

The nano-layered coatings enabled shorter diffusion
lengths. Additionally, the deposited multilayer material,
being a high-energy substance, stored internal chemi-
cal energy that promoted the growth of MAX phases,
thereby reducing their formation temperature. Recently,
researchers employed a method of sequential atomic
layer sputtering to fabricate uniformly thick M/A/X films
[20,60,64]. The mechanisms of phase formation and the
formation temperature were investigated.

Tang et al. [61] investigated the synthesis and charac-
terization of Ti;AlC coatings by sputtering a multilayer
system consisting of Ti/Al/C monolayers (Figure 2(al)).
Annealing at 600°C resulted in the formation of a mixed
intermetallic Al3Ti and TiC. The crystalline transition
from the competing non-MAX phases to Ti;AIC MAX
phase occurred in the region of 600-700°C. Pure phase
of Ti,AIC coating was obtained after 800°C annealing
for 10 min with an average grain size around 20nm
(Figure 2(a2)). The special arrangement of just 10 nm for
the thickest layer (Ti), guaranteed a short diffusion length
and higher surface activity. Due to the nanoscale effects, a
successful synthesis of pure Ti, AIC coating at relative low
temperature was achieved. In addition, with the temper-
ature rising to 900°C, the Ti3AlC; MAX phase gradually
crystallized (Figure 2(a3)), The reaction mechanism was
shown in Figure 2(a4).

Nucleation and growth of MAX phase through PVD
required a threshold temperature to allow the atoms
to have sufficient mobility and energy. In addition to
Tip AlC, the preparation of Cr, AIC was also investigated.
The diffusion of Cr and C in the MAX phase was more
favorable kinetically, because the bond energy of Cr-C
was lower than that of Ti-C. Thus, the synthesis tem-
perature of Cr,AIC was the lowest among 211 MAX
carbides. In addition, the initial crystallization temper-
ature of the specific MAX phase was closely related to
the thermodynamic stability of the corresponding binary
carbide. Before the highly ordered MAX phase struc-
ture were formed, the formation of intermediate binary
carbides or solid solution phases were inevitable dur-
ing annealing. The thermodynamic stability of binary
chromium carbide was much lower than that of binary
titanium carbide, so for the formation of Ti; AIC, a higher
energy barrier (i.e. a higher synthesis temperature was
required) must be overcome. Zhang et al. [62] studied the
microstructure evolution of amorphous Cr-Al-C coat-
ings prepared by DC magnetron sputtering from a com-
pound target. At annealing temperature below 500°C, the
coating had an amorphous structure (Figure 2(b1)). With
the increase of annealing temperature, the coating was
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composed of (Cr,Al), Cy solid solution, amorphous struc-
ture and Cr,AIC MAX phase at 570°C (Figure 2(b2)).
Cr,AIC MAX phase was basically formed except for
a small amount of incomplete solid solution at 700°C.
With a further increase of temperature, the crystalline
Cr,AIC MAX phase remained basically stable at 800°C
(Figure 2(b3)).

Multiple components require higher temperatures,
For example, Azina et al. [49] studied the synthesis of
MAX films from a (TiZr),AlC compound target. At
first, due to preferential sputtering or the abundance of
carbides on the target surface, only carbides were gener-
ated. High substrate temperatures and longer deposition
times result in films primarily composed of (Ti, Zr)C
carbides, The temperature must exceed 900°C to form
MAX phases. Therefore, these carbides are considered
as an intermediate layer that promoted the nucleation of
MAX phases. The growth mechanism started with the
formation of mixed (Ti, Zr)C carbides, followed by the
nucleation and growth of aluminides, ultimately lead-
ing to the solid-state diffusion of Al into the carbides,
forming the MAX phase at a temperature above 900°C.

The high post-annealing temperature (> 700°C) lim-
ited MAX phase (Ti,AIC) application, especially for the
coating application. Abdulkadhim et al. [65] prepared
TiCy/Al bilayer films by combined magnetron sputtering
and deduced that when x < 0.7, Upon annealing, TiCy
reacts with Al to form Ti-Al-based intermetallic. At tem-
peratures as low as 700°C, Al inserted into TiCy directly
formed the MAX phase.

Wang et al. [50] designed and prepared TiCye5/Al
multilayer films (Figure 2(c1)). By extending the anneal-
ing time, they successfully synthesized the Ti; AlC phase
at 550°C/100h (Figure 2(c2)), which was the lowest
reported synthesis temperature in the literature so far
(Figure 2(c3)). The Al diffusion-controlled intercalation
process played the key factor to reduce the formation
temperature of Ti; AIC MAX phase.

In situ generation and detection technology is widely
used in various fields such as energy storage and catalysis
[66-70]. In-situ X-ray diffraction (XRD) enables charac-
terization of the phase composition, microstructure, and
residual strain state of the coating as a function of tem-
perature [71,72]. Yuan et al. [71] employed in-situ X-ray
diffraction to investigate the phase evolution of deposited
M-Al-C (M = Ti, V, Cr) coatings concerning temper-
ature variations. The results revealed that the Ti, AlIC
exhibited the highest negative formation energy, with a
Debye temperature of 732 K, surpassing V,AIC at 696 K
and Cr,AIC at 644 K, making it the most resistant to for-
mation. At 400°C, crystallization peaks for Cr,C initially
appeared at 42.7° with a (101) preferred orientation, yet
Cr,AlC phase formation did not occur. Furthermore, at
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Figure 2. (a1) Low-magnification TEM images of as-deposited Ti-Al-C multilayer coating. (a2) Microstructures of Ti-Al-C coatings after
100 h of annealing at 550°C. (a3) XRD spectra of the as-deposited Ti-Al-C coatings and the annealed coatings at different annealing
temperatures and time. (a4) Proposed schematic illustration of mechanisms for growth of basal plane textured MAX phase coatings via
annealing of M/C/Al reactive multilayers (reprinted with permission from [60]) (b1) HRTEM image of the as-deposited Cr-Al-C coating.
(b2) HRTEM image in local region. (b3) XRD patterns of the coatings annealed at 500-900°C for 1 h, as well as the as-deposited coating
(reprinted with permission from [62]). (c1) Low-magnification TEM images of as-deposited Ti-Al-C multilayer coating, (c2) HRTEM images,
(c3) XRD spectra of the as-deposited Ti-Al-C coatings and the annealed coatings at different annealing temperatures and time (reprinted

with permission from [50]).

500°C, the peak at 42.7° shifted to alower 20 value, poten-
tially due to the incorporation of Al into the hexagonal
structure of Cr,C. Upon further elevation of the temper-
ature to 800°C, the intensity of the Cr, AlC peak increased
notably, especially the (103) crystal plane. These findings
provided a theoretical basis for further understanding of
the phase formation mechanism of MAX phase coatings.

In recent years, high power pulsed magnetron sput-
tering (HiPIMS) has received much attention due to its
increased plasma density and ionization degree. These
advantages enabled it to regulate the coating microstruc-
ture, enhance the migration and diffusion of surface
bound atoms, and significantly improved the density,
mechanical properties, and wear resistance of the coating
[73,74].

Alamid et al. [73] firstly utilized high-power impulse
magnetron sputtering (HIPIMS) technology to deposit
Ti-Si-C films from a Tiz3SiC, composite target. The
results indicated that the film composition, particularly
the carbon content, depended on the substrate tilt angle
and Ar pressure. When deposited at a substrate tilt angle
of 90°, the Nowotny phase TisSizCx was present in the
films. Due to the high degree of ionization and the dif-
ferences in ionization degrees among the three elements
in the target, the composition of the deposited film dif-
fered from the nominal target composition, which could

be controlled to some extent by appropriately select-
ing the process parameters. Under the same conditions,
films deposited using direct current magnetron sput-
tering (DCMS) were rough and porous. Compared to
DCMS, HIPIMS significantly improved the smoothness
and density of the film quality.

Compared to DCMS, HiPIMS technology enhances
the plasma ion concentration and kinetic energy, leading
to the formation of inherent TiAlx nanocrystals within
Ti-Al-C coatings instead of obtaining amorphous coat-
ings [74]. TiAlx compounds typically was acted as inter-
mediate products in the transformation from Ti-Al-C
amorphous phase to Ti-based MAX phases. The inherent
crystallinity of coatings deposited by HiPIMS undoubt-
edly contributed to this phase transition. Thus, the trans-
formation of TiAlx compounds to MAX phases was more
prone to occur than the mutual diffusion and reaction of
Ti, Al, and C. In the end, HIPIMS facilitated the genera-
tion of Ti3AlC; phase after low temperature annealing at
700°C.

2.3. Preparation of MAX phase bulks

Early bulk MAX phases were mainly prepared by the
combination of spark plasma sintering (SPS) [58], with
hot pressing (HP) [75] or hot isostatic pressing (HIP)
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from [35]).

[76,77]. In SHS, reagents were mixed and locally pre-
heated to ignition temperature to initiate a sponta-
neous self-sustaining exothermic reaction that prop-
agated between reagents and ultimately obtained the
desired solid product. For instance, Fully dense poly-
crystalline TizAlC; - TipAIC dual MAX composite was
successfully synthesized by spark plasma sintering (SPS)
(Figure 3(al)). In addition, TizAIC; is the main crys-
talline phase with weight fraction 68% whilst 32% of the
residual phase was TiyAIC (Figure 3(a2)) [78].

Akhlaghi et al. [79] prepared Tiz AlC, using titanium,
aluminum and carbon (graphite) powders by mechani-
cal activation self-propagating high-temperature synthe-
sis process. At first, Due to its low melting point (660°C),
Al was surrounded by the Ti and C particles. At the inter-
face between titanium particles and graphite flakes, an
exothermic reaction occured between Ti and C, result-
ing in the formation of TiC particles. Additionally, this
process promoted the generation of a Ti-Al liquid phase.
At 1120°C, Then TiC particles dissolved in molten Ti-Al,

and Ti3AlC; phase began to nucleate. The schematic syn-
thesis during the formation of Ti3AlC; MAX phase was
shown in (Figure 3(b))

Ti+ C — TiC(s) 4)
Ti+ Al — TiAl(l) (5)
2TiC + TiAl(1) — TizAlC, (6)

Nowadays, the high-entropy ceramics (HECs) have
received growing attentions. As for M,SnC (M = T4, V,
Nb, Zr, Hf) high-entropy MAX phase, which indicates a
chemically complex atomic arrangement in the M-layers
(Figure 3(c1-c2)). Bao et al. [35] prepared high entropy
M,AIC-MC (M = Ti, Zr, Hf, Nb, Ta, Al and graphite)
composites by HP method using Ti, Zr, Hf, Nb, Ta as
raw materials. HP is a densification process that simul-
taneously applies heat and uniaxial pressure to the dense
powder or body contained in the mold, thereby reducing
porosity. With the increase of temperature, the Al-rich
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eutectic phase gradually disappeared, indicating that the
dissolution between the metals occurred, and at 1600°C,
M,AIC and MC phases were formed (Figure 3(d)). The
successful dissolution of five transition metal elements
in the M;AIC MAX phase and MC carbide was con-
firmed. However, the formation and partial leakage of
transitional aluminized eutectic phase during sintering
resulted in certain loss of metal elements, especially Al
atoms. With the change of the distribution of metal ele-
ments, Al vacancy leads to the delocalization of atoms
and large lattice strain leads to the decline of fracture
toughness.

Qiao et al. [80] prepared ((Mog.25Cro25Ti025V0.25)3
AlC,;) high-entropy MAX phase powder by two-step
solid phase reaction method to avoid the volatilization
of Al element at high temperature. Firstly, all kinds of
metals and C powder were uniformly mixed according to
the ratio of M(Mog 25Cr.25Ti0.25Vo.25):Al:C = 3:1.4:1.9,
sintered at 1600°C/3 h, and then Al powder was added for
secondary sintering at 1400°C/1 h. The final high entropy
MAX phase powder was obtained and the consumption
of Al was effectively reduced.

Because of the binary transition metal carbides like
TiC present as impurities in the final product, achiev-
ing high-purity MAX phases is challenging. The distinct
mechanisms of the SPS process lead to almost full den-
sification at lower temperatures and shorter sintering
durations compared to traditional hot pressing.

The SPS process [82] allowed in situ synthesis of
MAX phases from starting elemental powder such us
Ti, Al, C. Also, Near monolithic MAX phase contain-
ing 95 wt.% Ti3AlC; and 5 wt.% TiCx was synthesized
at 1350°C with an applied pressure of 50 MPa. [83].
The evolution of impurity phase TiCx may be related
to the outward diffusion and detachment of Al at high
temperatures. The evaporation loss of Al leads to the
transformation of hexagonal Ti3 AlC; (TiAlg 33Co67) into
sub-stoichiometric cubic TiCy.

TiA10.33C0.67 —> TiC0.67 + 033Al( T ) (7)

In addition, Yunus et al. [84] synthesized phase-pure
TizAlC, MAX phases with purity exceeding 99% using
(SPS) technology employing commercial-grade Ti, Al
and C. By adding a 20% excess of Al in the raw materials,
which compensated for Al evaporation at high tempera-
tures, thus enhancing the purity of the MAX phase. Even
in an Ar environment at temperatures exceeding 1500°C,
the MAX phase exhibited good high-temperature ther-
mal stability.

Through an overview of the formation mechanism of
bulk MAX phases, it is evident that multiple interme-
diate phases, such as MX (TiC), MY (Al;3Ti), AX (SiC),
are formed during MAX phase synthesis. Scholars have

found an oriented relationship between TiC and Ti3z AIC,
due to their interface forming coherent boundaries [85].
This confirmed TiC as the primary intermediate phase
influencing MAX phase formation. Meng et al. [86] com-
pared the phase compositions of samples prepared using
and 1 Ti: 1 Si: 2 TiC powder, which exhibited higher
Ti3SiC, content and lower intermediate phase content
(TiC and TisSi3) than those prepared with 3 Ti: 1 SiC:
1C powder.

The M-A bonds between M, 11X, layers and the A
layers are weaker compared to the M-X bonds within
the My 41X, layers. This enables the embedding of A
layers into the MxXy compounds, allowing for the prepa-
ration of MAX phases. Han et al. [87] utilized a TiCy
(x = 0.6)/Al powder mixture as the starting material and
employed hot-pressing sintering to fabricate TizAlC,.
Polycrystalline TizAlC, was successfully synthesized at
25 MPa at 1000°C, which significantly shortened the
synthesis time and processing temperature, reduced the
intermediate phase, and improved the purity of MAX
phase.

The mechanism behind MAX phase formation
involved the diffusion of A-site elements to ordered
vacancies in MX, resulting in the creation of the MAX
phase. The formation temperatures for bulk and powder
MAX phases were both above 1000°C. However, for thin
film MAX phases, the formation temperature notably
decreased, ranging between 500-900°C. By employing
sequentially deposited M/A/X metal layers in nanos-
tructured films, the annealing temperature for MAX
phases was further reduced. Through the deposition of
intermediate phase MX/A and prolonging the anneal-
ing duration, Ti;AlC can be formed at a minimum of
550°C. As the ‘n’ value increases within MAX phases, fur-
ther diffusion reactions between elements were required,
thereby elevating the formation temperature of the MAX
phase. For the synthesis of high entropy MAX phase, the
main problem is the formation and removal of impu-
rity phase, the formation mechanism is similar to that
of conventional MAX, first forming high entropy car-
bide, and then reacting with Al solid solution to form
high entropy MAX phase. High entropy MAX phase can
be prepared by magnetron sputtering, and its forma-
tion temperature can be significantly reduced, but how
to control the formation of impurity phase is the main
problem.

Up to now, synthesizing pure MAX coatings has
remained a challenging task due to their highly ordered
crystalline structure and potential growth of competing
compounds, The addition of intermediate phases(MX)
in raw materials can reduce the formation temperature
of MAX phases, mitigate A-site element evaporation, and
enhance MAX phase purity.



Table 1. Oxidation behavior of MAX phases under Air.
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Oxide
Temperature  Exposure thickness
Specimen Preparation technology (o] Time (h) Oxidation products (pm) Msss change Refs
Ti;AlC SPS 1200 50 TiO,/Al,03 8 4 mg/cm? for 1000 h [34]
CryAlC Arc/sputter technology 1000 40 (Cr,Al),03 0.39 0.0162 mg/cm2 for1h [44]
CraAIC Magnetron sputtering 1100 1 Al;03 + Cr,03 0.8 3.7 mg/cm? for 1h [89]
V,AIC Magnetron sputtering 600 0.5 VO, + V5,05 + Al, O3 1 - [43]
Ti AlC Magnetron sputtering 1000 0.5 (a-Al;03 + R-TiO2/a-Al;03/TiO3) 20 5.90 mg/cm? for0.5h  [90]
CrpAlC FAST/SPS 1300 1 a-Al;03 10 - [91]
YSZ-Ti, AlC APS 1300 500 a-Al,03 37-40 6.5 mg/cm2 for 500 h [92]
Ti AlC HP 1300 120 TiOy/A1,03 17 - [93]
Tiy (Alg.6Sng.4)C Magnetron sputtering 700 10 TiO,/Al,03/5n0; - - [94]
(Tio.gNbg.1)3AIC; HP 1200 15 Al,03, TiO; Nby 05 - - [95]
Ti3Sig:9Al:1Co HP 1350 20 Al TiO5/TiO,/TiO; + SiO; 648 - [96]

3. Oxidation of the MAX phases in air

The MAX phase oxidation has been under investiga-
tion since 2001 [28]. Oxygen resistance stands out as
a critical factor for the MAX phase’s application as
high-temperature materials. High-temperature antioxi-
dant materials typically establish a protective layer on
the surface, mitigating further oxidation. Oxidation of
alloy or composite materials generally encompasses two
processes: the dissolution of oxygen and the forma-
tion of oxidation scales. This oxidation process usu-
ally initiates with thermodynamically controlled surface
reactions, succeeded by the growth of the oxide film.
Currently, only three oxides—silicon dioxide (SiO,),
chromium oxide (Cr,O3), and alumina (Al,O3)—have
proven sufficient for forming a dense protective layer
for prolonged use at 900°C. Among these, alumina has
emerged as the most frequently reported oxide offer-
ing adequate protection for long-term high-temperature
applications within the MAX phase. In general, the oxi-
dation reaction of MAX can be expressed by the following
formula:

M+1AX;, + b0y = M;410, + AO), + XnOZb—x—y (8)

MAX phase oxidation in air primarily involves Ti-Al-
C, Cr-Al-C, and Ti-Si-C, etc. The main factors influ-
encing MAX phase oxidation behavior encompass com-
position, diffusion coefficient, surface roughness, grain
size, texture, residual stress, thermal expansion coeffi-
cient, and more. Understanding the microstructural evo-
lution of oxides under different time, temperature, and
atmospheric conditions is crucial for a comprehensive
understanding of the oxidation mechanism. Figure 4(a)
illustrated the kinetic constants and activation energies
of different MAX phase and high temperature oxida-
tion resistant alloys, and Figure 4(b) showed the Gibbs
forming energies of different oxides at high temperature.

Table 1 showed the oxidation properties of different
MAX phases under Air.

3.1. The oxidation of Ti2AIC

Rao et al. [16] examined the crystallographic relationship
between a-Al, O3 oxidation scale and Tiy AIC at 1200°C.
In Ti, AlC, the Ti-C bond exhibited strength, covalency,
and directionality, contrasting with the weaker Ti-Al
bond. This strong Ti-C interaction diminished reactivity,
leading to the preferential oxidation of Al In the ini-
tial oxidation stages, Al diffused from the Ti; AIC matrix,
reacting with oxygen to form a-Al,O3 and establishing
an internal oxide layer. The depletion of Al atoms in
Ti,AIC resulted in the formation of Ti-rich interlayers,
acting as a barrier to outward Al diffusion.

Cui et al. [37] investigated the microstructural evo-
lution of Ti;AIC ceramics during oxidation in air from
900 to 1400°C. At 900°C, TiO, formed on the surface
of Ti,AlC through inward diffusion of O>~ and out-
ward diffusion of Ti** from Ti, AIC. However, this differs
from other reports [16]. From a bond energy perspective,
The surface of Ti»AIC should preferably form Al,Os. It
is speculated that the samples prepared by the authors
may contain impurities, with a significant presence of
Ti atoms on the surface, leading to the preferential for-
mation of TiO,. At 1000°C, a-Al,O3 begins forming
through inward diffusion of O?>~ and outward diffusion
of A*t from Ti, AlC. The oxidation of Ti,AIC can be
summarized by the following reactions:

Ti, AIC 4+ xO,

— TigAlC + xTiO(rutile), x < 0.051(T < 940°C)
)

15 1
Ti AlC + ZOZ — 2TiO,(rutile) + 50(A1203 + CO,

AV = 59.0%, Am = 56.4%(T > 940°C) (10)
Due to the weak bond of Al in the TiyAlC structure,
A>T migration from the Al atom plane in the layered
structure of Ti,AlC is easier than for Ti**. Therefore, in
the inner part of the oxide scale, increasing numbers of
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a-Al, O3 grains nucleated. During high-temperature oxi-
dation below 1300°C, the microstructural development
of Ti;AlC involves the gradual formation of an exter-
nally discontinuous TiO, layer and an internally dense
continuous a-Al,O3 layer. Heating to 1400°C results in
the formation of an outer layer consisting of a mix-
ture of TiO; and Al,TiOs, along with a fractured inner
layer of a-Al,O3. Upon heating to 1200°C and subse-
quent cooling to room temperature, two types of planar
defects within the surface TiO, grains are revealed: twin-
ning with (200) planes and stacking faults bounded by
partial dislocations. Thermal stresses generated by the
thermal expansion mismatch among TiO», a-Al; O3, and
Al TiOs phases in the oxide layer are relieved within
the TiO, particles. However, crack propagation occurs
within the TiO, grains upon heating to 1400°C and
cooling to room temperature, due to thermal expan-
sion mismatch among phases in the oxide layer, the high
anisotropy of thermal expansion in Al TiOs, and volume
changes associated with the Ti, AIC oxidation process.

3.2. The oxidation of Cr2AIC

Studies on the Cr-containing MAX phase have also been
conducted. Cr;AIC, as a member of the MAIC family,
exhibits the highest bulk modulus due to its maximum
Cr-C bond energy compared to other transition metal
materials (M = Ti, V, Nb, Ta).

Hajas et al. [97] explored the isothermal oxidation
behavior of Cr,AIC coatings on alumina substrates in
the temperature range of 1230°C to 1410°C. Al depletion
and oxidation of Cr carbides led to the formation of CO
gas and Cr,0s. The concurrent occurrence of gas for-
mation, along with Al and Cr depletion, contributed to

the substantial void formation observed in the Cr carbide
interlayer (Figure 5(al)). The alumina scale exhibited a
wide region where a (ALCr);0s3 solid solution formed,
accompanied by Cr carbide precipitation (Figure 5(a2)).
Additionally, Zuber et al. [88] summarized the oxi-
dation mechanism of Cr,AlC in an air environment
(Figure 5(b)).

Wang et al. [44] discussed the oxidation mecha-
nism of CrAlC coatings, emphasizing the character-
ization of oxide scales and microstructural evolution
during oxidation. At 900°C, selective oxidation of Al
resulted in the formation of a dense, continuous outer-
most layer of Al,O3. This Al depletion-induced transfor-
mation changed Cr,AlC into Cr;Cs and Cr3C, phases.
At 1000°C and 1100°C, besides the formation of Cr;Cs
and Cr,(C,N), a mixed oxide layer of Cr,O3 and Al,O3
was observed. After 40 h oxidation at 1000°C, Al enrich-
ment occurred at the coating/substrate interface. With
the oxidation temperature reaching 1100°C, the enriched
Alinterface layer transformed into a dense a - Al, O3 layer,
further enhancing the oxidation resistance of the Cr, AlC
MAX phase coating. For both stage I and stage II, the rate
of mass gain in the Cr,AIC coatings was larger in stage I
than in stage II, as no perfect oxide scale formed during
stage I (Figure 5(c1)). The oxidation process was shown
in (Figure 5(c2)).

Sun et al. [98] investigated the oxidation behavior
of Ti3SiC, in air within the temperature range of 900
~ 1200°C. Beyond 1000°C, the oxide layer exhibited a
two-layer structure: a coarse-grained outer layer of TiO;
(rutile) and a fine-grained inner layer of TiO; and SiO5.
Between 1100°C and 1200°C, the oxide layer gradually
transformed into an outer layer of coarse-crystal TiO,
and an inner layer of discontinuous coarse-crystal SiO,.



MATER. RES. LETT. (&) 775

(c1)

A

Al A crAlc

AR CrAlC

formation, AI** ions diffusion
h Cr,C, and begining

[N
form of carbon oxides COx

alumina buckle

(crAl,0,

113):0.

outward-diffusing AR ions

- AL O; scale
§ Cr-C layer
- Cr,AIC coating
.
- C Diffusion-affected
Zone
(Cr, Al),0; scale

Cr,C, sub-layer thickning, decrease of
S n
u
e oxide scale to loose its adhesion.
= J\I 7z = |- e \
=) ' '\
> S II% TS
Al-rich layer’

Dil‘fnsion—alfectedT
zone y

—~

=

~
N
(3]

N

(=]

T
Mass gain’ (mg'lem’)

-
o
T

5 10 15 20 25 30 35
Oxidation time (h)

Mass gain’ (mg’/cm®*)
5
T

e
o
T

Coat.-1000

_Coat.900 |
35 40

15 20 25
Oxidation time (h)

10 30

Substrate Substrate
y 4 Cr,AIC coati p) Oxidized

(a) as-prepared Cr, coating ( )900 °C 40h

(Cr, A1),0; scale

Cr-C-N layer
AL O; scale

Diffusion-affected;
zone

Substrate Substrate

Oxidized Oxidized
© 1000°C 40 @ s100c 40m
Cr,AICEm Cr;C, * ALC;®8 ALO; © (Cr,A),0; Cr;C;  Pores
Cry(C,N) Mo-rich phase @8 Al precipitates
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The oxidation process was governed by the inward dif-
fusion of oxygen and the outward diffusion of titanium,
CO, or SiO.

3.3. The effect of grain size on MAX phases

The size of the grain determines the number of grain
boundaries. These boundaries serve as channels for
atomic diffusion in the MAX phase, and an increased
number of grain boundaries facilitates the diffusion of
the active A-site atom Al in the MAX phase, ensur-
ing the rapid formation of a protective oxide film
[99-101]. Drouelle et al. [101] fabricated coarse and fine
crystal TizAlC, samples using spark plasma sintering
and hot isostatic pressing. In the temperature range of
900-1000°C, alumina formed on the surface of the fine
crystal sample, whereas a mixed (TiO;-Al,O3) unpro-
tective layer formed on the surface of the coarse-crystal
sample.

Yu et al. [100] investigated the oxidation behavior of
fine crystalline (FG) and coarse crystalline (CG) Ti, AlIC
samples at 800°C, 900°C, 1000°C, and 1100°C in air. The
results indicated a faster oxidation rate for coarse crystal

samples. In FG-TiyAlC bulk samples, a dense and pro-
tective Al, O3 layer formed on the surface (Figure 6(al)).
In contrast, the CG-Ti; AIC sample exhibited the forma-
tion of a thick TiO; layer on top of the discontinuous
Al O3 layer (Figure 6(a2)). Moreover, irrespective of the
temperature, the weight gain per unit surface area of CG-
Ti, AIC was two orders of magnitude higher than that of
FG-Ti,AlIC (Figure 6(a3-a4)). CG-Ti,AIC did not con-
vert directly to TiC but to both TizAlC, and TiC. As the
density of TipAIC (4.067 g cm™>) was lower than that
of Ti3AlC, (4.247 g cm™3), the conversion of Ti,AlC
to TiCx (4933 g cm ™) resulted in more severe vol-
ume shrinkage [102]. The volume shrinkage elongated
holes, partially filled with a-Al, O3. The stress induced by
volume shrinkage created surface cracks, facilitating the
inward diffusion of oxygen and worsening the oxidation
resistance of the CG-Ti, AlC block.

Some researchers have investigated the oxidation
resistance of monocrystalline materials, deliberately
avoiding the influence of grain boundaries. Zuber et al.
[99] conducted a study on the high-temperature oxi-
dation of bulk single crystal, fine, and coarse-grained
polycrystals of Cr, AIC from 800°C to 1000°C. The grain
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orientation and size influenced the thickness of alu-
mina. Due to the layered structure of MAX phases,
atoms migrate more easily along layers than through
layers. Therefore, the oxidation process of MAX phases
is anisotropic. As shown in (Figure 6(b1-b2)), in sin-
gle crystal samples, the upper part of the plates, cor-
responding to a basal plane orientation parallel to the
surface, developed a thinner oxide scale compared to the
sides of the plates, which corresponds to a basal plane
orientation perpendicular to the surface. Despite dif-
ferences in material structure, the oxidized oxide layer
exhibited similar characteristics, with a continuous alu-
mina layer and Cr;Cs sublayer formed on the surface of
CrpAlC.

The difference in the slow diffusion of chromium
and the rapid diffusion of aluminum, along with the
evaporation of carbon during oxidation, could create

pores and Kirkendall voids (Figure 6(b3)). For fine
crystals, the abundance of grain boundaries facilitates
easy diffusion paths for aluminum atoms, preventing
the depletion of Al in MAX phase grains under the
oxide layer. A mixed aluminum and chromium oxide
layer is likely sandwiched between two alumina lay-
ers above the Cr;Cs subscale and Cr,AlC substrate
(Figure 6(b4)).

3.4. The effect of texture on MAX phases

Due to the layered crystal structure of MAX phases,
they exhibit different behaviors along various crystal
orientations. If favorable external conditions, such as
uniaxial pressure or magnetic fields, are applied dur-
ing the preparation of the MAX phase, flaky grains
can be preferentially arranged in a specific direction to



form a textured MAX phase with anisotropy. Therefore,
the texture of the MAX phase offers a potential means
to enhance its oxidation resistance without altering its
chemical composition.

Xu et al. [103] investigated the oxidation resistance of
textured TizAlC, ceramics in the temperature range of
1000 ~ 1300°C. The textured top surface (TTS), paral-
lel to basal planes and orthogonal to the c-axis, exhib-
ited a surface oxide composed of a porous mixture of
TiO; and Al TiOs when formed at a temperature of
1473 K (Figure 6(c1-c2)). Due to the preferential out-
ward diffusion of aluminum atoms on the (000 1) base
surface, a dense passivated alumina layer quickly formed.
Consequently, a distinctly different microstructure was
observed on TSS, with a surface composed of dense alu-
mina (Figure 6(c3-c4)). The results indicated significant
anisotropy in the oxidation process, with the samples
demonstrating good oxidation resistance when tested
along the c-axis.

The impact of nanoscale morphology on the oxi-
dation behavior of MAX phase coatings has not been
thoroughly investigated. Chen et al. [104] compared the
oxidation behavior of Cr,AIC MAX phase coatings with
columnar and equiaxed morphologies. After oxidation
at 1100°C for 240 min, the Cr,AIC MAX phase coat-
ings with equiaxed grains exhibited a 20% lower scale
thickness and a 52% larger scale grain size compared
to the coatings with columnar grains (Figure 6(el-e2)).
The scale thickness increased gradually with prolonged
oxidation time for both samples. Additionally, the scale
thickness of the equiaxed coating was smaller than that of
the columnar coating for all investigated oxidation times
(Figure 6(e3)).

3.5. The effect of surface conditions on MAX phases

Based on the preceding analysis, the oxidation kinetics of
the MAX phase is influenced by its microstructure. Addi-
tionally, the surface status of the sample also significantly
affects the formation of surface oxide film. Some studies
have indicated that a damaged Ti, AIC MAX phase sur-
face underwent separation and oxidation, leading to the
rapid accumulation of large rutile crystals, which severely
impacted the oxidation resistance of the MAX phase.
Consequently, the impact of sample surface quality on
their oxidation behavior has been extensively explored
[34,105].

Badie et al. [105] investigated the oxidation behav-
ior of Ti,AIC with varying roughness and observed a
significant influence of surface roughness on oxide mor-
phology. Ti, AIC samples with different roughness exhib-
ited varying degrees of cavities on their surfaces. The
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presence of cavities resulted in a low accumulation of
Al O3, facilitating the diffusion of Ti ions to the outer
grain boundary and thus forming TiO, on top of Al,Os.
As roughness increased, the amount of TiO; gradually
rose (Figure 7(al-a4)). However, due to the substantial
undulations on the substrate surface before oxidation,
the total length of Al,O3 was highest after the oxida-
tion of the sample with the greatest roughness. Conse-
quently, more Al was depleted in this case. When the crit-
ical amplitude of undulations before oxidation is higher,
the oxide film began to wrinkle, leading to local failure
of the Ti;AIC/AL, O3 interface. In addition, the sepa-
ration oxidation mechanism of Ti,AlC, and the main
triggering factors and corresponding solutions to miti-
gate it were investigated [34]. As depicted in Figure 7,
the rough surface of the sample with a wavy profile
exhibited an uneven stress distribution. With the pro-
gression of the oxidation process, the interface between
the growing oxide and Ti,AlC experienced significant
tensile stress, resulting in the warping of the oxide layer
(Figure 7(b1)). As the wave amplitude of the oxide layer
increased, the matrix/oxide interface became stratified
(Figure 7(b2)). The gap between Ti;AlC and the lay-
ered oxide had a low oxygen partial pressure, leading to
abnormal growth of TiO; particles (Figure 7(b3-b4)).
This was primarily due to the MAX phase’s inability to
continuously form a protective Al,O3 oxide layer. Con-
sequently, a large rutile-TiO;, gradually filled the gap.
The excessive growth of rutile was detrimental to the
system’s integrity (Figure 7(b5-b6)), resulting in a sub-
stantial mass gain during oxidation. A schematic rep-
resentation of oxide scale rumpling/buckling, blister-
ing, and subsequent breakaway oxidation is shown in
(Figure 7(b7)).

Excessive overgrowth of rutile TiO; is detrimental to
the integrity of the system. It is helpful to suppress the
abnormal growth of TiO; by reducing surface roughness.
In addition, the modification of MAX phase elements
to inhibit the diffusion of Ti elements and abnormal
oxidation is a future research focus.

MAX phases, including Ti; AIC, Ti3AlC;, and Cr, AIC,
with A-site elements being aluminum, display excellent
air oxidation resistance. This is attributed to the for-
mation of a dense, peel-resistant, and protective Al,O3
layer. Varied oxygen partial pressures and oxide forma-
tion energies lead to the preferential oxidation of alu-
minum, resulting in distinct oxide layer structures. Ti-
containing Al-based MAX phases show a discontinu-
ous outer layer of TiO, and a continuous inner layer of
Al,O3, while Cr, AIC forms a (Cr,Al);O3 solid solution
layer. Consumption of A-site elements induces struc-
tural transformations in MAX phases, forming residual
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carbide coatings (e.g. TiC, Cr3C,, CryCs) beneath the
oxide layer. Further oxidation of these carbides gener-
ates voids within the residual coatings, compromising
mechanical and oxidative properties. Increasing the A-
element content in MAX phases could reduce voids,
enhancing oxidation resistance.

In contrast, the oxidation of Ti3SiC, involves O inter-
nal diffusion and external diffusion of Ti, with non-
selective oxidation of Si. Initially, a TiO, layer lacking
oxygen-blocking capabilities forms, causing severe inter-
nal oxidation. A rutile-to-anatase phase transformation
in TiO; (A-R phase transition) induces tensile stresses,
forming microcracks in the coating. The formation of
SiO; reduces interface oxygen partial pressure, facili-
tating gaseous SiO diffusion. Regions with high oxygen
content in TiO; result in uneven distribution of Si-rich
bubbles and SiO;, forming a mixed oxide layer of SiO,
and TiO, [98].

4. Oxidation of the MAX phases under the effect
of water

Exploring the oxidative corrosion of MAX phases in
water environments is crucial for expanding their appli-
cations. The corrosion resistance in aqueous environ-
ments relies on the oxide layer’s stability and its inter-
action with water. This section offers a comprehensive
overview of MAX oxidation behavior in water envi-
ronments, discussing the failure mechanism and fac-
tors influencing the oxidation process. [48,93,106-116].
Table 2 showed the oxidation properties of different MAX
phases under water.

4.1. Critical water environment

MAX phases, with their unique blend of ceramic and
metallic properties, have become potential materials for



Table 2. Oxidation behavior of MAX phases under water.
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Oxide
temperature Exposure thickness
Specimen Preparation technology (O] Time (h) Oxidation products (pm) Mass change Refs
CryAlC SPS 1400 40 Aly03/(Cr,Al);03 144+1 8 x 1078 mg/mm?/s (88]
Ti3SiCy HP 360 24 TiOy + SiOy 13 0.0343 mg/cm2 for 300 h [106]
CrpAlC Magnetron sputtering 1000 1 a-Al,03 0.6 25.1 mg/cm? for 1.7 h [107]
Ti;AIN Cathodic arc/sputter 750 80 Al;03/TiO; 7 6130 mg/cm2 for40h [108]
Ti AlC HP 1400 12 Al;TiOs + a-Al; 03 10 3.24 mg/cm2 for24 h [111]
TiyAlC HP 1300 120 TiO, + Al 03 1442 6.0 x 1071 kg3/m%/s [93]
Tip AIC arc/magnetron sputtering 1100 1/6 TiOy + Al, 03 13.0 1.94 mg/cm? for 10h [90]
Ti, AIC/TiC Magnetron sputtering 1000 42 Al;03 + TiO; 3.6 3.7 mg/cm? for 1h [110]
Ti, AlC Magnetron sputtering 750 200 TiO, + Al TiOs - - [114]
Ti3SiCy HP 700 95 Si0; + TiO, 69 24.2 x 1072 ug/mm?/h [115]

nuclear applications. Hydrothermal corrosion resistance
is a key factor for MAX phase application in pressur-
ized water reactors (PWR) under normal operation con-
ditions [106]. At present, the study of MAX phase in
critical water environment mainly focuses on corrosion
mechanism and microstructure evolution.

Ti3A1C2, leAlC, Ti3SiC2, and CrzAlC exhibit gOOd
performance in high-temperature air. However, it is
unknown if these materials perform equally well under
prolonged low-water reactor cooling conditions. To
assess their suitability for the light water reactor envi-
ronment (LWR), Ward et al. [109] investigated their cor-
rosion properties under simulated primary water con-
ditions. In a low-oxygen environment ( < 5 ppb), Ti-
based MAX phases with A-elements Al and Si failed to
form protective oxidation layers. Interestingly, Cr,AlC
forms Cr,Os3 on its surface, demonstrating superior oxi-
dation resistance. Nano-sized pores exist in residual lay-
ers beneath the oxide, seemingly not affecting oxidation
resistance. Additionally, Fe in the reaction vessel forms
discontinuous TiFeO3 on the surface, apparently not
influencing the oxidation resistance of the MAX phase.

The dissolved oxygen content in water significantly
influences the oxidation of MAX phases in a water envi-
ronment. Zhu et al. [106] conducted three experimen-
tal groups with varying levels of dissolved oxygen con-
tent to study the corrosion behavior of Ti3SiC,. Using
double Cs-corrected STEM, they directly observed the
corrosion-induced Si-layer escape of Ti3SiC, and, at an
atomic scale, witnessed the transformation of TizSiC,
MAX phase into Ti3C; nanosheets (Figure 8(a)). Increas-
ing the dissolved oxygen content accelerated corrosion
(Figure 8(b-c)). In addition, the coexistence of bipyra-
midal anatase and nanocuboid rutile particles in the
corrosion layer (Figure 8(d-e)). The reaction process of
Ti3SiC, with water was as follows:

Ti3SiCy(s) + ZHZO(aq) = Tiz3Cy(s) 4+ SiOy(s) + 2H2(g)
(11)

SiO,(s) + 2H,0(aq) = Si(OH)4(aq) (12)

SiO;(s) + 2H,0(aq) = H4SiO4(aq) (13)

Ti3Cy(s) + 6H20(aq) = 3TiO;(aq) + 2C(s) + 6Hz(g)
(14)

Dissolved oxygen not only corroded along grain bound-
aries but also penetrated inside the Ti3SiC, grain paral-
lel to the Ti3SiC, crystal base plane, resulting in com-
plete separation of Ti3SiC, grains. Subsequently, dis-
solved oxygen moved through the corrosion hole, form-
ing larger voids. These voids interconnected along grain
boundaries, forming a corrosion network. Eventually,
corrosion products within the network were removed.
A schematic illustration depicting the corrosion mech-
anism and process of Ti3SiC, MAX phase was presented
in Figure 8(f).

4.2. Steam environment

In various energy systems, such as coal-fired power plants
and nuclear stations, pure steam is a common environ-
ment. In efforts to enhance thermal efficiency, steam
temperature and pressure have significantly increased
over the years, bringing attention to steam oxidation
issues. Water vapor critically influences oxidation pro-
cesses, altering oxide layer composition and structure
while accelerating oxidation rates.

Various hydrogen-containing substances, especially
hydroxide ions, produced in high-temperature steam
environments, exhibit higher diffusion coefficients,
smaller sizes, and lower electric charges, resulting in
faster oxidation rates in steam compared to oxygen at the
same temperature.

Tang et al. [111] investigated the oxidation behavior
of bulk Ti,AIC ceramic in steam at temperatures rang-
ing from 1400°C to 1600°C. As the temperature raised,
oxide stratification occurred, and a substantial amount of
volatile gas gradually transformed the dense oxide layer
into a loose porous structure (Figure 9(al-a4)). Dur-
ing steady-state oxidation, outward diffusion of Ti and C
through grain boundaries of the a-Al,O3 scale led to the
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segregation of TiO; at the grain boundaries of a-Al,O3
and the formation of gaseous CO and COy, respectively.
The flow rates of H, and CO; in the off-gas was sig-
nificantly increased compared to oxidation at 1400°C
(Figure 9(a5)).

Zuber et al. [88] investigated the high-temperature
oxidation of Cr,AlC in wet air up to 1400°C. In the water
environment, as the temperature increases, the Al,O3
protective layer folds, and the holes in the residual coat-
ing increase (Figure 9(b1-b5)). The presence of water
vapor significantly increases the pressure, forming a gas
mainly composed of carbon oxides due to the oxida-
tion of chromium carbide (Figure 9(b6-b7)). In the water
vapor environment, mass gain increases with tempera-
ture. Furthermore, compared to temperature, the change
trend of mass gain with the increase of water vapor par-
tial pressure is smaller (Figure 9(b8)). In the temperature
range of 1000-1400°C, the activation energy is in the
range of 430-530 kJ/mol (Figure 9(b9)).

Wang et al. [108] discovered differing oxidation rates
for Ti;AIN in water vapor and air. In air, the coat-
ing’s uneven oxidation, attributed to large particles and
impurity phases, contrasted with the uniform oxidation
observed in pure steam. After 60 h of steam oxidation,
an area devoid of large particles exhibited the forma-
tion of small, loose, noodle-like oxides. Hydrogen atoms
presence led to accelerated corrosion. The aqueous atmo-
sphere induced numerous defects in a-Al,O3 and TiO;.
Hydroxide ions, being the main point defects in vapor,

diffused faster due to their smaller size than oxide ions,
resulting in quicker oxidation kinetics. Additionally, out-
ward Al diffusion and hydrogen release caused pores in
oxide layers

H,0(g) = H20(s) (15)
H,O(s) + V5 = OH, + H; (16)
2H; 4 2¢ = Hy(g) (17)

The TiyAlC coating’s oxidation resistance in pure
steam was investigated at 1000°C, 1100°C, and 1200°C
with varying oxidation times [90]. Coated Zirlo sub-
strates exhibited enhanced oxidation resistance due to
a compact structure and the formation of a triple-
scale oxide scale (a-Al,Os3+ R-TiOz/a-Al,03/TiO3).
Figure 10(al-a2) shows the oxide scale thickness reach-
ing 8.8 um after 30 min, and a multilayer structure was
observed. Subsequently, the entire coating was consumed
(Figure 10(a3-a4)). The schematic diagram is presented
in (Figure 10(a5-a6)).

Tang et al. [110] noted the necessity of an effec-
tive diffusion barrier for high-temperature applications
surpassing 1000°C. Figure 10(b1,b3) illustrates differ-
ent oxide layer arrangements with and without a TiC
barrier. Coatings lacking a barrier exhibited a double-
layered oxide scale, while only one Al,Os-rich layer
was seen in the presence of a TiC barrier. Additionally,
full oxidation of the sample occurred around 240 min
(Figure 10(b2)). The coating with a TiC barrier showed a



MATER. RES. LETT. (&) 781

(b6)

0016

o014 | v

0012

0010

aP, (Pa)

0,008

Cr0,(OH)
0006

Gas partial pressure (Pa)

0,004

:
:::::: /) S
0000] = . . - —

1000 1100 1200 1300 1400

temperature (°C) Mole fraction of wet air

Cr0,(OH),

Columnary

¢ \X :
IBsr us scale.. o = 04l
S S
/ : ol 600

. . . N PS
4000 8000 12000 16000
Time (s)

3 B
g8 8
g 8

»
g
Temperature (°C)

résine

w—P,,o= 0Pa  -= 1400°C
| - P50 = 1700 Pa -~ -+ 1200 °C
| P, ,, = 3400 Pa —— 1000 °C
= Py = 5100 Pa z

o= OPa;Ea=290 kimol
w20= 1700 Pa; Ea = 430 kJ.mol”!
w20= 3400 P Ea = 525 kJ.mol”!
wao= 5100 Pa ; Ea = 450 kJ.mol"!
(fine grained samples)

3 3 R

In[ k (kg®.m*.s7)]

32

v

347 wet air

50000 100000 150000 000060 000065  0,00070 000075  0,00080
1(s) TN,

Figure 9. SEMimages of typical cross section morphologies of TiAlC oxidation:(a1)1400°C—1 h, (a2) 1400°C—24 h (a3) 1500°C—1 h (a4)
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slightly lower weight gain (40.9 mg/cm?) than that with-
out a barrier (48.7 mg/cmz) after a 15-minute exposure
(Figure 10(b4)). The schematic diagram is presented in
(Figure 10(b5-b6)).

In high-temperature water vapor environment, water
vapor induced the oxidation and evaporation of interface
carbides, leading to higher partial pressures of carbon
oxides and accelerating the oxidation of MAX phases.
Simultaneously, this diminished the bond strength
between the coating and the substrate. The incorpora-
tion of an intermediate layer in the coating interface
design can prevent the diffusion of Al elements into
the substrate, effectively enhancing the coating’s lifespan
and corrosion resistance. Reducing dissolved oxygen in
the water environment can improve the corrosion resis-
tance of MAX phases. When Cr-based MAX phases are
exposed to water or humid environments, a protective
layer of chromium oxide (Cr,03) forms on the surface.

This layer is highly stable and acts as a barrier to further
oxidation and corrosion. In addition, chromium oxide
has excellent adherence and low solubility in water, which
helps to achieve protection of the base material. Accord-
ing to the Ellingham diagram, Cr,O3 exhibits a signif-
icantly negative Gibbs free energy of formation. This
implies that Cr,O3 is thermodynamically stable across
a wide range of temperatures and conditions, making
it less likely to undergo reduction or other degradation
reactions in aqueous environments. Overall, the oxida-
tion of MAX phases in water environments is primarily
influenced by two factors: dissolved oxygen altering the
oxidation products and oxide layer structure, and the
acceleration of the oxidation process by smaller hydrox-
ide ions, promoting the hydrolysis of protective oxides
such as Al,O3 and SiO;. Additionally, the generation
of volatile gas by-products disrupts the structure of the
oxide layer.
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5. The corrosion behavior of MAX phases in
corrosive medium

5.1. Molten salt environment

The compressor blades of aircraft engines and gas tur-
bines are susceptible to severe corrosion from pro-
longed exposure to high-temperature, high-salt, and
high-humidity marine environments, significantly short-
ening their service life. Moreover, molten salt reactors
(MSRs) utilize liquid fuel in the form of molten chloride
or fluoride salts as a coolant. Corrosion of these materials
by molten salt can create surface pores or cracks, leading
to perforation or rupture of molten salt loop pipelines.

MAX phases demonstrate remarkable chemical and
physical properties—strong chemical stability, high
strength at elevated temperatures, and excellent corro-
sion and oxidation resistance. This makes them promis-
ing under molten salt reactors [2,83,116-118].

Magnus et al. [83] synthesized 95 wt.% Ti3 AlC; MAX
phase through spark plasma sintering (SPS) under vac-
uum conditions and studied its corrosion behavior in

LiCl-KCl eutectic molten salt. When the TizAlC; MAX
phase is in contact with the molten salt, the chemical
driving force induces the precipitation and migration of
Al from the atomic plane of TizAlC,. forming a reaction
layer ~80-120 pm thick (Figure 11(al-a2)). Continu-
ous extraction of Al from the A atom site will leave
a twin and relaxed Ti3C, layer, which will be sponta-
neously terminated by cl- ions to form stable Ti;C,Cl,
(Figure 11(a3)). In addition, due to the action of oxygen,
the in diffused O may occupy the empty A site vacated by
the Al atom, thus detwinned the relaxed Ti3C; layer to a
non-chemical quantity of TiCy 7 (Figure 11(a4)). Finally,
the excessive Al migration led to the destruction of the
MAX phase structure.

Li et al. [117] compared the corrosion of MAX
phases under simulated marine environment (NaCl)
and atmospheric conditions. In the atmospheric envi-
ronment, Cr,AlC exhibited superior oxidation resis-
tance, attributed to the rapid formation of a contin-
uous and dense Al,O3 layer on the sample surface.
Conversely, Ti3SiC, and Ti,AlC formed porous TiO,,
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offering inadequate substrate protection during oxida-
tion. However, in the marine environment, the corrosion
results were opposite. Cr,AIC showed poor heat cor-
rosion resistance, reacting directly with NaCl to form
the unprotected NaxAlyOz and Na,CrOy, while Ti3SiC,
exhibited the best corrosion resistance.

Wang et al. [118] investigated the synergistic cor-
rosion properties of Ti,AlC coating under solid NaCl
deposition in 600°C water vapor for 75h. A contin-
uous corrosion scale was formed on the coating sur-
face (Figure 11(b1)). This scale, primarily composed
of Ti, Al, O, and Na elements (Figure 11(b2-b3)),
showed a mass gain per unit area for Ti;AIC coatings
of 0.69=+0.09 mg/cmz, three times more than that in
water vapor. (Figure 11(b4)). NaCl significantly accel-
erated the corrosion process of Ti;AlC coatings at
600°C. Initially, Ti;AlC corroded and oxidized to pro-
duce TiO; and Al,O3. However, the formed TiO; rapidly
broke down due to chloride ions and water vapor inva-
sion, generating a defective NaxTiyOz layer. Fortunately,
Al,03 amorphous phase filled the defects, modifying
the corrosion scale structure to be more dense and

less sensitive to Cl~ or H+ ions. The schematic cor-
rosion process is proposed in (Figure 11(b5)). For fur-
ther study, the Al migration could be mitigated by syn-
thesizing textured Ti3AlC, with a base surface paral-
lel to the surface, shielding Al layer consumption, or
through appropriate pre-oxidation to form an alumina
oxide skin resistant to chloride attack, enhancing the
corrosion resistance and structural stability of the MAX
phase.

5.2. Liquid lead-bismuth

Liquid lead and Lead-bismuth eutectic (LBE) are coolants
for future accelerator-driven systems (ADS) and lead-
cooled fast reactors (LFR), causing severe corrosion to
structural materials at high temperatures. Developing
new structural materials with superior corrosion resis-
tance is essential to address the issue of lead-bismuth
alloy corrosion. MAX phase materials, as radiation-
resistant and high-temperature metal-ceramic struc-
tural materials, exhibit outstanding properties—high
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temperature resistance, oxidation resistance, high strength,
and corrosion resistance—making them crucial candi-
dates for LFR structural materials [119-129].

In static LBE corrosion, two primary corrosion behav-
iors are observed: oxidation and dissolution. Oxidation
corrosion involves a chemical process where elements in
the material react with oxygen ions dissolved in LBE,
forming corresponding oxides. The solution corrosion
and permeation of structural materials by LBE are pri-
marily influenced by the solubility of the materials in LBE
and are related to the surface morphology. To enhance
material corrosion resistance, controlling the oxygen
concentration in LBE within an appropriate range is cru-
cial, leading to the formation of a protective oxide layer
on the surface.

Shi et al. [120] determined the corrosion resistance
of MAX phase coatings to heavy liquid metals, ranking
them as Cr,AIC > Ti,AIC > TizAlIC, > V,AIC. The
only Cr;AIC forms the alumina-dominant layer, while
others form an oxide mixture, either V-rich or titanium-
rich, containing alumina. Ti; AIC commonly includes the
second phase of the Ti-Al alloy, TiC, or TiCy, and the
second phase of TizAlC,. Al, having the highest solubil-
ity in Pb compared to Ti and Si, preferentially dissolves,
allowing LBE to permeate the material. Heinzel et al.
[126] observed that the corrosion behavior of MAX in
liquid LBE/Pb relied significantly on the second phase’s
behavior. The second phase, mainly Ti-Al compounds,
was responsible for the poor performance of Tip AIC. The
elevated activity of second phase Al led to rapid oxida-
tion, emphasizing the need to avoid materials with high
second-phase Al activity.

To identify the degradation resistant in oxygen-poor,
fast-flowing liquid LBE, Lapauw et al. [125] assessed
the intrinsic stability of 11 MAX-phase based mate-
rials in low-oxygen static LBE. A stronger interaction
was observed in Ti,SnC. As Sn melts at 232°C, the Sn-
containing secondary phase in the material was removed
and dissolved into the liquid LBE. For Ti3AlC,, inter-
granular LBE infiltration occurred in the Al-rich phase
(TiAlz), while the MAX phase grains remained unaf-
fected. The distinction in liquid metal corrosion behavior
between the MAX phase and its (often inevitable) para-
sitic phase further emphasized the need for high purity in
MAX phase materials for HLM-cooled nuclear systems.

Charalampopoulou et al. [130] studied the protective
role of the anticorrosion coating Cr,AlC on DIN 1.4970
fuel cladding tubes through a 1000 h test in liquid LBE.
The results demonstrated that the Cr, AlC coating signif-
icantly mitigated dissolution corrosion. At the interface
between Cr,AlC and the steel substrate, the predom-
inant structure comprised ultrafine, equiaxed Cr,AlC
grains with nickel diffused into them, forming in situ

MAX phase solid solution. However, the authors did not
conduct further TEM analysis on the as-deposited and
exposed Cr,AlC coatings.

Most MAX phases exhibit no interaction with LBE,
except for Zr-rich MAX phases, which demonstrate
localized interactions. [124] (Figure 12(a-e)). At first, Al
outward diffusion from the Zr, AIC MAX phase grains
to GBs. Since Bi (143 pm) is smaller than Pb(154 pm),
only Bi was found in partially affected Zr,AIC grains.
Then, Bi/Pb atoms penetrated the basal planes, poten-
tially along stacking faults (SFs), or defect-rich areas in
the MAX phase grains, to finally spread throughout the
whole Zr, AIC grains (Figure 12(f-g)). The Bi/Pb ingress
into the Zr,AlC grains, resulted in the in-situ forma-
tion of a new Zr,(ALBi,Pb)C MAX phase solid solution
(Figure 12(h-k)). The Zr,AIC/LBE interaction mecha-
nism was illustrated in (Figure 12(1)).

6. Ways to enhance the long-term protection

While the oxidation corrosion of MAX phases is exten-
sively studied, the applications in higher temperature,
longer time and more harsh chemical environment are
increasingly urgent. Based on the physical and chemical
characteristics and crystallographic configuration of the
MAX phase, how to further improve its stability in harsh
environments is particularly important. In the following
sections, we summarized the general situation of oxi-
dation induced self-healing, multi-elemental effects and
machine learning based on current studies. It is hoped to
further extend the service life of MAX phase and shorten
the research cycles.

6.1. How to utilize and modify the crack healing
behavior?

6.1.1. High oxygen partial pressure

The excellent high-temperature properties and auto-
nomous crack healing abilities render MAX phase
materials appealing for high-temperature applications
[30,36,39-42,94,131-136].

Under high oxygen partial pressure, Li et al. [135]
identified the main healing mechanism of Ti,AlC,
involving the filling of cracks with well-adhering o-
Al,O3 grains and the presence of rutile TiO, (Figure 13
(al-a3)). The healed samples exhibited a flexural strength
that returned from its residual damaged strength value of
152-224 MPa, slightly surpassing the initial strength of
211 MPa (Figure 13(a4)).

The crack healing behavior of Cr, AIC was also inves-
tigated by Pei et al. [40] using time-delayed X-ray com-
puted tomography (CT) to monitor local crack-filling
phenomena at 1200°C in air. They observed that the
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Figure 12. SEMimages of the polished facet of the as-exposed Zr, AlC ceramic: (a) overview showing local LBE interaction. (b) EDS phase
map of the framed area in (a). Images of the Zr, AIC/LBE interaction: (c) fully affected zone, (d) transition zone, and (e) unaffected sample
bulk, (f) STEM image of a thin foil, showing a basal delamination in an LBE-affected Zr, AIC MAX phase grain. (g) STEM-EDS elemental
mapping of the area around the basal delamination, (h-k) SEM images of FIB cross-sectional trenches on the polished facet of LBE-exposed
ZrpAlC (I)Suggested Zr, AIC/LBE interaction mechanism(reprinted with permission from [124]).

maximum crack could be fully healed by Al,O3; with
a width of 4.8pum for 4h and 10m for 12h, with
the presence of Cr7C3 phase below the dense Al,O3
layer (Figure 13(b)). Due to the high oxidation temper-
ature of Al, the oxidation-induced self-healing behav-
ior requires elevated temperatures, generally exceeding
900°C [36,41,134]. Owing to the low cohesion energy and
migration energy of Sn atoms, the movement and oxi-
dation of Sn atoms at lower temperatures are promoted.
Wang et al. [94] prepared a Tiy(AlpSnp.4)C solid solu-
tion coating using magnetron combination technology.
The cracks caused by Vickers indentation on the coat-
ing’s surface self-heal at 700°C, marking the lowest self-
healing temperature observed in aluminum-based MAX
phase coatings to date (Figure 13(c1-c6)). The forma-
tion of SnO, is a key factor in the crack self-healing of
aluminum-based MAX phase coatings at low tempera-
tures.

Self-healing involves three essential requirements: (i)
flow into the crack, (ii) fill the crack volume, and (iii)
adhere to the crack surface. For Mn+ 1AXn phases,
cracked surface oxidation provides sufficient volume
expansion to fulfill the flow’ criterion. Evaluating the
high-temperature crack healing potential of MAX phase
materials involves analyzing four main criteria: preferen-
tial oxidation of element A, rapid diffusion of element
A, volume expansion upon oxidation, and adhesion of
oxidation products. Additionally, mechanical assessment

of the crack-filled oxide involves comparing its Young’s
modulus and coefficient of thermal expansion (CTE)
with the parent MAX phase, considered as secondary
standards. Effective crack healing occurred when the
adhesion between the oxide filling the crack and the
parent MAX phase was sufficient to restore its load-
bearing capacity. This required the energy to separate
the healing oxide from the MAX phase to be equal to
or greater than the cohesion of the MAX phase. Promi-
nent self-healing MAX phases include Ti, AIC, TizAlC,,
and CrAIC, meeting both primary and secondary selec-
tion criteria. However, Cr,AIC may induce compressive
stress due to a larger CTE than the healing oxide. Other
MAX phase compounds capable of selective oxidation-
based crack healing at high temperatures include V,AIC,
V3AIC;, NbyAIC, Zr, AIC, Zr, AIN, and Ti3SiC,, among
others. Adhesion energy between the healing oxide and
adjacent MAX phases surpassed cohesion energy in all
reviewed cases [41].

6.1.2. Low oxygen partial pressure

The above discussed oxidation-driven crack healing
mechanism is effective in air. However, some high-
temperature structural components, utilized in hyper-
sonic vehicles during flight, gas turbines in combustion,
and industrial vacuum furnaces during operation, are
often exposed to low oxygen partial pressures.
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Figure 13. Low- and high-magnification images (a1) Optical overview image of the healed crack. (a2) An enlarged optical image taken
from (a1).(a3)Two opposite fracture surfaces (a4)Flexural strength of the virginal Ti;AlC, after creating crack damage and after crack
healing(reprinted with permission from [135]) (b1)Secondary electron cross-sectional SEM image(reprinted with permission from [40])
(c1) the cracks on the surface of Ti; (Al0.65n0.4)C coating before self-healing. (c2) Microstructures of the surface cracks after self-healing.
(c3) Low magpnification image of the self-healing cracks after FIB milling. (c4) An enlarged image taken from the marked area in the set
of (c3), the inset is the backscattered electron image. (c5) elements mapping: Ti, Sn, O, Al. (c6) Schematic illustration of Ti(AlgsSng.4)C
coating in self-healing. (reprinted with permission from [94]) (d1) SEM image of surface cracks (d2) Polished surfaces of Ti;SnC after
healing at 1000°C for 1 h (d3)Observation of the healed zones made by FIB. The healed zone is marked by dashed lines. (reprinted with
permission from [137]) Cross-sectional SEM micrographs: (e1) damaged Ti; AlC sample; and Ti, AlC samples after healing for 2 h at (e2)

1200°C (reprinted with permission from [131]).

For MAX phases, elements with low melting points,
such as Al, Ga, Sn, In, and Pb, can easily diffuse from the
cell structure of MAX at high temperatures. Li et al. [137]
investigated crack healing of Ti,SnC ceramic in a vac-
uum. The results revealed that the crack was filled only
with metallic Sn at temperatures above 800°C for just 1 h
in a vacuum (Figure 13(d1-d3)). Additionally, the high
mobility of Sn may facilitate the redistribution of resid-
ual stresses in the healed crack zones generated due to
thermal expansion mismatch upon cooling. Researchers
discovered that decomposition-induced crack healing is
another mechanism for TiAlC at temperatures above
1200°C and low oxygen partial pressure. This mecha-
nism may be effective in Al or Si-containing MAX phases
(Ti,AlC, CrpAlC, Ti3AlC;, and Ti3SiC,), initiated by the
decomposition of MAX on the surface into carbides (such
as TiCyx or Cr;3Cg¢) at high temperatures. For instance,
the self-healing behavior of Ti,AIC at a low oxygen par-
tial pressure of about 1 Pa was studied [131]. The results
indicated that Ti AIC decomposition to TiCy can repair

the damage (Figure 13(el-e2)). The volume shrinkage
caused by the decomposition of Ti, AlC creates compres-
sive stress in the TiCy layer. Additionally, after cooling
from the healing temperature, the thermal expansion
mismatch between the TiCy layer and the Ti; AIC matrix
also causes compressive stress on the healing surface. The
thermal expansion coefficients of Ti,AlC and TiCy are
8.8 x 107¢ and (7.4-8.3) x 107° K~1, respectively. The
compressive stress generated in the TiCy layer acts as sur-
face prestressing to counteract the tensile stress applied to
the surface of the Ti, AIC material.

The mechanism of crack self-healing in MAX phases
varies between air and low-oxygen environments. In air,
high temperatures induce the formation of Al;O3, which
fills the cracks. In low-oxygen environments, elements
with low melting points from the A site migrate to and
fill the cracks. Additionally, at high temperatures, the
decomposition of the MAX phase forms MX carbides,
generating compressive stress within the cracks, which
promotes healing.
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Figure 14. Change in elemental chemical activity of elements during oxidation of (a1) TiAlC, and (a2) (Tig5Zro5),AIC at 1500 K as
a function of molar oxygen (reprinted with permission from [11]). (b) Temperature dependences of kp values of the as-prepared
(Cra/3Tiq13)3AIC; sample, CroAlC, TizAIC,, NiAI-7Cr, (Cro sAlgs)N, TizSig.9Alg.1 C2(reprinted with permission from [139]). (c)Specific weight
gains against oxidation time at 1200°C. The insets are SEM morphologies of the oxide scale (reprinted with permission from [95]). Back-
scattered electron images of cross-sections of Ti3 Sig.9Alg:1 C; oxidized at: (d1) 1100°C, (d2) 1200°C, (d3) 1300°C, and (d4) 1350°C (reprinted
with permission from [96]). (€) Schematic diagram of the oxidation mechanism of (a) Nb doped and (b) Nb free Ti3SiCy(reprinted with
permission from [143]). (f) Schematic representations of oxidation-induced changes in the morphology of the Cr,AlC and CrAl(Si)C

coatings(reprinted with permission from [140]).

6.2. How to understand the muti-elemental effect?

In recent years, high entropy alloys have gained atten-
tion for their superior mechanical properties and sig-
nificantly improved oxidation resistance. MAX phases
can also form solid solutions at various positions,
including M-site, A-site, and X-site solid solutions.
Recently, researchers have discovered that desired per-
formance can be achieved by adding elements especially
in M or A positions. Studies revealed that chemical
disorder were modified by adjusting elements, which
can impact the oxidation behavior of MAX phases.
[11,45,49,94,138-141].

6.2.1. M-site modification

P. Singh et al. [11] observed an increase in chemical
activity of Al with rising oxygen content (Figure 14(al)),
directly influencing the formation of a protective oxide
layer. However, Zr doping notably alters Al's chemical
activity in Ti;AlC, slowing the rate of protective Al,O3
formation (Figure 14(a2)).

Compared to CryAlC, the oxidation behavior of Ti-
doped (Cr/3Tiy/3)3AlC; underwent a different transfor-
mation [139]. The temperature dependences of kp val-
ues of the as prepared (Cry/3Ti1,3)3AlC; was shown in
Figure 14(b). Initially, a TiO, layer formed on the sur-
face. The presence of doped would become the Ti ion
transport, leading to the formation of a non-protective
oxide layer on the surface. The primary products of these
oxide layers include Cr,03, (Cr,Al),03, and rutile TiO3,
with Cr; TiOs and (Crg 222 Tig 778)O1 g89. In addition, the
Ti-doped Nb4AIC; was also investigated by Gu et al
[142]. Compared to NbsAlC3, the (Nb; _4 Tix )4 AlCs solid
solution exhibited significantly enhanced oxidation resis-
tance. This is primarily attributed to the formation of a
more protective oxide layer composed of TiNb,O7 and
NDbAIOy,.

Zhang et al. [95] studied Nb doping’s impact on
the structural stability and oxidation resistance of
(Ti;—xNby)3AlC,. Uniform distribution of Nb dopant
within polycrystalline grains, occupying Ti sites at an
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atomic level, was observed. Structural stability remained
until x = 0.15, beyond which the Nb-doped ‘312" phase
decomposed.

A dense continuous Al O3 protective layer was estab-
lished on both pristine and 5% Nb-doped TizAlC;.
(Tip95Nbg 05)3AlC, exhibits almost identical oxidation
resistance to TizAlC,. However, for (Tig9Nbg1)3AIC,,
the oxide film composed of Al,O3, TiO,, and Nb,Os
is curved and porous, resulting in inferior protective
properties. (Figure 14(c)).

To explore the impact of Nb doping on oxidation
mechanism of (Ti,Nb)3SiC,, Zheng et al. [143]. investi-
gated ionic transport behavior and growth mechanisms
of oxide scales on Nb-doped and undoped TisSiC, at
800°C in air. Results revealed enhanced oxidation resis-
tance in Ti3SiC, due to Nb doping. Post-doping, oxi-
dation of (Ti,Nb)3;SiC, was solely controlled by inward
O diftfusion, while outward Ti diffusion was completely
restrained. The oxide layer transitioned from a duplex-
layer of TiO, outer and TiO; + SiO; inner layers to a
single TiO; + SiO; mixture layer. Defect chemistry the-
ory analysis suggested Nb doping reduced concentrations
of oxygen vacancies and Ti interstitials in formed TiO,,
restraining outward Ti diffusion and reducing oxidation
rates. The Schematic diagram of the oxidation mecha-
nism of Nb doped and Nb free Ti3SiC, was shown in
Figure 14(e).

Yu et al. [138] investigated the oxidation behav-
ior of (TiNb,Ta)4AlC3 containing Cr-Al phase. The
results showed that highly porous (Ti,Nb,Ta)O4 would be
formed on its surface at first. With the increase of tem-
perature, the liquid phase of Cr-Al would diffuse into
(Ti,Nb,Ta)O4. And oxidation to form a dense and con-
tinuous Al O3 layer, improve the oxidation resistance of
MAX phase.

6.2.2. A-site modification

To enhance the oxidation resistance of MAX phases,
incorporating antioxidative elements in the A-site solid
solution proves effective. Commonly solid-solved ele-
ments in the A-site include Al, Si, Sn, and others.
Zhang et al. [96] conducted a study by introducing
Al into Ti3SiC,, forming TizSig9Alg1C; solid solution,
and investigated its behavior at temperatures ranging
from 1000 to 1350°C in air. In comparison to Ti3SiC,,
Ti3Sig.9Alp.; C; demonstrated significantly improved oxi-
dation resistance at 1000-1300°C, attributed to the for-
mation of a continuous a-Al,O3 layer. Within this
temperature range, the parabolic rate constants of
Ti3Sip.9Alp.1 C; decreased by 2—4 orders of magnitude. At
1000-1100°C, the oxide layer exhibited a continuous a-
Al O3 inner layer and a discontinuous TiO; (rutile) outer
layer (Figure 14(d1)). At 1200-1300°C, the oxidation

layer comprised a continuous a-Al,O3 inner layer and
discontinuous TiO; (rutile) and Al,TiOs outer layers
(Figure 14(d2-d3)). At 1350°C, the continuous a-Al,O3
layer could not be maintained due to a vigorous reaction
between Al,O3 and TiO; (Figure 14(d4)). The formation
of a continuous a-Al,O3 layer is attributed to two key
factors: the high activity and diffusion of Al and the low
oxygen solubility within the solid solution.

Shang et al. [63] investigated the effect of Si additions
on the oxidation behavior of Cr, AIC-based coatings. The
presence of Si in Cr,AIC inhibited grain growth during
oxidation. Additionally, after oxidation, MAX phase sam-
ples containing 0.7 at% Si showed a significant increase
in the number of oxide grains per unit of interface length
at the oxide/coating interface compared to MAX phase
samples without Si addition. The presence of silicon
increases the nucleation density of Al,O3 grains in the
oxide. The thickness of Al,O3 induced by Si concentra-
tion increased by 40%.

Pradeep et al. [140] investigated the impact of Si addi-
tion on Cr,AlC phase oxidation. Results indicated that
during high-temperature oxidation, Cr3Si phase precipi-
tated at the grain boundary of MAX phase, playing a cru-
cial role at the interface. Compared with MAX without
Si addition, grain coarsening decreased, hindering grain
growth. Schematic representations of oxidation-induced
changes in the morphology of Cr,AlC and Cr,Al(Si)C
coatings were shown in (Figure 14(f)). Kashkarov et al.
[144] investigated the oxidation resistance of Tiz Al(Si)C,
and TizSiC,-based composites. Results revealed that the
formation of Al-rich Ti3z Al(Si)C; phase in the outer layer
improves the corrosion resistance of Ti3SiC, matrix com-
posites at 1300°C. The high corrosion resistance of MAX
phase is linked to the growth of a continuous Al;O3
oxide layer. Due to the growth of R-TiO, + Al, TiOs/R-
TiO; + SiO; porous oxide layer, the corrosion resistance
of TizSiC,-based composites is poor at 1300°C. Shang
etal. [63] investigated the effect of Si additions on the oxi-
dation behavior of Cr, AIC-based coatings. The presence
of Si in Cr,AIC inhibited grain growth during oxidation.
Additionally, after oxidation, MAX phase samples con-
taining 0.7 at% Si showed a significant increase in the
number of oxide grains per unit of interface length at the
oxide/coating interface compared to MAX phase sam-
ples without Si addition. The presence of silicon increases
the nucleation density of Al;O3 grains in the oxide. The
thickness of Al, O3 induced by Si concentration increased
by 40%.

Drouelle et al. [17] demonstrated that substitut-
ing Al atoms with Sn atoms in the A plane of the
MAX phase harms oxidation resistance. Guo et al. [45]
revealed through first-principles calculations that Sn
doping weakens the Ti-Al bond, reducing the oxidation



resistance of Ti3 AlC, powder. Tin doping typically accel-
erates the oxidation process of TizAlC, powder. Con-
sequently, the oxidation product (anatase TiO;) and
TizAlg gSng2C, powder develop more cracks and flanges
at the low-temperature stage due to different thermal
expansion coefficients, creating a rapid oxygen diffusion
channel that intensifies oxidation. Sn doping lowers the
initial temperature of anatase TiO, to rutile TiO, by
50°C and the reaction fraction of TizAlygSny,C, pow-
der at 600°C. At the high-temperature stage, Sn dop-
ing promotes the formation and growth of rutile TiO,,
expediting oxidation.

Modification of the M and A elements in MAX phases
can regulate oxidation resistance. Through element dop-
ing, the activity of oxide-forming elements like Al can
be adjusted to control the growth of Al;O3. This can
also lead to the formation of protective oxides such as
TiNb,O7; and NbAlOy4. Furthermore, element doping
can hinder the diffusion of Ti at the M-site, reducing
the formation of the detrimental oxide TiO,, altering
the structure of the mixed oxide layer, and improving
oxidation resistance. However, some dopants can nega-
tively affect oxidation resistance. For instance, Sn dop-
ing increases residual stress in the oxide layer, com-
promising its integrity, and promotes the formation of
TiO;, thus reducing the oxidation resistance of the MAX
phase.

6.3. Machine learning

At high temperatures, MAX phases exhibit complex oxi-
dation and competitive growth behavior among oxi-
dation products. Interpreting oxidation laws faces two
major challenges: acquiring comprehensive oxidation
data and establishing reliable kinetic models. Machine
learning (ML) offers a precise approach to address the
long-term complex oxidation of various MAX phases.
Traditionally, isothermal oxidation, including thermo-
gravimetric (TG) experiments, occurred at fixed inter-
vals, often overlooking crucial transition phase informa-
tion. The MAX phases oxidation behavior is influenced
by factors like temperature, oxygen partial pressure,
stress, sample density, and shape. Traditional orthogo-
nal experiments considering multiple variables demand
more time and cost. Machine learning (ML), includ-
ing deep learning (DL), efficiently handles complex tasks
and has become an invaluable tool in materials science
(Figure 15).

A trained ML/DL model can comprehend and predict
trends in data changes across various factors, acquir-
ing data much faster than experimental and numerical
methods. This greatly expedites material design, per-
formance evaluation, and optimization. [145-148]. In
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addition, Singh P et al. [11]. investigated the oxidation
mechanism of the (Tip5Zrg5)2AIC MAX phase using
a high-throughput machine learning framework. The
results showed that Zr has a strong effect on the disorder-
ing of the M site (at Ti) of Ti;AlC, and Zr doping signif-
icantly changed the chemical activity of Ti, AlC by slow-
ing down the chemical activity of Al under high oxygen
exposure. Sauceda et al. [33] developed a machine learn-
driven high-throughput framework for rapid assessment
of the phase stability and oxygen reactivity of the 211
chemical MAX phase M;AX. The results revealed that
the predicted results were consistent with the experimen-
tal results of TipAIC oxidation. In addition, it demon-
strated that the stability of Ti,SiC competing phase was
high, so it cannot be synthesized by experiment.

7. Summary and Recommendations
7.1. Summary

The preparation and formation mechanisms of MAX
phases in various forms were summarized in this work,
proposing a relatively unified formation pathway and
discussing synthesis temperatures, purity concerns, dif-
ferent elements, bonding, and various morphologies of
MAX phases. The primary factors influencing the oxi-
dation of MAX phases and their corrosion mechanisms
were discussed in various environments like air, water,
salt solutions, Pb-Bi, etc. Finally, the future development
direction like machine learning and high entropy MAX
phase was proposed.

1. For the synthesis of MAX bulks, initial reactions
lead to the formation of MX phases and MA compounds
(such as Ti-Al Cr-Al, etc.). Subsequently, the MX phase
dissolves into the liquid phase MA compound, giving
rise to the MAX phase. Synthesis with pure elementals
often leads to the formation of various impurity phases
due to slow element diffusion, impacting purity and rais-
ing concerns about Al element volatilization. The use
of intermediate MX as a starting material significantly
reduces the reaction barrier for MAX phase formation,
prevents the generation of impurity phases and lowers the
synthesis temperature. For the formation of MAX films,
the precise control of element thickness can significantly
reduce the synthesis temperature. Direct deposition of
intermediate MX can effectively regulate the diffusion
path of elements and improve the purity.

2. The oxidation process of MAX phases induces the
diffusion of active elements (usually on A site) and the
formation of oxide layer. Beneath the oxidation layer,
new phases are formed due to the composition changes
induced by element diffusion. Since there are many ele-
ments that can form oxides in MAX, layered oxides or
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Figure 15. Flowchart of the method of oxidation database generation and oxidation kinetic

phases(reprinted with permission from [145]).

composite oxides can be formed under the synergis-
tic influence of thermodynamics and dynamics. For the
MAX system that can form multi-oxides, it is very likely
to face problems such as irregular oxidation products
and excessive internal stress. How to regulate the matrix
phase change before and after the diffusion of these active
elements, as well as the coordination of multilayer or
composite oxidation structure is very important.

3. Compared to air exposure, MAX phases exhibit an
accelerated oxidation rate in water environments. The
ionization of H,O into hydroxide ions has an enhanced
diffusion rate, generating gaseous compounds along with
H,. This disrupts the structural integrity of the oxide
layer. In high-temperature high-pressure water environ-
ments, the degradation of aluminum oxide and silicon
oxide further diminishes the protective efficacy of MAX
phases. In salt solution environments, alkali metal ions
interact with Al, O3, forming various sodium salts. These
salts, when the temperature exceeds 800°C, volatilize and
decompose, compromising the structural density of the
oxide layer and reducing the corrosion resistance of MAX
phases. In Pb-Bi environments with low oxygen con-
tent, the initial occupation of smaller-radius Pb/Bi atoms
along grain boundaries and defect regions inhibits the
formation of a protective oxide film on the surface.

model establishment of MAX

4. Regulating grain size and modifying grain bound-
aries enable control over the diffusion pathways of active
atoms and the rapid formation of protective oxide films.
In addition, the unique crystal structure of MAX phase
results in different diffusion rates of elements on different
crystal planes. The diffusion behavior of active elements
can be affected by the adjustment of crystal planes in
MAX. Surface roughness also plays a pivotal role in the
oxidation of MAX phases. Rough surfaces induce resid-
ual stresses within oxides, leading to crack formation
and diminishing the antioxidation capability of MAX
phases. The A-position elements that are essential for
MAX phase self- healing include Al, Sn, Si, etc. Under
typical atmospheric conditions, the increased tempera-
ture leads to the formation of oxides through the oxi-
dation of the A-site atoms, which fill the cracks with
oxides and achieve repair. In low oxygen environment,
MAX phase is decomposed into MX carbide, which is
conducive to crack closure.

7.2. Recommendations

1. In situ techniques for understanding the oxida-
tion behavior: Employing in situ techniques such as
high-temperature X-ray diffraction (XRD) and



transmission electron microscopy (TEM) to study
the real-time oxidation behavior of MAX phases
under operational conditions.

2. Nano-structuring for enhancing the oxidation resis-
tance: Utilizing nanotechnology to create MAX
phase coatings with improved adherence and
reduced oxidation rates through grain boundary
engineering and surface modification.

3. Doping for enhancing oxidation resistance: Dop-
ing M-site and A-site elements has the potential to
reduce defects in the oxidation layer, increasing its
density and thereby improving the oxidation resis-
tance of MAX phases. Future research might explore
optimal element selection and doping strategies cus-
tomized for complex corrosive environments.

4. Lowering self-repair temperatures and improving
oxidation resistance: MAX phases typically require
high temperatures for self-repair, but A-site doping
with Sn can lower these temperatures. The challenge
ahead is to find methods for achieving self-repair
at lower temperatures without compromising MAX
phases’ oxidation resistance.

5. Developing an oxidation kinetics model: The oxida-
tion of MAX phases involves multiple factors, mak-
ing the process complex and far-reaching. Utilizing
machine learning to collect comprehensive oxida-
tion data and build an oxidation kinetics model
would significantly assist in accurately predicting
and addressing oxidation issues in MAX phases.
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