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ABSTRACT

M, 1AX,, phases exhibit unique laminated atomic structures that result in properties typical of both ceramics and metals. Due to their
unusual characteristics, these materials have been proposed for use in a wide variety of industrial applications, including in nuclear
reactors—both fission and fusion systems—where they will be exposed to extreme irradiation conditions and high temperatures.
Recently, numerous studies have investigated radiation effects on the M,,;AX, phases, revealing complex behavior—phase
transformations, surface modification, and mechanical property changes—induced by ion or neutron irradiation over a range of
temperatures. This review summarizes recent experimental and theoretical work on the response of the M,, ;;AX,, phases to irradiation
and discusses the intrinsic controls on the radiation tolerance of these materials. Based on the review of the present body of work, a
comprehensive understanding of the mechanisms of irradiation-induced structural modification and defect evolution in M, ,;AX,
phases is developed, as well as proposed strategies for designing novel M, ;;AX,, phases with enhanced performance under extreme irra-
diation conditions.
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I. INTRODUCTION

The M,;,AX,, (commonly referred to as MAX) phases are a
group of hexagonal compounds, where M represents an early transi-
tion metal, A is an A group (mostly III A and IV A group) element, X
is carbon and/or nitrogen, and n=1, 2, or 3. The MAX phases were
first synthesized by Nowotny and colleagues in the 1960s, who referred
to them at the time as “H-phases.”’ ~ However, they attracted little
interest prior to the mid-1990s when Barsoum and his colleagues suc-
cessfully synthesized a single-phase, bulk, dense Ti;SiC, sample.” In
2000, Barsoum published the first detailed review of these compounds,
labeling them as M, ;AX,, phases. These materials can be described
as thermodynamically stable nanolaminates—M-X layers sandwiched
between A layers—and, due to these unusual structures, exhibit unique
combinations of properties typical of both metals and ceramics.”
These properties include high electrical and thermal conductivity,
exceptional resistance to oxidation and corrosion, easy machinability,
low density, high elastic stiffness, and excellent damage tolerance, to
name a few." " These remarkable combinations of properties make
MAX phases attractive for a variety of technological applications, par-
ticularly relative to other refractory binary transition-metal carbides
and nitrides, which often exhibit poor machinability, intrinsic brittle-
ness, and poor oxidation resistance.'” MAX phases have often been
proposed for high-temperature applications, such as high-temperature
foil bearings,'” heating elements,'® and electrical contacts.'” In addi-
tion to their tolerance for high-temperature conditions, many MAX
phases are highly resistant to radiation damage; they are considered
promising candidate materials for current nuclear reactors (e.g, as
coatings on zirconium alloy fuel cladding in Gen-II/III light water
reactors)””" and for advanced nuclear systems (e.g., coatings or struc-
tural materials in Gen-IV reactors and structural components in
fusion reactors).”* *°

In nuclear reactors, materials commonly experience high temper-
atures, chemically reactive environments, and intense radiation fields
that can lead to severe degradation of their physical and mechanical
properties. Irradiation, wherein materials are bombarded with ener-
getic particles, leads to the production of large quantities of defects,
such as Frenkel defect pairs. At high radiation fluences, the accumula-
tion of many point defects can cause the formation of extended
defects, including dislocation loops, stacking faults, and voids. Over
larger length-scales, defect production can alter the structures of mate-
rials by phase transformation or amorphization, deleteriously influenc-
ing their properties via processes such as radiation-induced hardening,
solute segregation, irradiation creep, void swelling, and helium
embrittlement.””**

While the development of radiation tolerant materials has long
been pursued in the nuclear industry, the 2011 Fukushima Daiichi
accident—the most severe nuclear accident since the 1986 Chernobyl
disaster—catalyzed a search for novel materials that might improve
nuclear reactor safety, performance, and efficiency.” In particular,
considerable research has been devoted to the design and development
of accident tolerant fuel (ATF), referring to nuclear fuel assemblies
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that are less susceptible to the Zr-based fuel cladding failure due to
reaction with coolant water that occurred in Fukushima.”’ ** MAX
phases are considered as potential coating materials on ATF cladding
to protect the zirconium alloy (Zircaloy) tubes through the formation
of a thin cohesive and adhesive alumina or titania layer on the sur-
face.”"""’ Because any fuel assembly material will be exposed to
extensive irradiation during reactor operation, understanding the
responses of coating and structural materials, like the MAX phases, to
neutron and ion irradiation is critical to improving nuclear reactor
safety and performance.

To date, roughly 155 MAX phases have been discovered.”* This
chemical diversity provides tremendous potential for tuning the prop-
erties of these materials to optimize their performance for nuclear
applications. In this paper, we review recent advances in the experi-
mental and theoretical study of MAX phase behavior in extreme envi-
ronments. Emphasis is placed on the mechanisms of structural
evolution induced by irradiation and the role of various structural fac-
tors in the radiation tolerance of MAX phases. Elucidation of the phys-
ical characteristics governing the radiation response of these materials
provides a means of designing new materials with better performance
under extreme conditions. Additionally, because property degradation
is of primary interest from an engineering perspective, this review dis-
cusses the available research on radiation-induced property evolution,
and we identify gaps in the current understanding of these effects.

Il. STRUCTURES AND PROPERTIES OF UNIRRADIATED
MAX PHASES

A. Structure

The MAX phases exhibit highly ordered hexagonal (hex) nano-
layered structures (P63/mmc) that can be described as # layers of edge-
sharing MgX octahedra interleaved by close-packed A-layers. The
octahedra are similar to those of the corresponding binary MX com-
pounds (with rock salt structures) and are arranged in a twinned ori-
entation with the A layers as mirror planes. The X atoms are located at
the octahedral interstitial sites between the M layers. Based on the n
value, the common MAX phases can typically be categorized, based on
stoichiometry, as 211 phases for M,AX (n = 1), 312 phases for M3AX,
(n=2), and 413 phases for MyAX; (n=3), as shown in Fig. 1(a).
These 211, 312, and 413 phases are distinguished primarily by the
number of M layers between the A layers. Table I summarizes unit cell
parameters and detailed structural information of three representative
MAX phases: Ti,AlC, Ti;AlC,, and Ti,AIN;.

M, 1 AX, phases exhibit one of three distinct stacking sequences,
referred to as o-, i-, and y-types. As shown in Fig. 1(a), the o-type
stacking sequence along the [0001] direction of M, ;AX,, phases is as
follows:

«BCBaCBCu (211 phase)
PCACBAYBAByA (312 phase)
ByABAyBaCBACASC (413 phase),

where the greek letters refer to the X layers, the underlined letters to A
layers, and the remaining letters to M layers. - and y-type structures,
which exist for the 312 and 413 phases (e.g., f-M3AX,,”* f-M4AX;,”
and y-M,AX;""), have slightly different atomic arrangements. Figure
1(b) shows schematically the structure of a representative 312 phase,
o-type TizAlC,, along [1120], where the twinning structure of the MX
slabs (ie., the zig-zag stacking sequence) is apparent. Because this
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a HAADF allows for accurate chemical differentiation of relatively heavy
211 812 401 2 R elements.*® Therefore, M and A layers can be readily distinguished in
‘o z B the HAADF images, as shown in Fig. 1(c), where Ti layers exhibit a

° ° e 6 0000 i brighter contrast compared with Al layers.
o ¢ o B More recently, another STEM technique, annular bright-field
OM o°o° 09092 0900 & (ABF) imaging, has enabled direct observation of light elements in these
- (4] B : o g i o is B materials. The intensity of atoms in annular bright-field (ABF) STEM
®ic 0900 A . - images follows a Z'/*> dependency, making ABF more sensitive to rela-
X H : 4 o © . ' 4 0909 4 tively light elements.*’ We recently, for the first time, employed this tech-
o ¢ 0909 a2 9L nique to observe C atoms in TizAlC, before and after ion irradiation.””
d o B ° 5 0900 A Figure 1(d) shows that the C atoms are located at the octahedral intersti-
L. ! ? ot 09090 M ; ? : © tial sites between the Ti layers, providing the first direct imaging evidence
of the anion positions in MAX phases. In combination, STEM HAADF

and ABF imaging techniques serve as powerful, complementary methods
for characterizing the structural evolution of M, ;AX,, phases.

To enhance the accuracy of the structural analysis of the MAX
phases, some researchers have imaged the materials along [1100] at an
angle of 30° with [1120].”" " Figures 1(e)-1(g) show the structural
model in this direction, as well as corresponding STEM HAADF and
ABF images of Ti;AlC,. Compared with the images along [1120], the
zig-zag stacking sequence cannot be observed along [1100]. However,
the images corroborate the ordered distribution of the M/A atoms and
the arrangement of the X atoms.

Besides the common M, ;AX,, phases (n=1, 2, 3) mentioned
above, researchers have also described the existence of other MAX and
derivative phases. These include the following:

RS

SR

L VAR A AR

©000o0
1120

FIG. 1. (a) Unit cells of 211, 312, and 413 MAX phases. The stacking sequences of

all atoms are shown to the right of each unit cell. The atomic arrangement of a rep- (1) higher order M,,;1AX,, phases (n = 4, 5, 6), such as 514, 615,

resentative 312 MAX phase, TisAIC,, is shown along (b) [1120] and (e) [1100], as 716 phases™ ™ .
well as the corresponding [(c) and (f)] STEM HAADF images and [(d) and (g)] ABF (2) ordered (M, M’),,;AX, phases, such as Cr,TiAlC,” and
images. Note that the intensity of each atomic column is element dependent. Mo, Ti,AlC;””
(3) random solid solution phases, such as Tis(Al,_,Si)C,™ and
Ti,Al(C,N,)”’
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stacking sequence comprehensively describes the structure of these
compounds, it is most important to characterize the structure along
[1120] in studies of MAX phase structures.

Due to the separated layered structure, an advanced imaging
technique, aberration-corrected scanning transmission electron
microscopy (STEM), is commonly used to directly characterize differ-
ent elemental layers at the atomic scale.”’ *’ The intensity of an atomic

(4) hybrid MAX phases, such as M5A,X; and M,A, X5
(5) other derivative phases, such as (MC),(AL;Cy),, and
(MO)(ALCs) .

B. Key thermal, mechanical, and chemical properties

To fulfill the requirements for structural materials in nuclear
energy systems, three aspects of MAX phases are most important:

thermal properties, mechanical properties, and chemical reactivity
(i.e., corrosion and oxidation).

column in high-angle annular dark-field (HAADF) STEM images is
proportional to ~Z* (Z represents the atomic number), such that

TABLE . Unit cell parameters and structural information of Ti,AIC, TizAIC,, and TizAIN;.

Formula Ti,AlC™ TizAlC,™ TisAIN;"
Unit cell parameters (A) a=3.06 a=3.08 a=299
c=13.60 c=18.58 c=23.37

Structural information ~ Wyckoff notation Atomic positions Wyckoff notation Atomic positions Wyckoff notation Atomic positions

Ti (4/) (1/3, 2/3, 0.064) Ti(I) (2a) (0,0,0) Ti(T) (4f) (1/3, 2/3, 0.054)
Al (2d) (1/3, 2/3, 3/4) Ti(1) (4f) (2/3,1/3, 0.128) Ti(I) (4e) (0,0, 0.155)
C (2a) (0,0,0) Al (2b) (0,0, 1/4) Al (2¢) (1/3, 2/3, 1/4)
C (4f) (1/3, 2/3, 0.064) N@) (2a) (0,0, 0)
N(I) (4f) (2/3,1/3, 0.105)
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1. Thermal properties

Due to their refractory nature and high melting points, some
MAX phases are attractive candidate materials for high-temperature
applications. Most ceramics exhibit brittleness and are susceptible to
thermal shock damage.””" In contrast, the response of MAX phases
to thermal shock differs from that of other ceramics, which may be
attributed to the formation of compressive stresses on the surface
oxide layer,(’2 the substantial metallic character of the bonding, and the
formation of kink bands in the substrate.”” As a result, certain MAX
phases, such as Ti;AlC, and Ti;SiC,, show excellent shock resistance,
high damage tolerance, and good ductility.”**” Additionally, the ther-
mal conductivity of most MAX phases ranges from roughly 26 to
60 W/m-K (for example, 46 W/m-K for Ti,AIC) at ambient tempera-
ture and greater than 20 W/m-K at high temperatures (800K) for
some compositions.”” These are higher than most ceramics and even
some metals or alloys, such as pure Ti and Zircaloy.”* This conductiv-
ity ensures that the thermal energy generated in nuclear energy com-
ponents, such as nuclear fuel assemblies in fission reactors, can be
efficiently transferred through Zircaloy and MAX phase coatings to
the reactor coolant (i.e., water, gas, and molten salt).

2. Mechanical properties

The MAX phases are relatively soft, with a hardness ranging
from 2 to 8 GPa. This can be explained by their easy basal plane slip
due to the layered structure and the relatively weak coupling between
MX slabs and A layers."' These characteristics make the MAX phases
easily machinable, which is one of their most attractive properties, as
compared with conventional ceramics, in terms of industrial use.
Despite their softness, these materials are elastically stiff with high frac-
ture toughness and low densities.”” In addition, some MAX phases are
damage tolerant at room temperature and deform plastically as tem-
perature increases.”’ Data on the fatigue and creep behavior of MAX
phases are limited, with mainly Ti;SiC, studied. TisSiC, exhibits
higher fatigue resistance than conventional structural ceramics, which
is attributed to its heterogeneous and layered structure.”’

The phase stability of MAX phases under extreme thermome-
chanical environments (high temperature and mechanical stresses)
also plays an important role in their application in nuclear systems.
Heating by nuclear fission and radioactive decay set stringent tempera-
ture requirements for in-core structural materials in current GEN-II
and GEN-III reactors, around ~300-400 °C; those of the six proposed
GEN-IV reactors range from 300 to 1000 °C, depending on type.”” At
temperatures below 1000 °C, most MAX phases are structurally stable,
except, for example, Cr,GaN that decomposes at ~850°C.”" In vac-
uum, the phase decomposition temperatures for some representative
bulk MAX phases samples, Ti,AlC, Ti3AlC,, and Ti;SiC,, range from
1500 to 2200°C.”"7* Phase decomposition is caused by the out-
diffusion of A away from the unit cell, eventually leading to the forma-
tion of binary M, X, via the relaxation of remaining twinned MX
slabs and X rearrangement.”” In practice, the precise decomposition
temperature is also influenced by the presence of impurities and the
chemical environment.”*

In nuclear reactors, irradiation-induced fuel swelling and clad-
ding failure can cause mechanical stresses on MAX phase coatings, in
addition to the high-temperature conditions. The high pressure that
such stresses produce at some localized areas, such as crack tips, can

REVIEW scitation.org/journal/are

be much higher than those applied to the fuel pellets (MPa).
Interestingly, most MAX phases are remarkably stable under high
pressure (hydrostatic) up to tens of GPa.”””” Only a few undergo sub-
stantial phase modification, such as «-Ti;GeC,, which transforms to
the similarly-structured S phase in response to large shear stresses

(non-hydrostatic).78

3. Chemical stabilities

Alongside these critical thermal and mechanical properties, the
resilience of MAX phases in harsh chemical environments is an
important benefit for their use in nuclear energy systems. In reactors,
coolant is used to transfer heat/energy from the reactor core to tur-
bines for the generation of electricity. Direct contact of coolant with
structural materials, for example, potential MAX phase coatings on
nuclear fuel elements, can result in corrosion of these materials at high
temperatures. The coolant in most currently operating reactors is
water, sometimes including deuterium oxide.

Al-based MAX phases show excellent corrosion and oxidation
resistance in water and air.””*’ The mechanism can be briefly explained
by the formation of a dense, continuous Al,Oj layer that protects the
MAX phase substrate. Recently, researchers have studied the corrosion
behavior of the MAX phases in molten metals (Na, Pb, Pb-Bi) and
molten salt (FLiNaK, less chemically reactive than Na), both of which
serve as coolants in GEN-IV reactors [e.g., sodium-cooled fast reactors
(SFR) and molten salt reactors (MSR)]. Ti,AlC, Cr,AIC, and Ti;SiC,
do not react with Na at 750 °C,”" while Ti3SiC, is quite stable in molten
Pb and Pb-Bi alloys.”” Some compositional trends in corrosion resis-
tance have also been demonstrated. For example, Ti;SiC, has been
shown to exhibit superior corrosion resistance in FLiNaK salt than
Ti3AlC,, based on its lower mass loss following exposure.”

Additional information about the structures and properties of
MAX phases can be found elsewhere.”'" ' >7*40:7¢2

lll. RADIATION-INDUCED STRUCTURAL EVOLUTION IN
MAX PHASES

While the MAX phases were first considered as candidate materials
for high-temperature applications decades ago, their response to irradia-
tion was not studied until around 2009.** Structural materials in nuclear
reactors are exposed to a complex and extreme environment, wherein
irradiation by both neutrons and various fission fragments (such as, He
from alpha-decay and accelerated Kr, Zr, Ba and Xe ions) can change
the structure and properties of these materials. Ion irradiation is com-
monly used to simulate the irradiation conditions in nuclear reactors in
isolation with lower cost and time requirements.”” However, the produc-
tion of radiation damage strongly depends on the ion mass and energy
due to the associated variation in electronic energy loss, energy spectrum
of primary knock-on atom, and chemical alteration accompanying ion
implantation.”® Therefore, considering the chemical diversity of the
MAX phases, and the possible irradiation conditions, some key ques-
tions remain unresolved. First, the mechanisms of the structural evolu-
tion induced by irradiation have been debated for many years.

As an energetic ion or neutron traverses a material, it can cause
defect production and damage in the periodic atomic structure. To
evaluate the damage level induced by particle (low energy) bombard-
ment in nuclear materials, displacement per atom (dpa) is used as the
current international standard for approximate quantification, which
can be calculated by SRIM software,”” among types of models.”* As
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the ion energy increases to approximately 1 MeV/u or greater, ions
deposit the majority of their energy in materials via electronic energy
loss, leading to structural modifications in ceramics, including forma-
tion of defects, phase transformation, decomposition, and
amorphization.

A. Formation of M/A antisite defects

In MAX phases, there exist various kinds of defects, including
point defects, stacking faults, and dislocations that are formed under
different extreme environments.”” At the early stage of irradiation
(low particle fluence), defects usually exist in the form of isolated point
defects, such as interstitials, vacancies, Frenkel pairs, and antisite
defects (e.g, M atoms are displaced to sites initially occupied by A
atoms, and vice versa) in MAX phases. As the fluence increases, clus-
tering of defects becomes more likely. Le Flem et al.”’ observed black
dots in TEM imaging of the Tis(Si, Al)C, thin film sample after irradi-
ation by 92 MeV Xe ions, as indicated by the white arrows in Fig. 2(a).
These black dots correspond to clusters of these point defects or other
local structure changes. In previous studies, first-principles calculations
were employed to investigate various types of defects, including their
formation energy. This work clearly shows that, for all MAX phases,
antisite defects in all the MAX studied possess the lowest formation
energies among all defect types, indicating that their formation is
more energetically favorable.” ”” For example, the formation energy
of the Aly; antisite defect in Ti;AlC, is 0.74eV, as compared with
1.32 €V and up for other defect types.”'

More recently, we, for the first time, directly imaged the forma-
tion of antisite defect clusters in Ti;AlC, induced by Au ion irradia-
tion,"” as shown in Fig. 2(b). Irradiation induces slight structural
modification in Ti;AlC, at a relatively low ion fluence (~0.2 dpa),
while the hexagonal structure is retained. As mentioned above, the
STEM HAADF imaging technique allows direct atom-by-atom imag-
ing and chemical identification for heavy elements, i.e., M and A cati-
ons in the MAX phases, based on the intensity/contrast of atomic

a
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columns in the image. Compared with the initial structure shown in
Fig. 1(c), the intensities of some Al columns increase after irradiation,
as indicated by the white arrows in Fig. 2(b), while those of some adja-
cent Ti atoms are attenuated. This intensity variation is also shown in
the intensity profile along the Al layer (line 2) and the Al-Ti-Ti-Ti-Al
layers (line 1), as shown in Figs. 2(c) and 2(d). This indicates the for-
mation of clusters of Tiy-Aly; antisite defects, leading to a chemical
disordering process at the M/A cation sites that can be described as

MM + AA — MA + AM
(cation antisite formation, leading to mixture of M and A layers).
o

Similar irradiation-induced chemical order-to-disorder transfor-
mations have been widely observed in complex oxides, such as the
Ln,B,0; compounds that are used for the immobilization of actinide
nuclear wastes.”* ”° In these materials, irradiation drives phase trans-
formations from initially ordered pyrochlore structures to chemically
disordered, face-centered cubic (fcc)-structured (Ln,B,)O; solid solu-
tions by the formation of Lng-By,, antisite defects at the cation sites.
This disordering process strongly influences materials’ properties,
including the thermal and mechanical properties important for mate-
rial performance in nuclear reactors.”” Therefore, understanding the
mechanisms of these order-to-disorder transformations in the MAX
phases is critical to their technological application.

B. Structural evolution

In nearly all MAX phases, room temperature irradiation induces
the formation of new phases with an fcc-like structure. This transfor-
mation typically begins at a specific threshold fluence value, depending
on the irradiation conditions (i.e., ion or neutron, ion energy, and ion
type).”””* "% Figure 3 illustrates x-ray diffraction (XRD) evidence of
the structural evolution in eight representative MAX phases. Only the
Cr,AIC becomes amorphous without forming the new fcc phase, as

C

BN R R

T*EEEERE.
FE R R EEEREE.

"

00 03 06 09 12 15 18 21 24 27 30
Distance (nm)

FIG. 2. (a) A TEM image of Tis(Si,Al)C; irradiated to 0.2 dpa (92MeV Xe ion, 1 x 10'® cm~2). The white arrow indicates a cluster of point defects (black dots). Reproduced
with permission from Le Flem et al., Int. J. Appl. Ceram. Technol. 7(6), 766-775 (2010). Copyright 2010 The American Ceramic Society. (b) STEM HAADF image of Ti;AIC,

irradiated with 1 MeV Au ions to a fluence of 1 x 10" cm—2

, imaged along (1120, showing direct evidence of cation antisite defects. The white arrows indicate the initial Al

layers, whose image contrast is altered compared with the initial hexagonal structure. [(c) and (d)] Contrast profiles along line 1 and 2 in (b), respectively, which directly show
the variation of contrast arising from the formation of Tis-Aly; antisite defects produced by ion irradiation.
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FIG. 3. Grazing incidence X-ray diffraction (GIXRD) patterns of (a) TisAIC,, (b) Ti;AIC, (c) TisSiCy, (d) NbsAICs, (€) V2AIC, (f) CroAIC, (g) TisAN3, and (h) TiAIN. Nb,AIC; was
irradiated with 70 KeV He ions, while the rest were irradiated with 1 MeV Au ions. In all compounds except Cr,AIC, ion irradiation drives the formation of new fcc structures,
whose diffraction peaks are indicated by triangles. The threshold fluence for the onset of the observed phase transformation differs among the materials, indicating different
susceptibilities to irradiation induced damage. Reproduced with permission from Wang et al., J. Am. Ceram. Soc. 99(5), 1769-1777 (2016). Copyright 2016 The American

Ceramic Society.

shown in Fig. 3(f), which will be discussed later. The precise mecha-
nisms of this structural evolution, resulting from exposure of these
materials to radiation, have been studied and debated for many
years."””%!07 1112 Eyplanations proffered to date for the formation of
the fcc-structured phases fall into three main categories: phase decom-
position to binary MX, disordering to a solid solution M, ;(A,X,)

phase, or disordering to a (M, 1,A)X,, solid solution phase.

1. Phase decomposition

Initially, several researchers argued that irradiation triggers phase
decomposition from ternary compounds into the corresponding
binary fcc-structured carbides or nitrides, accompanied by out-
diffusion of A elements.”* '*"*''*'"* This reasoning was based on the
observation that some MAX phases are not stable under specific
extreme environments, such as high temperatures,'”'"" oxygen-
enriched environments,''* hydrothermal environments,''* and acidic/
alkaline environments,''”''* and that these conditions, ostensibly
analogous to those of irradiation, induce phase decomposition
processes.

The tendency of MAX phases to decompose under extreme envi-
ronments is explained by their defect energetics. Zhang et al.''”
reported that the migration energy barriers of Vg;, Sij, and Tig; along
the Si atomic plane in Ti;SiC, are only 0.9, 0.6, and 0.3 eV, respec-
tively. Additionally, the M-A bond is typically the weakest among all
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bonds, and the M-A bond distance is typically the longest in MAX
phases. This makes the migration of atoms along the A layers, as is
necessary for A out-diffusion at grain boundaries and surfaces, rela-
tively easy.

For example, Ti;AlC, remains stable up to around 1300 °C, after
which it decomposes due to Al out-diffusion as shown in Fig. 4, via
the reaction '’

My 1AXy — My X, + A (2)

After A out-diffusion, the initial A positions/layers can be occu-
pied by other atoms (i.e,, Au, Cu, Ir) or functional groups (ie., O, F,
OH). In fact, phase decomposition has been utilized to synthesize new
materials, such as noble-metal-containing transition-metal carbides/
nitrides'”’ and two-dimensional MXene nanosheets."'”''® As the
MX,,/n+1 layers that remain after A out-diffusion are annealed at rela-
tively high temperature, the X anions initially located between the M
layers migrate to partially-empty A layers, as shown in Fig. 4(c). The
remaining twinned M, X, slabs can be detwinned and recrystallize
to (111)-oriented MX,,,, ;1 layers, accompanied by the formation of
voids in the material,'"* as shown in Fig. 4(d).

Based on these studies, interpretation of the irradiation-induced
transformation as a phase decomposition process appears reasonable.
However, many MAX phases show no evidence of irradiation-induced
formation of voids that should accompany a phase decomposition
process. One exception is in Ti;AIC, under 200keV electron
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FIG. 4. Schematic illustration of different stages of phase decomposition in MAX phases. (a) Initial hexagonal structure. (b) A out-diffusion and evaporation. (c) X rearrange-
ment with void formation. (d) MX relaxation, de-twinning, and void growth. Reproduced with permission from Emmerlich et al., Acta Mater. 55, 1479-1488 (2007). Copyright

2006 Acta Materialia, Inc., published by Elsevier Ltd.

irradiation. After exposure to an electron beam for 500 s, it was found
that Al atoms were sputtered away with no evidence of amorphiza-
tion."”" However, in other studies of MAX phases, these materials
were found to be stable under electron beam irradiation, even at higher
voltage. Additionally, few studies show phase instability of the MAX
phases under irradiation. Tunes et al. investigated the structural
response of MAX phases to neutron irradiation, up to 10 dpa at
1000°C."*” Their results show that needlelike precipitates formed in
Ti,AlC after irradiation, indicating the possibility of phase decomposi-
tion. Although this evidence shows that precipitates are formed in
some grains (not all), the stability of these compounds under irradia-
tion still requires further investigation. The limited observation of
phase decomposition might be due to the quality of the sample or
other issues extrinsic to the MAX phases.

2. Formation of an fcc-structured M,, (A, X,,) phase

Bugnet et al.'* studied the effects of antisite defect formation in
irradiated Ti;AlC, using ab initio calculations and electron energy loss
spectroscopy/x-ray absorption spectroscopy (EELS/XAS) and pro-
posed a new structural model for the fcc phase. In their model, irradia-
tion leads to the substitution of Al atoms on C sites and triggers phase
transformation to a newly formed fcc-structured Ti(Aly33Co67) phase
at a dose of 2 dpa. They argued that the new phase was different from
the o-Ti;AlC, and f-Ti3AlC, phases and possesses a structure based
on that of the related material, TiC, as evidenced by the similarity of
their d-spacings along [111].

Through analysis of the C-K and Al-K edges of initial and irradi-
ated samples, they studied the local order in the Ti¢C octahedral layers
and the detailed charge distribution around Al atoms. These results
show that the Al atoms were displaced from a highly anisotropic trigo-
nal prismatic site to a more isotropic atomic site. The simulated C-K
energy loss near edge structure (ELNES) of the proposed

Ti(Aly33Co7) structure is in good agreement with the experimental
results.

The structure of the proposed Ti(Aly33Cos7) phase differs from
that of TiC in the presence of Al atoms (occupancy 0.33) at the anion
sites. The structure seems reasonable because both the cation and
anion sites are fully occupied and ab initio calculations show that it
remains after relaxation. However, in the absence of direct observation
of the structure of the irradiated sample, the proposed structure might
be inaccurate. First, in previous studies, Ti;AIC, exhibits a high degree
of radiation tolerance and retains its hexagonal structure at a low dam-
age level (~2 dpa).”*'** Therefore, the formation of fcc phase is
unlikely under these conditions. In addition, Yang et al.'”* recently
found that irradiation drives a phase transformation to a hexagonal
metastable phase before the formation of an fcc phase. This metastable
phase is a new y phase, whose d-spacing along [1100] is similar to the
results shown in Bugnet’s study. Therefore, it is believed that the phase
formed in Bugnet’s study is the hexagonal y phase, rather than an fcc-
structured phase.

Regardless of the accuracy of their structural model, Bugnet et al.
provided detailed information on Ti/Al and Al/C antisite defects and
developed a new and important approach (a combination of EELS/
XAS and ab initio calculations) for probing the local structure of disor-
dered MAX phases.

3. Formation of an fcc-structured (M, .;,A)X,, phase

More recently, additional studies have shown that MAX phases
undergo a multi-step transformation process from hexagonal o to f§ to
7 to the fcc phase. As mentioned above, A atoms can readily migrate
along the A layers. For example, the Si atoms in o-Ti;SiC, can move
from the initial 2b sites to 2d sites, driving the formation of the
p-TisSiC, phase. The stacking sequence of the f-Ti;SiC, phase is
BCBCPAYBCByA, as shown in Fig. 5(b). Liu et al”* found that o-
Ti3SipoAly C, partially transforms into [-TisSigeAly1C, when
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FIG. 5. Schematic illustration of different stages of phase transformation in TizAIC,. (a) Initial hexagonal structure. (b) S-TisAIC, in which the blue arrows indicate different posi-
tions of the Al atoms compared with the initial o-TiAIC, phase. (c) y-(TisAl)C, solid solution, in which the Ti and Al atoms are uniformly distributed at the cation sites and C
atoms are distributed at the anion sites due to the accumulation of Ti/Al antisite defects and C rearrangement. (d) fcc-(TizAl)C,, solid solution, which indicates phase transforma-

tion due to the formation of stacking faults.

irradiated with 92 MeV Xe ions, based on Rietveld refinement of XRD
patterns. The amount of the f-Ti;SigoAly;C, phase increased with
further irradiation due to the increase in the number of interstitials.
Similar phase transformations from the o phase to § phase were also
observed in Ti;AlC, irradiated with 1 MeV C** ions at various tem-
peratures.''’ This phase transformation process and further atomic
migration along the A layers could help to accommodate a large num-
ber of structural defects, which are induced by extreme environments
without any major alteration of the structure.

On the other hand, antisite defects have been observed in the
early stage of irradiation, as shown in Fig. 2(b). As further irradiation
generates additional antisite defects, the disordering occurs at both the
cation and anion sites. The accumulation of such defects eventually
leads to the formation of a hexagonal y phase, which has been
observed in irradiated Ti;AlC,,""" Ti,AIC,'"" Ti,AIN;,'" Ti,AIN, %
V,AIC, and Cr,AlC,'” as shown in Fig. 5(c). Compared with HAADF
images of the pristine sample [Figs. 1(c) and 1(f)], in which the M and
A atomic columns show an apparent contrast difference, the HAADF
image of the y phase shows identical contrast in each atomic column,
as shown in Figs. 6(c) and 6(f). This indicates that the M and A atoms
are uniformly distributed at the cation sites with the occupancy ratio
of n+1/1 in the y phase. Meanwhile, ABF images [Figs. 6(d) and
6(g)] show that, along with mixing of occupancy at the cation sites,
the X atoms that were initially located between the M layers move,
eventually occupying the octahedral sites between the rearranged
cation (M/A) sites with an occupancy of n/n + 2, as shown in the fol-
lowing reaction:

Xx — Vx4 X; (Xanion Frenkel formation). 3)

Therefore, the 7 phase can be described as a solid solution,
7-(M,+1A)X,,. Following this transformation to the 7y phase, the atomic
stacking sequence along [0001] becomes SCuBaCSAyBaCoByA, with

the cations exhibiting the same sequence as in the f§ phase. These
cation and anion rearrangements also yield d-spacings between
layers identical to those of the f§ phase.

Relatively few studies have reported the observation of the f
phase, based on XRD results. In contrast, y phases have been observed
in numerous MAX phases after irradiation, and their detailed struc-
tures have been analyzed by various analytic methods [XRD, TEM
imagery, and TEM selected-area electron diffraction (SAED)]. There
are three main reasons for the limited observation of the f§ phase: dis-
crete radiation process, poor phase stability under irradiation, and
simultaneous occurrence of antisite defects and atomic migration
along A layers. First, in most studies, structures analysis is performed
only at discrete fluence steps, not continuously. The f phase that
forms over a relative narrow range of low fluences might therefore not
be observed. Second, the y phase might have a lower energy than the f§
phase, such that the metastable  phases, if formed, rapidly transform
into the y phase as the fluence increases. More importantly, since both
the migration barrier of atoms along the A layers and the formation
energy of antisite defects are low, it is likely that both processes occur
simultaneously rather than successively (yielding a transformation
from o to 7y, rather than from o to f§ to 9). It is possible that the forma-
tion of the metastable y phases, via an energetically inexpensive atomic
rearrangement, can enhance the radiation tolerance of these materials,
allowing them to incorporate a high concentration of irradiation-
induced defects while maintaining crystallinity.

As the irradiation fluence increases to a relatively high level, the
stacking sequence is further altered to AyBaCSAyBaCf, as shown in
Figs. 6(i)-6(k). This indicates the transformation of the y-(M,, 1A)X,
phase to a solid solution fcc phase, i.e., foc-(M, ;A)X,, phase,”' """
as shown in Figs. 5(d) and 6(h). Similar to the y-(M,;A)X, phases,
the cation sites are uniformly occupied by M and A atoms, while the
anion sites are occupied by the X atoms with an occupancy of n/n + 2.
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irradiation to fluences of 3 x 10™ and 1 x 10"®cm 2.

However, the primary difference between the y-(M,,;;A)X,, phase and
fee-(M,41A)X, phase is the stacking sequence. Therefore, the phase
transformation from y-(M,;1A)X, phase to fcc-(M,,;A)X,, phase is
triggered by the irradiation-induced formation of stacking faults.
Generally, in hexagonal MAX phases, stacking faults are generated by
the dissociation reactions of perfect dislocations in the basal plane'*
and can be described by

1, _ 1, ) 1

3 (1120) — 3 (1010) + Stacking Fault + 3 (0110). (4)
In most studies, the newly formed fcc-(M,, ;1A)X,, phase exists in a
nano-twinned structure'’”''" and persists even as the fluence
increases to quite high values (damage levels up to ~300 dpa).
This ability to maintain the disordered, yet crystalline, fcc phase
indicates excellent resistance to irradiation-induced amorphiza-
tion. Retention of the fcc phase is attributed to the presence of high
densities of twin boundaries that strengthen materials'*® and facili-
tate defect incorporation and annihilation via interstitial emission
near grain boundaries.'”’

One exception to this radiation tolerance is found in the Cr
based MAX phases. In all studied to date,'””'**'** phase transfor-
mations from the initial phase to the hexagonal y phase and even-
tually to an amorphous phase have been observed, with no
formation of an fcc phase. This might be attributed to the fact that,
unlike TiC, VC, or NbC, the fcc-structured CrC is a metastable
phase.'”’ Additionally, the structure, bonding, and properties of
chromium carbide, CrC,, are strongly dependent on the carbon
content, x. CrC, remains amorphous at low carbon content and
crystallinity increases with x.'”' Analogously, in the y-(Cr,Al)C
phase, the occupancy of carbon is only 0.33, indicating that it is

unlikely to form an fcc-(Cr,Al)C solid solution phase as do the
other MAX phases.

All three of the irradiation-induced phase transformation mecha-
nisms discussed above explain the formation of the fcc phase under
irradiation, but the precise phase formed differs among them. Recent
studies of chemical distribution in irradiated MAX phases show a
homogeneous distribution of A in the fcc phase, indicating that out-
diffusion did not occur. Atom probe tomography (APT) performed
after irradiation of Ti;AlC, showed that, in the fcc phase, Al atoms
were still uniformly distributed throughout the material, demonstrat-
ing a lack of Al out-diffusion.”” Additionally, XRD characterization of
Ti,AIN; after irradiation shows that the (200) peak of the newly
formed fcc-structural phase is located at 43.6° (26), while that of the
TiN impurity in Ti4AIN; is located at 42.6° (20), as shown in Fig. 3(g).
The coexistence of these two distinguishable (200) peaks further indi-
cates that the newly formed fcc phase is structural distinct from binary
TiN.

Figures 7(a)-7(f) show the proposed structures and atomic
arrangements along [110] of the three corresponding fcc-structured
phases [ie., fcc-TiC, fcc-Tiz(AlC,), and fec-(Ti;Al)C,]. In the XRD
patterns simulated using these structures [Fig. 7(g)], the (111), (200),
and (220) peaks of each are located at the same 20 angles when their
unit cell parameters are set to the same value. However, due to the dif-
ferent locations of the Al atoms in the structure, the relative intensities
of these peaks differ. In all the experimental XRD patterns shown in
Fig. 3 and those found elsewhere in the literature,”® 1011051927155 the
intensity of the (111) peak is higher than that of the (200) peak and
the (220) peak. This is consistent with the simulation results for the
fec-(Ti3Al)C, phase in Fig. 7(g), indicating that this is the most likely
structure of the fcc phase. Additionally, ab initio simulation results
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show that fcc-M,,1(AX,) is energetically stable and its equilibrium
unit cell parameters are consistent with those obtained from experi-
mental XRD measurements.”” Thus, the transformation to a new fcc-
structured (M, 1,A)X,, phase is the most reasonable among these
three (a-c) mechanisms.

C. High-temperature effects on structural evolution

The discussion above focuses on room temperature effects of
radiation. As the temperature increases either during irradiation or
after (heat treatment), atomic migration barriers decrease relative to
those at room temperature, such that atoms and defects move more
rapidly. Therefore, the radiation-induced defects become more likely
to annihilate one another, and the damage induced by irradiation can
be partially recovered.

Figures 8(a) and 8(b) show the XRD patterns of MAX phase
samples irradiated with 1 MeV Au* ions at room temperature, as well
as patterns collected from these samples after post-irradiation anneal-
ing at 800 °C for 1h. As expected for a room temperature irradiation,
phase transformation from the initial hexagonal phase to the fcc-
(Ti3A1)C, phase was observed. After annealing, the newly formed fcc
phase partially transforms back to the hexagonal phase. By analyzing
the area ratio of the (111) peak of the fcc phase to that of the (006)
peak of the hexagonal phase, the extent of irradiation-induced

transformation, at various fluences, can be qualitatively assessed, as
shown in Fig. 8(c). These results indicate the sluggish growth of the fcc
phase under irradiation at room temperature and apparent recovery to
the hexagonal structure after annealing, despite the retention of a small
amount of residual fcc phase. However, another important question
arises: do the Al atoms migrate back to their initial locations during
recovery, or do they remain uniformly distributed among the cation
sites alongside Ti atoms in the hexagonal structure?

Figure 9 shows STEM HAADF images and the corresponding
SAED patterns of MAX phases irradiated with 1 MeV Au™ ions irradi-
ated to fluences of 2 x 10" and 4 x 10"®cm™? after annealing at
800°C for 1 h. The fcc-(TizAl)C, solid solution formed at
2 x 10" cm ™% almost completely transforms back to the initial hexag-
onal Ti;AlC, phase. In the recovered hexagonal phase, Ti and Al
atoms occupy their initial locations instead of remaining mixed with
one another. Even at a higher ion fluence of 4 x 10"°cm 2, partial
recovery of the structure was observed after annealing. Following
annealing, all three fcc-(Ti;Al)C,, y-(Ti;Al)C,, and Ti;AlC, phases
coexist in this case. Therefore, the phase transformation from hexago-
nal Ti;AlC, to f to y to fec-(Ti3Al)C, phase is reversible after
annealing,

Similar behavior has been reported in Ti;SiC, irradiated with
2MeV I**, 700keV C*, and 110keV He" ions, as shown in Fig.
8(d).”>'°"1°° These works demonstrate the temperature dependence
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of recovery of these materials. For example, in irradiated TisSiC,,
annealing at 300 °C did not alter the fcc-structured phase, an observa-
tion attributed to insignificant defect diffusion. When the annealing
temperature was increased to greater than 560 °C, the structure par-
tially changed from the fcc phase to the hexagonal phase. This indi-
cates that there exists a critical temperature above which sufficient
atomic mobility can lead to recombination of defects and recovery of
the structure.

In addition to post-irradiation annealing, many studies have
investigated the response of the MAX phases to ion irradiation at ele-
vated temperatures,””'"" 03110133 13367140 1y principle, exposure to
high temperatures during irradiation facilitates defect recovery and
retards the structural phase evolution, yielding effects similar to post-
irradiation annealing.

Representative high-temperature irradiation XRD data are shown
in Fig. 10. Despite different radiation conditions (ion type and energy),
ion irradiation at room temperature triggers similar phase transforma-
tions, from the hexagonal phase to the fcc phase, in Ti;AlC,, Ti,AlC,
and TisSiC,. As the irradiation temperature increases to around
300 °C, the phase transformation process is slightly hindered due to a
limited increase in atomic mobility and defect recombination. For
example, in Ti;AlC, and Ti;SiC,, the phase ratio of the y phase and
fcc phase achieved from irradiation at 300°C is smaller than that
achieved at room temperature. As the irradiation temperature is
increased to more than 500°C, all these compounds exhibit greatly

REVIEW scitation.org/journal/are

enhanced phase retention under irradiation, with the initial hexagonal
phases remaining dominant. For temperatures in the range
600-800°C, phase transformation hardly occurs. Similar effects of
temperature on irradiation-induced phase evolution were also found
in other MAX phases, such as Zr,AIC.""" These results are particularly
important with respect to the potential application of MAX phases in
nuclear energy systems as temperatures of several hundred °C or
greater are typical.

Besides the phase transformation process, the defect behaviors
under ion or neutron irradiation significantly influence materials’
properties and play an important role in designing nuclear materials.
Therefore, defect behaviors in the MAX phases at various temperature
have also been investigated.'*”'**'*>!*'~1*% Although defect evolution
in irradiated MAX phases in a complex function of temperature, irra-
diation conditions, and composition, it can be useful to approximately
categorize radiation response, and its temperature dependence, using
the homologous irradiation temperature T/T),, where T, is the melt-
ing point."**""*° From this perspective, there exist three temperature
ranges in materials known as stages I, III, and IV, which correspond to
the onset temperatures for long-range self-interstitial-atom migration,
monovacancy migration, and thermal dissolution of small vacancy
clusters, respectively. In these stages, the defect production recovery
mechanisms differ such that different defect behaviors were observed.
For example, at temperatures below stage I, ceramics are prone to
become amorphous under irradiation due to the immobility of point
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FIG. 10. GIXRD patterns of (a) TisAIC,, (b) Ti,AIC, and (c) TisSiC, before and after irradiation with 1 MeV, 1.1 MeV C ions and 92 MeV Xe ions at different temperatures.
High-temperature irradiation hinders the phase transformation in all compounds, which is attributed to enhanced atomic migration and annihilation of defects. Reproduced with
permission from Deng et al., Acta Mater. 189, 188-203 (2020). Copyright 2020 Acta Materialia, Inc., published by Elsevier Ltd. Reproduced with permission from Liu et al.,
Nucl. Instrum. Methods Phys. Res., Sect. B 406, 662-669 (2017). Copyright 2017 Elsevier. Reproduced with permission from Liu et al., Nucl. Instrum. Methods Phys. Res.,
Sect. B 268, 506-512 (2010). Copyright 2009 Elsevier. Reproduced with permission from Qi et al., Acta Mater. 66, 317-325 (2014). Copyright 2013 Acta Materialia, Inc., pub-
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defects, whereas at stage III temperatures, void/cavity formation is
likely to occur.

Defect behaviors in MAX phases under irradiation at different
stages differ. Clark et al. employed TEM analysis under two-beam con-
ditions and obtained bright-field and dark-field images of Ti;AlC,
irradiated to 30 dpa at 400 and 700 °C, using the g ~ (0001) (basal)
and g ~ (1100) (prism) diffraction vectors,"”” as shown in Fig. 11.
Compared with the pristine structure, there appears a large density of
“black spots” or small defect clusters in the area irradiated to 30 dpa at
400 °C, indicating the formation of defect similar to those formed at
room temperature, as shown in Fig. 2(a). At 700 °C, the defects in
Ti;AlC, appear to be comprised of smaller basal defects that coalesce
in a stacking sequence at *£35° from the basal direction, as shown in
Fig. 11(c). However, in Ti;SiC, at the same irradiation condition
(30 dpa, 700 °C), the grouped defects exist as large stacking faults along
the basal plane and dislocation loops along the prism axis.'”
Additionally, no voids were formed in either material. Similar defect
formation behavior is observed in most MAX phases studied under
irradiation.'' > """ These results suggest that the irradiation tempera-
tures used were between defect recovery stages I and III, characterized
by high interstitial mobility and limited vacancy mobility. As the irra-
diation temperature increases, voids or cavities appeared within the
grains or along grain boundaries as small, mobilized vacancies
aggregate. '

IV. COMPOSITIONAL TRENDS IN THE SUSCEPTIBILITY
OF MAX PHASES TO RADIATION-INDUCED PHASE
EVOLUTION

As shown by their chemical formulas, there are four compositional
variables that describe the M, ,;AX, phases: M, A, X, and n. These
parameters determine their physical and mechanical properties,””*""*"'**
as well as their responses to irradiation and other extreme environ-
ments.47,‘)(],‘) 1,93,103,105,108,109,128,133,141,142,149-151 Therefore, inVeStiga-
tion of the role of M, A, X, and 7 in the MAX phase radiation
response, including susceptibility to phase transformation, is critical
to understanding the performance of these materials in nuclear
applications. However, the systematic study of compositional trends
is difficult because much of the experimental work has been done

<0001> f e, S

100 nm

Q

Bright Field

Dark Field

pristine 30 dpa @ 400 °C
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under different irradiation conditions. Ideally, radiation responses
of various MAX phases should be studied under the same irradia-
tion conditions (i.e., ion type, energy, and temperature). This is nec-
essary due to, for example, the different damage production
efficiencies achieved by different irradiation conditions (even at the
same dpa level), as discussed above. Here, we attempt to clarify sys-
tematic compositional trends by reviewing data from the literature
on different MAX phases irradiated under identical or analogous
conditions.

The most studied MAX phases in terms of radiation effects are
Ti;SiC, and Ti;AlC,, two representative MAX phases in which only
the A elements differ. These compounds have been investigated using
a variety of irradiation conditions. Comparatively few studies have
focused on comparing susceptibility to radiation-induced phase evolu-
tion in other MAX phases. Still, seven different MAX phases (Ti;AIC,,
leAlC, Ti3SiC2, VzAlC, CrzAlC, Ti4AlN3, and leAlN) have been
irradiated with 1 MeV Au" ions and characterized, allowing a system-
atic comparison of compositional trends corresponding to this irradia-
tion condition.””'"* "%1% Below, we systematically discuss the
available data on the role of each compositional parameter—M, A, X
and n—on the response of these materials to irradiation. We conclude
that there are two are primary factors: bond strength (differing among
compositions) and n (representing differences in atomic structures).

A. M atoms

Figures 12(a)-12(1) show SAED patterns and high-resolution
TEM images of M,AIC (M = Cr, V, Ti) along [1120] following irradi-
ation with 1 MeV Au" ions to fluences of 1 x 10'* and 1 x 10'®cm ™2
At the lower fluence, phase transformations from the initial hexagonal
phases to the y-(M,Al)C phases occur in all three compounds. It
should be noted that the atomic configurations along the ¢ axis in
7-(Ti,Al)C are different from those of y-(V,Al)C and y-(Cr,Al)C, as
shown in Figs. 12(b), 12(f), and 12(j), such that the diffraction spots in
the initial patterns are, for each composition, attenuated in different
ways, as shown in Figs. 12(a), 12(e), and 12().""*'% In parallel with
this phase transformation, Cr,AlC becomes partially amorphous
under irradiation, as indicated by the white arrow in Fig. 12(a). As the
fluence increases to 1 x 10'°cm ™2, the SAED pattern and HRTEM

<1Too>/

30 dpa @ 700 °C

FIG. 11. Bright-field (BF) and dark-field (DF) cross-sectional TEM images of TizAIC; (a) before irradiation and (b) irradiated to 30 dpa at a temperature of 400 °C (c) and irradi-
ated to 30 dpa at a temperature of 700 °C. The basal and prism diffraction vector directions are indicated by (0001) and (1100), respectively. Reproduced with permission
from Clark et al., Acta Mater. 105, 130-146 (2016). Copyright 2015 Acta Materialia, Inc., published by Elsevier Ltd.
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FIG. 12. SAED patterns and the corresponding high-resolution TEM images of [(a)—~(d)] CrAIC, [(e)—(h)] VAIC, [(i)-(I)] Ti,AIC, [(m)-(p)] TiAIN, and [(q)—(t)] Ti;AIN; after
1 MeV Au ion irradiation to fluences of 1 x 10™ and 1 x 10"® cm~2 Reproduced with permission from Wang et al., Acta Mater. 98, 197-205 (2015). Copyright 2015 Acta
Materialia, Inc., published by Elsevier Ltd. Reproduced with permission from Wang et al. Acta Mater. 144, 432-446 (2018). Copyright 2017 Acta Materialia, Inc., published by
Elsevier Ltd. Reproduced with permission from Wang et al., J. Am. Ceram. Soc. 99(5), 1769-1777 (2016). Copyright 2016 The American Ceramic Society.

Appl. Phys. Rev. 7, 041311 (2020); doi: 10.1063/5.0019284 7,041311-14
© Author(s) 2020

¥2:82:10 ¥202 Idv 91


https://scitation.org/journal/are

Applied Physics Reviews

image of Cr,AIC [Figs. 12(c) and 12(d)] both show that this material is
completely amorphized by irradiation. In contrast, V,AlC transforms
from the 7 phase to the nano-twinned fcc-(V,Al)C solid solution, as
shown in Figs. 12(g) and 12(h). Ti,AlC exhibits formation of both the
fce phase and a metastable phase that is transformed from the y phase,
denoted as the & phase.'”* This material completely transforms to the
fcc phase as the fluence further increases to 2 x 10'®cm 2. These
microscopy results are consistent with those of GIXRD measurements,
as shown in Fig. 3. They indicate that the M factor plays a critical role
in the susceptibility of MAX phases to irradiation-induced phase
transformation or amorphization. Ti,AIC exhibits the highest resis-
tance to irradiation-induced structural alteration, while Cr,AIC is the
most sensitive. V,AIC exhibits intermediate radiation tolerance.

In previous first-principles simulations,”””" it has been argued
that the formation energy of cationic antisite defects is an important
criterion for the radiation tolerance of the MAX phases. MAX phases
with lower antisite formation energies typically exhibit higher resis-
tance to irradiation-induced structural evolution. This is due to the
easy exchange of M and A atoms, which provides an efficient means
for the accommodation of radiation-induced point defects produced
during irradiation. However, Xiao et al.” calculated the formation
energies of various kinds of Frenkel pairs and antisite defects in
Ti,AlC and Cr,AlIC. The formation energy of the Ti/Al antisite defect
in TLAIC is 2.52eV, greater than that of the Cr/Al antisite defect
(240 eV) in Cr,AIC. This suggests that Cr,AIC should be less suscepti-
ble to irradiation-induced structural evolution, when in fact the

REVIEW scitation.org/journal/are

experimental work discussed above showed Cr,AIC to be more sus-
ceptible to these processes than Ti,AlC. The failure of this antisite
defect formation energy criterion to accurately predict the radiation
responses of the MAX phases might be attributed to the roles of other
defects in the corresponding phase transformations. In other words,
although antisite defects are the lowest energy defects in MAX phases,
they alone are insufficient for explaining compositional trends in
MAX phase radiation response. Therefore, comparison of the forma-
tion energies of other defects is needed. For example, Christopoulos
et al. investigated the defect processes of M3AIC, (M =V, Zr, Ta, Ti)
and found that carbon Frenkel pair formation also impacts structural
stability under irradiation.'”*

In addition to defect formation energies, resistance to structural
disorder or amorphization under irradiation may also be explained by
bond character.'” Xiao et al. have assessed the role of bond type on
the radiation response of M,AIC (M = Ti, V, Cr) compounds.” For
all three compounds, calculated density of states (DOS) results show
that there is a high degree of hybridization of M(3d) orbitals and
C(2p) orbitals, indicating a strong covalent interaction in M-C bonds,
as shown in Figs. 13(a)-13(c). The hybridization of M-Al and M-C
bonds in Ti,AIC is closer to the Fermi level (E;) than those of V,AIC
and Cr,AlC, indicating less covalent bonding characters between these
bonds in Ti,AIC than those in V,AIC and Cr,AlIC. This is further
confirmed by the calculated electron density distribution, shown in
Fig. 14. The densities located in the Ti-Al and the Ti-C regions are
smaller than those of the M-Al and M-C regions, respectively,
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FIG. 13. Calculated density of states and partial density of states for (a) Ti,AIC, (b) V2AIC, (c) CrAIC, (d) Cr,GeC, and (e) Ti,AIN. The green line is plotted to indicate DOS at
the Fermi level. Reproduced with permission from Xiao et al., J. Am. Ceram. Soc. 98(4), 1323-1331 (2014). Copyright 2015 The American Ceramic Society.
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indicating that Ti-Al and Ti-C bonds are less covalent than M-Al and
M-C bonds in V,AIC and Cr,AIC. Bond covalency can serve as a use-
ful proxy for bond strength, since covalent bonds are relatively strong,
suggesting that lattice distortion in compounds with stronger covalent
bonds (i.e., Cr,AlC) is less likely to occur. In contrast, the weaker,
more ionic bonding of Ti-Al in Ti,AlC allows for easier lattice dis-
tortion, and therefore the incorporation of defects into the crystal-
line lattice. These results indicate that Ti,AIC should be the least
susceptible to irradiation-induced structural disordering among
these three compounds, assuming that bonding character is the
primary factor determining structural stability under irradiation.
This compositional trend is consistent with the experimental
results M,AIC (M = Ti, V, Cr).' 1%

This bonding character criterion serves as an effective predictor
of the susceptibility of MAX phases to radiation-induced structural
evolution. To validate its predictive power and its utility for the design
of MAX phase materials for use in nuclear applications, research on
additional MAX phases should be completed. For example, inter-
atomic bonding is weaker in Zr,AlC than in Cr,AlIC, suggesting that
the former should be less susceptible to irradiation-induced phase
transformation or amorphization.'”*

B. A atoms

MAX phases with different A compositions exhibit different radi-
ation effects. For example, Whittle et al. first employed in situ TEM
irradiation to study TizSiC, and TizAlC,.'* Their results show that
Ti;SiC, becomes partially amorphous under 1 MeV Xe*" ion irradia-
tion, while Ti;AlC, remains crystalline, as shown in Figs. 15(a) and
15(b). This indicates that Ti;SiC, is more susceptible to irradiation-
induced amorphization.

Using the same method, Bugnet et al. studied the amorphization
process in Cr,AC (A = Al or Ge) under irradiation, as shown in Figs.
15(c)-15(f)."* Both compounds become amorphous after irradiation
to relatively low fluence, yet the threshold fluence at which amorphiza-
tion occurred in Cr,AlC was higher than that of Cr,GeC. Specifically,

FIG. 14. Distribution of electron charge
density on the (1120) plane for (a) Ti;AIC,
(b) V2AIC, and (c) Cr,AIC. The unit of the
given charge density is e/A°. Reproduced
with permission from Xiao et al., J. Am.
Ceram. Soc. 98(4), 1323-1331 (2014).
Copyright 2015 The American Ceramic
Society.

at a fluence of 1 x 10" cm ™2, Cr,GeC became partially amorphous,
while Cr,AlC remained crystalline.

More recently, Zhao and Xiao et al. analyzed the interatomic
bonding characters of Ti;SiC, and Ti;AlC,.”"”> The DOS plot
(Fig. 16) reveals weaker bonding between Ti-Al than between Ti-Si as
hybridization of the former is much closer to Eythan that of the latter.
This difference might be attributed to the fact the Al atom has one less
valence electron and larger metallicity than the Si atom. The different
bonding character between Ti-Al and Ti-Si is further verified by the
electron density distribution (Fig. 17), which shows that the density
located in the Ti-Al region is much smaller than that of the Ti-Si
region. All these calculation results indicate that Ti;AlC, is more resis-
tant to irradiation-induced amorphization than is Ti3SiC,, which is
consistent with experimental results (Figs. 3 and 15). Likewise, the
Cr-Ge in Cr,GeC is more covalent than Cr-Al in Cr,AlC, suggesting
that Cr,GeC will be more susceptible to the irradiation-induced
amorphization than Cr,AlIC, as shown in Figs. 13(c) and 13(d). This is
consistent with the experimental results, shown in Figs. 15(c)-15(f).

C. X atoms

Only limited research has directly compared the radiation
responses of MAX phases with different X elements. Recently, the
responses of Ti,AlC and Ti,AIN to 1MeV Au’ ions were investi-
gated.'”” XRD and TEM results showed that the susceptibilities of
Ti,AIN and Ti,AIC to radiation-induced phase transitions from hcp
to fcc structures are comparable. However, Ti,AIC was slightly more
resistant to the radiation-induced phase transition, exhibiting a slightly
lower transformation rate as a function of ion fluence, as shown in
Figs. 3 and 12. The calculated DOS plots [Figs. 13(a) and 13(e)] of
these materials demonstrate that the Ti-Al bond is slightly more ionic
in Ti,AIC compared with that of Ti,AIN. Accordingly, both experi-
mental and computational results show that Ti,AIC exhibits a slightly
superior radiation tolerance than Ti,AIN. The radiation tolerance of
other similar compounds could be also estimated by comparing their
bond strength, as with in Ti,CdC and Ti,CdN.">”
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FIG. 15. SAED patterns of (a) TizAIC, and (b) TisSiC, after 1 MeV Xe ion irradiation to a fluence of 6.25 x 10 cm=2. The white arrow in (b) shows evidence of amorphization.
Reproduced with permission from Whittle et al., Acta Mater. 58, 4362—4368 (2010). Copyright 2010 Acta Materialia, Inc., published by Elsevier Ltd. [(c) and (d)] DF TEM
images of Cr,AIC and Cr,GeC after Xe ion irradiation to a fluence of 1 x 10™cm™2, and [(e) and (f)] the corresponding SAED patterns, indicating differences in their resistance
to amorphization induced by ion irradiation. Reproduced with permission from Bugnet et al., J. Nucl. Mater. 441, 133-137 (2013). Copyright 2013 Elsevier.

D.n

Based on the bond character criterion for radiation tolerance, we
expect MAX phases with weaker bond covalence is less susceptible to
the irradiation-induced structural evolution. However, variation in the
n value has minimal effect on bond strength, so this criterion alone
tells us little about the relative radiation tolerance of materials like
Ti,AlC and Ti;AlC,, or Ti,AIN and TiyAIN;. Therefore, additional
factors are necessary to explain composition trends in the radiation
tolerance of MAX phases.

As shown in Figs. 3(a), 3(b), 3(g), and 3(h), phase transforma-
tions from initial hexagonal structures to fcc solid solution structures
were observed in Ti,AlC, Ti;AlC,, Ti,AIN, and Ti4AIN;. However, the
threshold fluence at which this phase transformation occurs differs as
a function of n. For example, after irradiation to a fluence of
1 x 10" cm ™2, Ti,AIN almost completely transforms to the fcc phase,
while the hexagonal phase remains dominant in Ti,AIN3, as has been
further confirmed by TEM imaging [Figs. 12(m)-12(t)]. Likewise, the
results also show that this phase transformation occurs in Ti,AlC at a
lower fluence than in Ti;AlC,. This suggests that for both C-based and
N-based MAX phases, compounds with larger # value are more resis-
tant to the irradiation-induced structural evolution.

Structurally, MAX phases like Ti,AIC and Ti;AlC,, or Ti,AIN
and Ti,AIN;, differ in the number of Ti layers interleaved between the
close-packed Al layers (i.e., two layers in Ti,AlC and three layers in
Ti3AlC,, or 2 layers in Ti,AIN and four layers in Ti,AIN;). Al atoms
most readily migrated along Al layers under irradiation.'”® Therefore,
because MAX phases with higher # value have a lower ratio of Al

layers to Ti layers, they are less susceptible to irradiation-induced
phase transformations.

Given that ion irradiation triggers phase transformation to fcc-
structured solid solutions for both the 211 and 312 materials, the fcc
phases of these compounds must exhibit different cation and anion
site occupancies. For example, in 211 MAX phases, fcc solid solutions
are considered as fcc-(Ti,Al)X, or fcc-(Tig ¢7Alg33) X033, in which Ti
and Al atoms uniformly occupy the cation sites with an occupancy
ratio of 2:1 and X atoms occupy the anion sites with the vacancy ratio
of 0.67. Likewise, the fcc-Ti;AlC, and the fcc-TiyAIN; phases are also
regarded as solid solutions [ie., foc-(Tip75Alp25)Cos and  fec-
(TipgAlg>)Ngg]. Therefore, the main structural differences between
fee-(Tip67Aly 33)Ng 33 and fec-(TipgAlg 2)No 6 solid solutions are the Al
occupancy (0.33 vs 0.2) and the N vacancy ratio (0.67 vs 0.4). The
higher Al occupancy in fcc-(Tips7Aly33)Nos; leads to more severe
structural distortion due to the size difference between Ti and Al cati-
ons."”” Furthermore, the higher X anion vacancy ratio in fec-
(Tip67Alp33)No33 decreases the stability of the material, driving
irradiation-induced structural evolution.'”* In addition, the occupancy
at the cation and anion sites significantly affects the unit cell parame-
ters of the fcc solid solutions, which serves as further evidence of
irradiation-induced order-disorder transformations, as opposed to
decomposition.”” Ultimately, the available data show that MAX phases
with larger # values exhibit better structural stability and are less sus-
ceptible to irradiation-induced phase transformation due to their
lower content and lower anion vacancy ratio in the fcc-structured solid
solutions.
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FIG. 16. Calculated density of states and partial density of states for (a) Ti;AIC, and (b) TisAIC,. The green line is plotted to indicate DOS at the Fermi level. Reproduced with
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However, the energy range of hybridization states may not be compounds. For example, Bai ef al."”” investigated the bond stiffness
accurate for comparison of bond strengths in different compounds. in Cr,AlB,, Cr;AlB,, CryAlBg, and CrAlB, accurately predicting the
Therefore, alternative measures of bond strength may prove useful. phase stability and anisotropic behavior based on the estimated bond
Recently, the bond stiffness of MAX phases has been studied to obtain stiffness. This theoretical model of bond stiffness provides another
more accurate and quantitative comparisons among different measure of bond strength, and therefore of the damage tolerance of
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FIG. 17. Distribution of electron charge density on the (1 1?0) plane for (a) Ti;AIC,
and (b) Ti;AIC,. The unit of the given charge density is e/A%. Reproduced with per-
mission from Zhao et al,, J. Appl. Phys. 115, 023503 (2014). Copyright 2014 AlP
Publishing LLC.

different MAX and related phases. In future work, bond stiffness
should be considered alongside other measures of bond strength to
evaluate the radiation tolerance of these materials.

V. PROPERTIES OF THE MAX PHASES AFTER
IRRADIATION

The formation of defects induced by irradiation not only triggers
phase transformations in the MAX phases, but also induces alteration
of their properties: mechanical, electric, and thermal.

A. Mechanical properties

The MAX phases experience structural expansion during irradia-
tion’l"l,l 13,124,133,142,150,151,160-162 an effect common to almOSt all Other
ceramic materials used in nuclear applications, such as simple binary
oxides, *'** complex oxides,””'** and silicon carbides.'®” Due to their
unique structures, the MAX phases exhibit anisotropic lattice expan-
sion and swelling, Liu et al.* first measured the ¢ unit cell parameters
of o-Ti5SipAlyC, after 92 MeV Xe and 74 MeV Kr ion irradiation at
various temperatures using Rietveld refinement. Nappé et al.'** inves-
tigated variation of the a and ¢ unit cell parameters and the unit cell
volumes of Ti;SiC, after irradiation, with their selected results shown
in Fig. 18.

More recently, the unit cell expansion behavior of other MAX
phases was studied, including TizAlC,133 CrzAlC,m Zr3AlC,,
Nb,AlCs, and (Zry5Tig5)3AlC,. """ Ang et al. compiled most of the lat-
tice parameter data as a function of damage level under ion and neu-
tron irradiation for Ti;SiC,'*® and TisAlC,." Nearly all of these
reports demonstrate a decrease in the a unit cell parameters and an
increase in the ¢ unit cell parameters with increasing irradiation flu-
ence/dose. As a result of the variation of both the a and ¢ unit cell
parameters, the unit cell volume increases with fluence/dose. The
anisotropy of unit cell expansion can be attributed to the formation of
specific defects. Ward et al.'"” calculated changes in a and ¢ unit cell
parameters induced by formation of the carbon-Frenkel defects and

REVIEW scitation.org/journal/are

antisite defects, showing that carbon-Frenkel defects in Ti;SiC, cause
an increase in both a and c unit cell parameters, while antisite defects
cause a decrease in the a unit cell parameter and increase in the ¢ unit
cell parameter. This suggests that antisite defects play a dominant role
in defect formation in these materials in accordance with the TEM
results discussed previously. In TizAlC,, both defects cause a decrease
in the a unit cell parameter and an increase in the ¢ unit cell
parameter.' "’

The expansion of the unit cells leads to microstrain [Fig. 18(d)]
and volumetric swelling,"®” with the extent of each depending on irra-
diation temperature. As the irradiation temperature increases, defect
production is suppressed, leading to less variation of the unit cell
parameters and volume.

Volumetric swelling through amorphization, point defect pro-
duction, void swelling, and bubble formation is a critical factor in
nuclear materials design. Usually, dimensional changes should be kept
below 5vol. %."”” The total volumetric swelling in Ti;SiC,, Ti3AIC,,
and Ti,AlC (<2 vol. %) is slightly smaller than that in other traditional
structural ceramics, including SiC and ALO;.'*

However, the anisotropic unit cell expansion in the MAX phase
leads to cracking (especially intergranular cracking) in the samples
after irradiation at relatively low temperature
(<400 oC).l(]L]()},l 13,133,134,142,151,160-162,166,167 AS ﬂle temperature
increases to above 500-600°C, microcracking is largely eliminated
due to the increasing recombination of the defects and decreasing lat-
tice expansion, as shown in Fig. 19. These results show that under
these irradiation conditions, Ti;AlC, has a much higher crack density
than Ti;SiC, after irradiation. This microcracking is proportional to
the extent of unit cell parameter variation (the variation of the parame-
ters is smallest in Ti3SiC,). The existence of impurity phases [such as
TiC in Ti,AlC or (ZrysTiys),AlC in (ZrgsTigs)3AlC,] could cause
interphase cracking under irradiation,"”' which is attributed to differ-
ent swelling/expansion between different phases. The occurrence of
microcracking induced by ion irradiation also leads to a degradation
of strength and reduction of the elastic modulus.'*®

For the compounds that are prone to amorphization under irra-
diation at room temperature, such as ZrzAlC,l'10 microcracking mech-
anisms may be distinct. This requires further investigation. It should
be noted that the formation of microcracks strongly depends not only
on the irradiation-induced damage level (dpa) but also on other irradi-
ation conditions, such as ion energy.'”’

Defects formed in the MAX phases during irradiation serve as
obstacles to dislocation motion and thus to deformation. Therefore,
ion irradiation-induced hardening has been observed in these materi-
als."*”"?*1%® Hardness increases with irradiation fluence due to the
accumulation of defects until it reaches a saturation value. Irradiation
at high temperature results in a less pronounced increase in hardness,
which is attributed to the recovery of the defects.

B. Formation of helium bubbles

In fission reactors, nuclear fuels release high energy He particles
via o decay, leading to bombardment of nearby materials with He
ions. In fusion reactors, transmutation nuclear reactions produce
more He gas. As with other ion irradiation conditions, this He ion irra-
diation induces structural evolution (unit cell swelling and phase
transformations) in the MAX phases.' ' Yet this irradiation is dis-
tinct in that it also generates bubbles once the concentration of

Appl. Phys. Rev. 7, 041311 (2020); doi: 10.1063/5.0019284
© Author(s) 2020

7,041311-19

¥2:82:10 ¥20T Iidv 91


https://scitation.org/journal/are

Applied Physics Reviews

/T T . '
0.3060 T 7
T {
e -4‘%‘.—\.1‘,\7\%
0.3055 N
—_ . : . T I
0.3050 |-
m J
3 el
& - 74 MeV Kr at 298 K
g™ B ® 92 MeV Xe at 298 K )
© A 92 MeV Xe at 573 K
GABI0 | —w— 74 MeV Krat 773 K
0.3035 L/z s . L '
0 10" 10" 10" 10"
2
c Fluence (m™)
7/ T Ll g
0.1440 |-

® 92 MeV Xe at 298 K
A 92 MeV Xe at 573 K
—¥— 74 MeV Krat773 K ®

74 MeV Kr at 298 K l

o
N
@
o
T

e

0.1430

RTEE

Unit cell volume (nms)

0 10" 10" 10" 10"
-2
Fluence (m™)

REVIEW scitation.org/journal/are

'I"/// T T T T
1.790 | 5
74 MeV Kr at 298 K I
1185 ® 92 MeV Xe at 298 K ol
A 92 MeV Xe at 573 K ‘x
1780  |[—w—74MeVKrat773K o YT
(=
g 1.775 | ? :
£ L
o
g 1770 | o2 .
o L ; 1 ////Y
L ) . — @ - il -
1.765 SR = e % v
1.760 ' b
¥ & i " 1 " 1 " 1
;3
0 10" 10" 10" 10"
d Fluence (m?)
T /T ¥ T v T ¢ '
AL 74 MeV Kr at 298 K 1]
o ® 92 MeV Xe at 298 K
&\°I A 92 MeV Xe at 573 K
- —w— 74 MeV Krat773 K
D10 | 5
=4 ®
£
ol
£ °
] 05 | 7
S o A
E |
i : & ¥
0.0 - i = o iy
yau 1 L 1 " 1
0 10" 10" 10" 10"

Fluence (m?)

FIG. 18. Variation of the (a) a unit cell parameter, (b) ¢ unit cell parameter, (c) unit cell volume, and (d) microstrain in TizSiC, under irradiation with 74 MeV Kr ions and 92 MeV
Xe ions at room temperature, 300 °C, and 500 °C. Anisotropic change in the unit cell parameters is exhibited, as well as increasing volume swelling and microstrain with flu-
ence. Reproduced with permission from Nappé et al., J. Nucl. Mater. 409, 53-61 (2011). Copyright 2011 Elsevier.

implanted He reaches a critical value. This can promote void swelling,
surface exfoliation, and degraded mechanical properties of materials.”*
He concentrations in produced in current fission reactors are relatively
low compared with those encountered in fusion reactors, where
ceramics such as Al,O; and SiC exposed to 14 MeV fusion neutrons
can accumulated He concentrations on the order of 60-150 atomic
parts per million (appm) for radiation doses of one dpa.'®” This corre-
sponds to He concentrations greater than 1.2-3 at. % for materials in
the first wall region of the fusion reactors, where damage levels reach
~200 dpa.

Figures 20(a)-20(c) show He bubbles formed in Ti;AlC, under
500keV He irradiation to various fluences at room temperature. At a
fluence of 5 x 10'® cm 2, isolated spherical helium bubbles with aver-
age radii of ~0.6 nm are observed, with a corresponding He concen-
tration of 3.2at. %. As the fluence increases, these bubbles slightly
grow by absorbing the adjacent He atoms [Fig. 20(b)], then coalesce
into larger, string-shaped bubbles [Fig. 20(c)]. Under He irradiation at
high temperature, the mobility of the He atoms increases, leading to
the aggregation of the He atoms and the formation of larger He

bubbles with larger size, as shown in Fig. 20(d)."”” Bubble/cavity for-
mation has been shown to be preferentially associated with specific
low-index planes, including the basal plane of the hexagonal structure,
at elevated temperatures. ®* Similar He bubbles were also observed in
irradiated samples annealed at elevated temperature, as shown in Fig.
20(e)."* The presence of grain boundaries and interfaces enhances the
aggregation of helium bubbles, as observed in, for example, V,AIC/Zr
interfaces [Fig. 20(f)]."" This is attributed to the presence of defects
(misfit dislocations) along the boundary or interface, where bubbles or
cavities preferentially initiate. The formation of He bubbles and cavi-
ties in the MAX phases can result in severe subsurface blistering, or
even surface exfoliation if the He concentration is greater than around
15 at. %, as shown in Fig. 20(g).' "

Ab initio calculations show that implanted helium in Ti;AlC,"”"
and Cr,AIC'”” preferentially occupies interstitial or substitutional sites
in the Al layer. Trapped He atoms in the Al layer can promote further
vacancy formation and He bubbles trapped by Al vacancies tend to
grow in the Al plane of Ti;AlC,. The migration energy barrier of He
diffusion in Ti;AIC, along the basal plane is one order of magnitude
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FIG. 19. SEM images of (a) TizSiC,, (b) TisAIC, irradiated to the fluence of
2 x 10" cm=2 at RT and 600°C, showing that surface cracking Ti;AIC, has a
much higher crack density than Ti;SiC, after irradiation at room temperature.
Reproduced with permission from Huang et al, J. Nucl. Mater. 465, 640-647
(2015). Copyright 2015 Elsevier.

smaller than that along the c-axis.'”” These results indicate that
implanted He atoms will tend to easily migrate along the basal plane
and therefore might be released from the surface of materials through
grain boundaries.

C. Electrical and thermal properties

Barsoum has shown that in most MAX phases, thermal conduc-
tivity depends strongly on electron transport due to the metallic char-
acteristics of these materials. For example, >90% of the conductivity
in Ti3SiC, is electronic thermal conductivity due to its suppressed pho-
non conductivity."” Therefore, electrical resistivity is an important
index that can partially represent the thermal conductivity of these
materials.

Energetic ions’ penetration depths in materials are generally less
than several tens of micrometers, making it difficult to measure the
effects of irradiation on electrical resistivity. Typically, the collision of
high-energy neutrons with lattice atoms creates point defects, increase
the dangling bond density, and result in an increase in resistivity.'”*

Tallman et al.''>"*"'** studied the effects of neutron irradiation
on electrical and thermal properties of several representative MAX
phases: Ti;AlC,, Ti;SiC,, Ti,AlC, and Ti,AIN, as shown in Fig. 21.
Their results show that the resistivity increases with irradiation flu-
ence, which is attributed to the production of point defects that can
efficiently scatter charge carrier. Among these MAX phases studied,
only Ti;SiC, appears to approach a saturation in resistivity after irradi-
ation to 0.1 dpa. It should be noted that grain size dramatically influ-
ences the relationship between irradiation and resistivity due to the
activity of grain boundaries as defect sinks. The resistivity of fine-
grained (FG) Ti;SiC, after irradiation (1.43 uQ-m) is roughly half that
of the coarse-grained (CG) Ti;SiC, (2.82 uQ-m), which is attributed to
the former’s higher density of grain boundaries than the latter.
Additionally, as temperature increases, the irradiation-induced change
of resistivity decreases because of the annihilation of the point defects

REVIEW scitation.org/journal/are

and formation of larger defects (dislocation loops) or defect networks
that are more coherent with the lattice and therefore scatter electrons
less effectively.

Table II summarizes the radiation effects in most of the
researched MAX phases under various kinds of neutron and ion irra-
diation over a wide range of temperature.

VI. SUMMARY AND FUTURE PERSPECTIVES

In the past decade, radiation effects on MAX phases have been
widely studied. In this review, we systematically assessed research
results on irradiation-induced defect formation and migration, struc-
tural evolution, and the changes in macroscopic properties, as well as
the role of the compositional factors on the radiation response. The
irradiation-induced crystalline-to-crystalline transformation entails
disordering to an fcc solid solution. Additionally, bond strength serves
as a powerful determinant of the susceptibility of MAX phases to
irradiation-induced phase transformation. However, considering the
great chemical diversity of the MAX phase family (over 155 composi-
tions) and diversity in the conditions of irradiation (i.e., particle mass
and energy), far more research is needed to comprehensively explain
and predict the behavior of MAX phases under irradiation. Below, we
address several key facets of this research area that require further
study.

A. Systematic, application-oriented research design

Even for the most studied MAX phases, Ti;AlC, and Ti;SiC,, the
data available in the literature are insufficient for meaningful applica-
tion to nuclear systems design. To date, approximately 60% of experi-
mental studies of radiation effects on MAX phases were carried out
only at room temperature. While these studies can help to explain the
fundamental mechanism of structural evolution in MAX phases, these
compounds, as potential candidate materials in nuclear reactors, must
be further evaluated under the high-temperature conditions typical of
reactor component operation. For example, as Tunes et al.'”” sug-
gested, if the aim is to use the MAX phases in next generation fission
reactors, especially those operated at relatively high temperatures
(high-temperature gas-cooled reactors and molten salt reactors), they
must exhibit structural stability at high temperatures up to 1000 °C.
Furthermore, reactor components may be subjected to damage levels
up to 200 dpa, while most of the current research is limited to rela-
tively low radiation doses. To address this gap, MAX phases should be
studied under irradiation at high temperatures and high radiation
doses, simulating reactor component operating environments.

In addition, macroscopic properties are critically important to
MAX phases performance in engineering applications. Thus far, the
structural characterization of radiation effects is insufficient for this
application. Changes in physical properties, specifically mechanical
thermal, and chemical properties, need to be further explored.
Corrosion is another important aspect in nuclear materials and irradi-
ation can enhance stress corrosion cracking that dramatically influen-
ces materials’ properties.'”” Therefore, the corrosion resistance of
MAX phases should be studied after irradiation.

For theoretical and computational work, almost all studies to
date have focused on the behavior and properties at equilibrium for
hexagonal MAX phases, including their electron density distribution,
density of state, and defect behavior. But MAX phases used in nuclear
applications are unlikely to fully retain this initial structure. Based on
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FIG. 20. Bright-field (BF) cross-sectional TEM images of (a) pristine Ti;AIC, and samples irradiated at room temperature to fluences of (b) 3 x 10" cm=2 and (c)
1% 10" cm 2 as well as (d) a sample irradiated to a fluence of 3 x 10'” cm 2 at 500 °C. These micrographs show the evolution of He bubbles with increasing fluence and
temperature. Reproduced with permission from Song et al., Nucl. Instrum. Methods Phys. Res., Sect. B 326, 332-336 (2014). Copyright 2014 Elsevier. (¢) BF TEM image of
TisAIC, irradiated to a fluence of 5 x 10" cm™2 annealed at 1050 °C, indicating the accumulation of implanted He atoms and the formation of He bubbles. Reproduced with
permission from Zhang et al., J. Eur. Ceram. Soc. 38, 1253-1264 (2018). Copyright 2017 Elsevier. (f) BF TEM image of an interface in V,AIC/Zr irradiated to a fluence of
5 % 10" cm~2, then annealed at 450 °C for 5 h, indicating that He bubbles preferentially initiate and congregate along the interface. Reproduced with permission from Wang
et al., Scr. Mater. 137, 13-17 (2017). Copyright 2017 Elsevier. (g) Surface morphology of TizAIC, irradiated to various fluences at room temperature, showing surface blistering
and exfoliation. Reproduced with permission from Wang et al., J. Nucl. Mater. 440, 606-611 (2013). Copyright 2013 Elsevier.

the irradiation-induced phase transformations discussed above, there
exist several additional phases, such as the y, J, and fcc phases, that
may be relevant to material performance. The structures of these
phases also depend on the initial composition. For example, the 7-
Ti,AIC phase possess a structure distinct from that of the y-Cr,AlC
phase. Current theoretical and computational work does not suffi-
ciently evaluate and explain the radiation responses, defect behaviors,
and properties of these irradiation-induced phases. Therefore, future
research should focus on these additional phases, particularly the fcc
solid solutions that are most commonly produced in response to
irradiation.

B. Expanded compositional space

Up to now, radiation effects have been studied in fewer than 20
MAX phases. Lack of data on the more than 100 other MAX phases
significantly limits the development of these materials. Therefore, it is
critical to expand the composition space explored in MAX phase radi-
ation effects studies. As mentioned above, these unaddressed phases

include other conventional MAX phases, higher order M, ;AX,
phases (n=4, 5, 6), ordered (M, M’),,,1AX,, phases, random solid
solution phases, hybrid MAX phases, and other derivative phases with
distinct structures. Study of these materials could further verify the
mechanisms of structural evolution and the roles of various composi-
tional factors in their behavior under irradiation, allowing for better
prediction and optimization of MAX phase radiation tolerance. In
addition, two new varieties of MAX phase materials have recently
attracted a large amount of interest with respect to their potential
nuclear applications: high-entropy MAX phases and RE-i-MAX
phases.

During the past years, high-entropy alloys'® and high-entropy
ceramics (including carbides, borides, oxides, nitrides, silicides, and
oxycarbonitides)'*""'*” have received increasing attention in various
research fields due to their unique structures and properties. Their
alloying effects can change the behavior of point defects, further
influencing the structural stability, electronic structures, and diffusion
barriers for defects in MAX phases.'”” Even though the idea of synthe-
sizing high-entropy MAX phases is relatively simple, only limited
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FIG. 21. (a) Resistivity of various MAX phases after neutron irradiation at 360 °C to a damage level of 0.1 dpa. (b) Resistivity of Ti;AlC, and TizSiC, after neutron irradiation
as a function of temperature. Reproduced with permission from Tallman et al., J. Nucl. Mater. 468, 194-206 (2016). Copyright 2015 Elsevier. Reproduced with permission from

Tallman et al., J. Nucl. Mater. 484, 120-134 (2017). Copyright 2016 Elsevier.

research has been published on these materials in the last few
years.'**'®> Their precise performance under irradiation conditions
remains unknown. Based on study of high-entropy alloys, ™ it is sus-
pected that the radiation tolerance of high-entropy MAX phases might
be superior to that of conventional MAX phases.

The recent discovery of quaternary MAX phases, such as
M, M), 1AX,,, with chemical in-plane order facilitates the incorpo-
ration of nontraditional MAX phase elements, including rare-earth
elements. Recently, novel rare-earth containing in-plane-ordered
MAX phases, referred to as RE-i-MAX phases, with the general for-
mula (M,/3RE;/3),AC (RE = Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and
Lu) have been successfully synthesized.*” """ This suggests that it may
also be possible to incorporate actinide elements, such as uranium and
plutonium, into MAX phases, raising the possibility of their use in
nuclear fuels or waste forms.'”" This idea originates from the applica-
tion of complex oxides (such as A,B,0; with a pyrochlore structure)
for nuclear waste disposal.'”> One critical factor in the design of
nuclear waste form materials is their susceptibility to irradiation-
induced damage. However, both experimental and computational
results have shown that some complex oxides readily become amor-
phous under irradiation, while most of the MAX phases studied to
date exhibit excellent resistance to irradiation-induced amorphization.
Therefore, RE-i-MAX phases deserve further study as candidate mate-
rials for the immobilization and disposal of nuclear waste.

C. MAX phase thin films and composites

Almost all the MAX phase materials used in radiation damage
studies to date have been polycrystalline bulk materials. However,
MAX phases are often proposed as components of composite materi-
als, particularly in nuclear applications. One commonly proposed
application of MAX phases is as coatings on zirconium alloy nuclear
fuel cladding components that serve to contain nuclear fuel in nuclear

reactors, isolating the fuel from the reactor coolant. Due to differences
in synthesis and the existence of a substrate-coating interface, the
properties of bulk MAX phases might be different from those of MAX
phase thin films.'” The response of MAX phase thin films'**'** and
Zircaloy'” to irradiation has been studied separately, but Zircaloy
materials coated with MAX phase films have not been adequately
characterized (particularly with respect to their behavior at the inter-
face). Interactions between the coating MAX phases and Zircaloy fuel
cladding are expected to occur at the high operational temperatures in
nuclear reactors, leading to the formation of intermetallic phases.m’“‘x
Therefore, it is critical to study structural evolution and defect accu-
mulation, particularly along the interface, as well as the mechanical
properties of these MAX phase coated materials under irradiation at
elevated temperatures.

In addition to coatings and thin films, MAX phases have been
used as composite inclusions in SiC matrices to improve their proper-
ties and machinability."”” """’ For example, Katoh et al. studied the
shear strength in Ti;SiC, chemical vapor deposition (CVD) SiC joints
after irradiation.””’ However, more information on the chemical sta-
bility, structural evolution, and degradation of properties of these
materials under irradiation is needed. Specifically, the occurrence of
different irradiation-induced volumetric swelling rates between the
MAX phases and SiC matrix, along with interface reactions and ther-
mal mismatches, could lead to severe cracking in these composites.

D. MAX-derivative phases

Following the discovery of the unique physical properties of gra-
phene, two dimensional (2D) materials have been widely researched,
including MAX phase derivatives: MXenes.''”''***' " These materi-
als are produced by etching A layers from MAX phase in concentrated
hydrofluoric acid and exhibit properties that differ from those of their
3D counterparts. Due to their unique 2D structures and rare
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TABLE II. Summary of prior research on radiation effects in representative MAX phases
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Irradiation parameters

Irradiation T (K)

Compositions

Radiation effects

1 MeV Au ions RT TizAlC,, TisSiC,, Ti,AlC, V,AIC, Formation of antisite defects at low fluences;
Cr,AlC, T, AIN, Transformation to fcc (except for Cr,AIC which
Ti4AlN347, 104-106,108,109 iS amOrphiZed);
Resistance to phase transformation:
Ti;AlC, > Ti;SiC,,
Ti;AIC, > Ti,AlC, Ti,AIN; > Ti,AIN
Ti,AlC > V,AIC > Cr,AlC
Ti,AIC > Ti,AIN
4 MeV Auion RT Ti;SiC, ' 7” Formation of “hills” on the surface
240keV Ar ion RT Ti;AlC,' > Transformation to fcc [Tiz(AlC,) solid
solution]|
50 keV RT TisAlC, ' 0102107:132,137,138 Transformation to fcc;
-500 keV He ion 773 TisSiC, "' Formation of He bubbles and “faulting zone;”
V,AIC/Zr' 7" Surface exfoliating at high irradiation fluences;
Aggregation of He bubbles along the V,AIC/Zr
interfaces
2MeV Iion, RT- Ti;SiC, 5" Transformation to fcc;
700keV C ion, 1123 Ti,AlC'™* Structure partially recovered after annealing;
1.1 MeV Cion TizAIC," " Hexagonal structure retained at high T
100 keV Kr ion RT (T, ADN/TiL,AIN, > Not sensitive to amorphization
1 MeV Kr ion RT-1073 Ti,AlC'" Formation of dislocation loops and stacking
faults on the basal plane
74 MeV Kr ion RT, 573,773 Ti5Sip.00Aly 10C,~ "¢ Increase of hardness with irradiation fluence;
Ti;SiC, " Structure recovered via post-irradiation
annealing;
Change of unit cell parameters after irradiation:
contraction along a axis, expansion along ¢ axis
5.8 MeV Ni 673,973 TisAlC,, TisSiC,, Ti,AlC"” Transformation to fcc;
Surface cracking in Ti3AlC, and Ti,AIC
340 keV RT Ti;AlC,, TisSiC, ' Resistance to irradiation-induced amorphization:
-7 MeV Xe ion Cr,AlC, Cr,GeC'”’ TizAlC, > Ti3SiC,, Cr,AlC > Cr,GeC
~90 MeV Xe ion RT, 573, 773 Ti5SiCy,™ (Ti,Zr)5(SL,ADCy,' " Initial structure disturbed with no
Ti5Sip.00Alg 10Ca " amorphization;
Phase transformation (o to f3);
Increase of hardness with irradiation fluence;
Smaller change of unit cell parameters at
higher T
9 MeV Ti ion, RT TisSiC, ' 1*° Transformation to fcc;
14 MeV Cl, At high electronic stopping (high ion energy), the
17 MeV Pt phase transformation is fully suppressed and lat-
tice strain is maximized.
2 MeV proton ion RT-873 Zr3AlC,, TizAlC,, TisSiC,, NbyAICs, Surface cracking; surface exfoliation;
(ZrTi);AIC,113' 11 Change of unit cell parameters after irradiation:
contraction along a axis, expansion along ¢ axis
Neutron 394-1358 Ti;AlC,, Ti3SiC,, Ti,AlC, Ti,AlN, Transformation to fcc;

. : 112,141,142,161,166
T13A1C2-T15A12C3, R

Formation of dislocation loops and stacking
faults on the basal plane;

Increase of RT resistivity after irradiation;
Decrease of RT strength after irradiation
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combination of good electronic conductivity and hydrophilicity,
MXenes exhibit a broad range of potential applications, such as mate-
rials for electrochemical energy storage.”” The surface terminated
groups of MXenes also dramatically influence their crystal and elec-
tronic structure, chemical bonding characteristics, and elastic proper-
ties.””” Although MXenes have not been proposed for use in nuclear
energy systems, these materials may have unique responses to irradia-
tion that could elucidate the fundamental irradiation-induced behavior
of MAX phase-like materials. Furthermore, ion beam irradiation
serves not only as a means of simulating nuclear energy system operat-
ing conditions but also as a means of tailoring the structures and prop-
erties of materials.””® *"* Therefore, ion beam processing studies of the
MXenes may prove a fruitful area of research.

E. MAB phases

Recently, researchers have reported another class of layered ter-
nary ceramics, known as MAB phases (where M is transition metal, A
is aluminum and B is boron). This class of materials includes two dis-
tinct stoichiometries: MAB (space group Cmcm) and M,AB, (space
group Cmmm). The structures of these materials are similar to those
of the MAX phases, with the transition metal carbides or borides inter-
leaved by A layers. Many MAB phases have been successfully synthe-
sized (M = Mo, W, Cr, Mn, Fe, and Ru)m and considered for use in
the nuclear energy applications, for example, neutron shielding in fis-
sion and fusion reactors as well as neutron absorbers for the storage of
spent nuclear fuel.”'” More recently, Zhang et al.”'" studied the defect
behavior and radiation tolerance of two typical MAB phases, i.e.,
MOoAIB and Fe,AlB,. The results show that Fe,AlB, is highly tolerant
to radiation-induced amorphization and no radiation-induced crack-
ing occurred in either materials. However, more information on the
structural evolution and properties of these MAB phases under irradi-
ation is needed. As work on MAX phases continues, exploration of
MARB phases and related systems should proceed in parallel to further
expand the composition space available for study.
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