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Ternary M,,;1AX, phases with layered hexagonal structures, as candidate materials used for next-generation nuclear
reactors, have shown great potential in tolerating radiation damage due to their unique combination of ceramic and metallic
properties. However, M, 1AX,, materials behave differently in amorphization when exposed to energetic neutron and ion
irradiations in experiment. We first analyze the irradiation tolerances of different M, ;1AX,, (MAX) phases in terms of
electronic structure, including the density of states (DOS) and charge density map. Then a new method based on the
Bader analysis with the first-principle calculation is used to estimate the stabilities of MAX phases under irradiation. Our
calculations show that the substitution of Cr/V/Ta/Nb by Ti and Si/Ge/Ga by Al can increase the ionicities of the bonds,
thus strengthening the radiation tolerance. It is also shown that there is no obvious difference in radiation tolerance between
M, +1AC, and M, 1AN,, due to the similar charge transfer values of C and N atoms. In addition, the improved radiation
tolerance from Ti3AlC; to Tip AIC (Ti3AlC; and Ti;AIC have the same chemical elements), can be understood in terms
of the increased AI/TiC layer ratio. Criteria based on the quantified charge transfer can be further used to explore other
M, +1AX, phases with respect to their radiation tolerance, playing a critical role in choosing appropriate MAX phases before

they are subjected to irradiation in experimental test for future nuclear reactors.
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1. Introduction

M, 11AX, (M: an early transition metal, A: group III or IV
element, and X: C or N) phase materials have attracted con-
siderable attention for their best attributes of both ceramics
and metals.!!! The big class of layered ternary carbide and/or
nitride has various good properties such as low density, high
thermal and electrical conductivity, excellent thermal shock,
exceptional oxidation resistance, high elastic modulus, dam-
age tolerance and easy machinability characteristics.>*! Due
to these properties, especially the excellent tolerance to irradi-
ation damage, MAX phases have been considered as poten-
tial fuel coatings and cladding materials used in core com-
ponents of future gas-cooled fast nuclear reactors and fusion
programs. 4!

In face of the long-term operation in extreme environ-
ments of elevated temperatures (> 1000 °C) and severe ra-
diation fluences as high as 150 dpa-200 dpa (displacement
per atom), the damage tolerance of the MAX phase is of vital
importance for applications in future nuclear systems. Previ-
ous studies show that M, 1AX,, can accommodate radiation-
induced point defects with low formation energy and the eas-
ier formation of M4—Ay, (an atom replaced by an M atom and
an M atom replaced by an atom) antisite pairs provides an al-
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ternative way to accommodate the defects.>®! Nevertheless,
various MAX materials behave differently in the ion radiation
experiments. Some MAX phases can be rendered amorphous
easily, whereas others show little loss of crystallinity even at
very high radiation doses. The TizAIC, is found to be more
radiation-resistant than Ti3SiC,. The TizAlC, remains crys-
talline at ~25 dpa under the radiation of 1-MeV Xe, whereas
Ti3SiC, turns amorphous under the same condition.”! Two
of the most radiation damage-tolerant materials theoretically,
Ti»AIC and Ti, AIN,®) have been investigated for their radi-
ation tolerance in experiments by Ar’>" ion and neutron ir-
radiation. The experiments showed that both of them with-
stand 100-keV Ar’* ion irradiation and 0.1dpa of neutron
radiation.[®!% The experiments also demonstrated a major
difference in amorphization between Cr and Ti-based MAX
phases: the Cr-based MAX phase has a much lower amor-
phization threshold dose than Ti-based MAX phases. ¥l Mean-
while, Cry AIC is more tolerant than Cr,GeC under the ra-
diation of 340-keV Xe: Cr,GeC becomes fully amorphous
at ~ 0.8 dpa, whereas CrpAlC becomes amorphous at ~
2 dpa.!'!l Since there are tens of MAX species, it takes time
and expense-consuming if we test all these materials experi-
mentally, thus it becomes important to analyze their irradiation
tolerance mechanism. The current experimental data are far
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from enough to set up a criterion to distinguish MAX phases
with better irradiation tolerance from the others. Therefore, it
is critical to develop a theoretical method of choosing the most
prospective sample for the experiment.

When materials are subjected to neutron or ion irradia-
tions, the target atom will be dislodged from its lattice site
after receiving sufficient energy, and then further collide with
other target atoms, creating a displacement cascade. The cas-
cade can be either quenched into a nanometer-scaled amor-
phous domain or annealed quickly with some point defects
consisting of vacancies, interstitials, antisite defects, or de-
fect clusters.[”'?! During the past few decades, many criteria
have been proposed to explain the stability of ceramics un-
der irradiation such as the geometrical structure, melting point,
polymerization index, elastic modulus, and bonding type.!!3]
Among these models, the bonding type was proposed as a fac-
tor relating resistance to amorphization for the first time by
Naguib and Kelly in 1975,!"3] and then it was discussed in
detail in Trachenko ef al.’s!"* work and was proved to be a
key parameter to control the response of material to irradiation
damage. It is supposed that the ability to resisting the irradi-
ation is generally governed by the competition between the
short-range covalent force and long-range ionic force.!!*15] A
complex material is readily amorphizable by radiation dam-
age if it is able to form a covalent network. This method has
been successfully used to explain the different radiation resis-
tances of 116 materials that are different from their families,
including binary and ternary compounds. The advantage of
this model is that it can be applied extensively to compounds
with different compositions and chemical structures.

In this paper, we present a comprehensive study on
the properties of various charge states based on the Bader
analysis!'! and the first-principle calculation.!'”! We quantify
the proposed theory of resistance to amorphization from the
electronic structures in several pairs of MAX phase materials.
Furthermore, we propose to use the effective charge transfer as
an independent criterion to elucidate the amorphization mech-
anism. Our calculations accord with the experimental results,
showing that it is reliable and accurate. Our method possesses
the value of practical applications since it may achieve unified
cognition of M, 1AX, material behaviors under neutron and
ion irradiations.

2. Method of calculation

First-principle calculations were conducted with the Vi-
enna Ab initio simulation package (VASP).!!31°] The frozen-

20211 potentials were

core projector augmented-wave (PAW)!
used to describe the interaction between ions and electrons.
The generalized gradient approximation (GGA-PBE) is used
for treating the electronic exchange-correlation function. In
the meantime, Bader analysis, a novel method, is used to cal-

culate the effective charge on individual atoms. Being an

intuitive scheme for visualizing atoms in molecules, Bader’s
definition makes use of so-called zero flux surfaces to divide
atoms. Bader analysis is better than wave function-based pop-
ulation methods (e.g., Mulliken population analysis)!?*! be-
cause it is based on the charge density, which is an observable
quantity that can be measured experimentally or calculated.
Furthermore, the charge density is insensitive to the basis set
used. Also, it carries out decomposition of electronic charge
density into atomic contributions. The charge enclosed within
the Bader volume is a good approximation to the total elec-
tronic charge of an atom.!!¢! Together with the VASP code, it
was used to quantify the core charge and partition electrons
amongst fragments of the system in MAX phases.

In the detailed calculation settings, the total energy was
converged to better than 0.1 meV with a plane wave cutoff
of 450 eV. The density of states (DOS) calculation was based
on a primitive unit cell and Brillouin zone sampling was per-
formed by using the Monkhost—Pack scheme with a k-point
grid of 21 x21x21, whereas a small Monkhorst—Pack 8§ x8x4
k-point sampling for the Brillouin zone was used in a static
self-consistent calculation.!”*! The values of the kinetic en-
ergy cutoff and the k-point grid were determined by the con-
vergence of total energies. All calculations were performed
within a primitive unit cell containing 12 atoms and 8§ atoms,
respectively for M3AC, and M,AC structures. The method
of conjugate gradient energy minimization was used for ge-
ometry relaxation. The lattice vectors of the cell and all the
atoms were allowed to relax until atomic forces were less than
0.01 eV/A.

3. Results and discussion
3.1. Structural properties of M, 1AX,

The MAX phases have a hexagonal symmetry in space
group P63 /mmc with Wyckoff positions. The structure of 312
MAX phases consists of hexagonal layers stacked in the re-
peated sequence A-M(1)-X-M(2)-X-M(1).
non-equivalent M atoms denoting M (1) and M(2) with Wyck-
off positions of 4f (1/3, 2/3, zp71) and 2a (0,0, 0), respectively.
The A plane atoms are located in 2b (0, 0, 1/4) and X atoms
in 4f (1/3, 2/3, z,).?*! Analogously, the isomorphous struc-

There are two

ture of 211 MAX phases consists of a repeated atomic layer
sequence of A—M—-X-M. The MgX octahedra, similar to those
formed in respective MX binary carbides, are connected with
each other by shared edges. The main difference in structure
between 211 and 312 phases lies in the number of M layers in
between every two A layers.

We perform a thorough research with 12 MAX phases
(Ti3SiC2, Ti3A1C2, Ti3SiN2, Ti3A1N2, CrzAIC, CrzGeC,
Cr,GaC, NbyAIC, TayAlC, TiAlC, Ti;AIN, and V,AIC),
most of which have been previously investigated experimen-
tally. We first calculate the lattice constants of these MAX
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phases to validate both the pseudopotentials and the method
used in this simulation. The calculated structural parameters
are shown in Table 1. The calculated lattice parameters of a, ¢
values from experiments and previous calculations are also in-
cluded for comparison. The values in a/b—Err (%) and ¢—Err
(%) denote the percentage differences among lattice parame-
ters between the calculated values and experimental data, re-
spectively. Some of the blanks in this table represent that they
have not been synthesized experimentally yet or they have not
been calculated with the DFT method before. As we can see,
the lattice parameters in our calculation are similar to the ex-
perimental data, while the slight differences between differ-
ent theoretical calculations can be reasonably attributed to the
GGA function used. The results validate our method.

Table 1. The lattice parameters (in unit of A) for Ti3SiC,, TizAlC,,
Ti3SiNy, Ti3AIN,, Crp AlC, CrGeC, Tip AIC, Ti AIN, and V,AlC; a/b—Err
(%) and c-Err (%) denote the largest percentage differences among lattice
parameters between the calculated values and experimental data.

Composition a/b c a/b-FErr (%)  c¢—Err (%)

Ti3SiCs this work  3.075 17.708 0.26 0.209
DFTI®! 3.077 17.706 0.32 0.198
EXPZ] 3,067 17.671

TizAlC, this work  3.082 18.641 0.032 0.833
DFTI®! 3.081 18594 0 0.578
EXPI5] 3,081 18.487

Ti3SiN, this work 2.983 17.826
DFT[20 299  17.84
EXP

Tiz AIN; this work  3.002  18.463
DFT[20 300 1849
EXP

CryAlC this work 2.844 12.685 —0.663 -1.0
DFT[22l 2842 12.687 -0.733 -0.991
EXP[25] 2863 12814

Cr,GeC this work  2.938 12.024 —0.406 0
DFT 221 2925 12.024 -0.847 0
EXP 295  12.024

Cr,GaC this work 2.87 1254  —0.347 0.555
DFT
EXP2 288  12.61

Ti» AIC this work  3.068 13.731 0.557 0.689
DFT[28] 304 1360 -0.36 -0.271
EXPI25] 3,051 13.637

Ti, AIN this work 2.993 13.614 0.133 0
DFT®1 299 1361  0.033 0.03
EXPI?2Zl 2989 13.614

V,AIC this work 2.905 13.118 0.239 0.167
DFT 291 1313  0.068 0.0761
EXPPY 2912  13.140

3.2. Bonding characters

The MAX phases can be considered as robust materials
when subjected to ion irradiation. Nevertheless, according to
observations different MAX phases behave differently under
irradiation and the reason for this remains unclear. Motivated
by the necessity to focus extensively on the evolution of the
microstructure during the irradiation, we summarize some ex-

perimental data to illustrate the diversity of radiation tolerance,
and the results are given in Table 2.

Basically, all the macroscopic properties of materials
originate from their electronic structure properties as well as
the natures of the chemical bonding. Trachenko et al. have
given a more general comprehension of the physics of radia-
tion damage.!"*! A material with high ionic bonding is more
resistant to amorphization than a material with covalent bond-
ing. In general, short-range covalent contributions lead to
highly directional bonds and a number of distinct potential en-
ergy minima which act as barriers to recovery of periodicity in
the vicinity of the collision cascade, whereas long-range ionic
contributions minimizes the barriers to recovery of atomic pe-
riodicity. What is more, the local recrystallization process is
promoted in a material with high ionicity of bonding by ions
attracting oppositely charged neighbors and making the “de-
fect” structures that consist of neighboring atoms of the same
charge energetically unfavorable, whereas this effect is absent
in a covalent structure. 1315

Based on the model provided by Trachenko, the relations
between radiation resistance and the bonding trend of these
MAX phases can be further analyzed by the calculated total
electron density of states (TDOS) as well as their partial den-
sity of states (PDOS) as demonstrated in Figs. 1 and 3. The
DOS at Fermi level (Er) determines the electronic conductiv-
ity characteristics and all of the MAX phases we calculated
are finite at the Fermi energy level, which indicates the metal-
lic properties of MAX phases. What is more, there is a high
degree of hybridization of M orbitals and X orbitals, suggest-
ing a strong covalent interaction between M—X in the material.
The position of the Er in TDOS reveals the stability of the
system while a local minimum represents relative stablility.
As for TizAIC;, TizAlN,, Cr AlC, TirAlC, V,AIC, TayAlC,
Nb,AIC, Cr,GaC, and Ti,AIN, the TDOS around the Fermi
level is at a local minimum in contrast to that of Ti3SiC2,
Ti3SiN,, and Cr,GeC. The conduction bands above Ef are
composed mainly of the M atom states. The dose below Ep
contains mainly 3s and 2s states contributed by A and X atoms,
respectively. The increase in N (Ef) tends to coincide with the
increase in valence electrons of the corresponding element. [>4]

To illustrate the influence of transition metal M in MAX
phase in terms of its radiation resistance observed in experi-
ment, we choose Tip AlC, Cr AIC, and V,AIC for investigat-
ing the relations between their radiation resistance and bond-
ing trend. The DOS and PDOS of them are presented in
Fig. 3. There is no obvious difference in PDOS of the C atom
among these three MAX phases, but a distinct difference can
be seen from the hybridizations of Mq—Al, in Cr,AIC, V,AIC,
and Tip AlC. The hybridization of Ti—Al in Ti; AIC is closer to
EF than that of V-Al in V,AIC, while hybridization of Cr—Al
in CrpAlC is farthest to Ep. This difference possibly origi-
nates from the fact that the Ti atom has one less charge elec-
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tron than V, and the V atom has one less charge electron than
Cr. The weaker bonding of Ti—Al behaves more like an ionic
bond which allows the damaged structure to reestablish co-

herence with the crystalline lattice more easily, whereas the
structural reconstruction with stronger bondings of V-Al and
Cr—Al should require additional energy cost.

Table 2. Summarized experimental data concerning the radiation tolerances of the six M,,1AX, materials: Ti3AIC2, Ti3SiC2, Ti2AIC, Ti2AIN, Cr2GeC, and
Cr2AIC. Different experimental conditions and variables are shown below (RT denotes room temperature).

Incident ion MAX material Fluences/cm 2 Temperature/°C dpa Degree of amorphization
1-MeV Xel”l TizAlC, 3.25%x10M RT no amorphization
Ti3SiCy 3.25x10'4 RT begin amorphous
neutron(> 0.1 MeV)[1% Ti, AIC 4.00%10%° 360(420) 0.1 decompose into TiC from the pristine 6.7% to 8.3%
4.00%10%° 695(£25) 0.1 decompose into TiC from the pristine 6.7% to 4.3%
Tir AIN 4.00x10% 360(4-20) 0.1 decompose into TiN from the pristine 3.23% to 11.6%
4.00%10%° 695(425) 0.1 decompose into TiN from the pristine 3.23% to 13%
Tiz AlC, 4.00%10%° 360(£20) 0.1 decompose into TiC from the pristine 1.9% to 52.6%
4.00x10%0 695(£25) 0.1 decompose into TiC from the pristine 1.9% to 44.4%
Ti3AIN; (fine - grained) 4.00x 1020 360(£20) 0.1 decompose into TiN from the pristine 20% to 22.7%
4.00%10%° 695(£25) 0.1 decompose into TiN from the pristine 20% to 25%
1-MeV Aul?! Ti, AIC 1.00x10™ RT no amorphization
3.00x10' RT no amorphization, begin to emerge stacking faults
1.00x 101 RT partial phase transition from hcp to fcc
2.00x10'° RT entirely transformed into the fcc phase
100-keV Arl! Ti, AIN 1.8x103-1.3x10"5 RT up to 12 no amorphization
320-keV Xelll Cr,GeC 5.00x10"3 RT 0.41 begin amorphous
1.00x10™ RT 0.82 fully amorphous
CrAIC 1.00x 10 RT 0.62 no amorphization
3.50x10™ RT 2.2 begin amorphous
6.00x10™ RT 3.7 fully amorphous
1.00x 10" RT 6.2 fully amorphous
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Fig. 1. (color online) Calculated energy-dependent densities of states and partial densities of states for (a) Cr, AIC, (b) V,AIC, and (c) Ti, AlC, where the

green line represents DOS at Fermi level.

Regarding the bonding trend between M and A, the var-
ious resistances to amorphization of Ti,AIC, V,AIC, and
Cr, AlIC under the same irradiation condition can be easily ex-
plained. The weak interaction of M—A in MAX phase pro-
motes irradiated defects recombination, which contributes to
preserving their crystalline structures. So the substitutions of
Cr by V and V with Ti can increase the resistance of radia-
tion, leading to the conclusion that the crystal structure of the
Ti-based M>AX phase is more resistant to amorphization of
radiation than that of the V-based M>AX phase, and so is the
case of V-based M>AX phases to Cr-based M>AX phases.

The charge density contours can also be used to explain
the differences in bonding characters. We expand our ideas
to the M—A bonding character in the context of the calculated

charge density. It is suggested that the high radiation damage
tolerance exhibited by many ceramic M—-X compounds and
the rapid recovery from damage which is inherent in metallic
M-A compounds are both present in MAX phases. Figure 2
shows the charge density contours on the (1120) plane for (a)
CrpAlC, (b) V,AIC, and (c) TipAlIC. One can clearly observe
the polarization of the electronic charge around the M atoms
which points toward the C atoms in the center. The charge
around the C atom is non-spherical, consistent with the exis-
tence of covalent bonds between M and C. The charge densi-
ties around X atoms are obviously greater than those around A
atoms, demonstrating the stronger covalent bonding between
M and X. The coupling between M—C and M-Al shows a
declining trend for each of Cr,AlC, V,AIC, and TiyAlC, il-
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lustrating that a strong covalent bonding is formed between
Cr—C, whereas the bonding around Ti turns more ionic. The
stronger bondings of M—X and M—A in Cr-based M>AX phases
than in Ti-based M>AX phases exhibit that they have lower ra-
diation tolerances. The charge density contours we calculated
are consistent with the DOS we simulated and also with the

Angstron (A)
Angstron (A)

-2 -1 0 1 2 -2 -1 0
Angstron/A

Angstron/A

experiment results.

A similar method has also been used in Xiao et al.’s
work, 8! in which this model was validated. Our discussion
also verifies the theory on the relationship between irradiation
resistance and bonding type. To provide the further compre-
hension of the mechanism, much more atoms are tested.
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Fig. 2. (color online) Distributions of electron charge density on the (1120) plane for (a) Cr, AIC, (b) V,AIC, and (c) Tip AlC, where charge density

varies from 0.1 (blue) to 3.2 e/A? (dark red).
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Fig. 3. (color online) Calculated energy-dependent densities of states
and partial densities of states for (a) Ti3AlC, and (b) TizSiC,. The
green line indicates DOS at Fermi level.

An atom in MAX phases also plays a major role in radi-
ation resistance.3!! To elucidate the different behaviors of A
atoms when subjected to the radiation of energetic ions, we
focus on the bonding characters of two structures: Ti3AlC,
and Ti3SiC,. The TDOS and PDOS of them are shown in
Fig. 3. Each of Ti3SiC; and TizAlC; has a high degree of hy-
bridization between Ti 3d orbitals and C 2p orbitals, indicating

a strong covalent interaction between Ti-C in these two mate-
rials. The hybridization of Ti—Al in TizAlC; is much closer
to Er than that of Ti—Si in Ti3SiC,, revealing that the bonding
between Ti—Al is weaker than Ti—Si.

It can be further verified by the directional bonds between
Ti-Si and Ti—Al in these two compounds as revealed by the
electron density distribution plot demonstrated in Fig. 4. There
are strong covalent bonds between Ti and C atoms, forming di-
rectional Ti—C bond chains. The density located in the Ti—Al
region is much smaller than that in Ti—Si. The weaker bond-
ing of Ti—Al behaves more like an ionic bond, which repre-
sents higher radiation tolerance, while the stronger bonding of
Ti—Si shows lower tolerance. There are also some notable dif-
ferences in bonding between A and X. It should be noted that
there are some strong peaks at the same energy in the PDOS of
some particular Si atoms and C atoms. A considerable over-
lap between C 2s, C 2p, Si 3s, and Si 3p orbitals shows a
strong covalent bonding, while there is no significant overlap
between the C 2s and C 2p orbitals with the Al 3s and Al 3p
orbitals in Ti3AlC,. The weak overlap between Al and C de-
notes that minimal interaction is likely to exist between these
two elements, primarily due to the difference in energy. The
interaction between Si—C is much stronger than that between
Al-C in these two MAX phases, leading to different recovery
processes subjected to ion irradiation. Because of the notable
overlap between Si and C, it is more likely to form nanoscale
SiCB3?! rather than Ti3AlC, in the recovery recrystallization
process. The weaker bonding between Al and C in Ti3AlC; is
more likely to form point defects such as antisite defects and
Frenkel pairs which increase the possibility to recombine into
a crystalline structure. All the calculated results are consistent
with our experimental data, validating the universality of our
simulations.
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Fig. 4. (color online) Distributions of electron charge density of (a) TizAlC; and (b) Ti3SiC,, where charge density varies from 0.1

(blue) to 1.7 e/A 3 (dark red).

This can also explain the greater resistance to amorphiza-
tion of Cry AIC than CryGeC under the same irradiation con-
dition. The structural reconstruction with stronger bonding
of Cr-Ge than Cr—Al should require additional energy cost,
which leads to low radiation tolerance.

The improved radiation tolerance of Tip AIC compared
with TizAlC, observed in the experiments has drawn a great
deal of attention in recent years. Rietveld analyses of the XRD
spectra for Ti; AIC and Ti3 AlC; revealed a drastic difference in
irradiation tolerance between the two compounds in Tallman
et al.’s work.!'") By enhancing the inherent ability to accom-
modate radiation-induced defects in nanostructured compos-
ites, the A atomic plane is supposed to play a decisive role in
improving the radiation tolerance of the material.!! In terms
of the same chemical elements, other factors should be intro-
duced to fully explain the improvements of radiation tolerance.
We focuse on the increased ratio of the Al/TiC layer and the
relative interlayer distance in lattice. The density of A atomic
planes grows with the increase of the AI/TiC layer. The inter-
layer distance between Ti—C-Ti in Ti; AlIC is almost half that
in TizAlIC,, indicating that TiAlC has more intercalated A
atomic planes per MX layer than TizAlC,. From this perspec-
tive, we can explain the improvement of radiation tolerance
from Tiz AlC; to Ti AlC observed in experiments.

By making a comparison of DOS and charge density
among different MAX phases, we find that crystal-structured
Ti-based MAX phases are more resistant to amorphization
than V/Cr-based MAX phases, and the M, | AlX, phases are
more resistant than M, 1SiX,, phases. In conclusion, the sub-
stitution of Si by Al and Cr/V by Ti introduce extra valence
electrons into each atom, improving the resistance to amor-
phization. The difference in dominating My/Ap hybridization
between M, 1AC, and M,,1AN,, is not obvious, which means
that they have similar resistances.

3.3. Charge characters

Though the irradiation tolerance of the MAX phase could
be roughly estimated by analyzing its DOS and charge density

map and so on, it is still difficult to compare more than three
MAX phases. Itis also difficult to obtain a conclusion by using
the density of electron in a certain surface. It should depend
on the three-dimensonal (3D) distribution of electrons. There-
fore, we try to use the effective charge as a new tool and it is
generally perceived to be more accurate than bonding charac-
ters presented by DOS overlap and visual observation of the
charge density map. 324

The criterion in terms of charge is based on the good em-
pirical correlation of resistance with the ionicity of the chem-
ical bond, using Pauling or Phillips definitions.*3 It should
be noted that neither of the concepts of ‘ionicity’ and ‘cova-
lency’ is clearly defined because both of them contribute con-
siderably to a bond, making it impossible to draw a clear line
between them. One of the reliable ways to determine the bond-
ing character is to analyze the electron density maps obtained
from either experimental diffraction methods or quantum-
mechanical calculations. Unlike the Bader analysis method
in our research, the Voronoi deformation density charges!3*!
and Mulliken overlap population33-3 were calculated in Tra-
chenko et al.’s work. In their report, they proposed that the
increase of Q and decrease of M result in the increase of resis-
tance of a complex compound.!'*! But it is not obvious to at-
tribute the charges to one atom or the other in Mulliken overlap
population, which is based on the plane wave basis. According
to the above discussion, we choose the Bader analysis because
it is intuitive to calculating the charge in individual atoms in
molecules and crystals, and it also conforms to chemical expe-
rience. We have recently compiled the list of twelve materials
to illustrate that their resistances can be generally explained by
charge transfer as shown in Figs. 5 and 6. The bonding type
and charge transfer values of these different 312 and 211 MAX
phases are analyzed for allowing the comparison among them.

The amount of charge transfer can characterize the degree
of ionicity in a certain MAX-phase compound. The bond be-
haves more like an ionic bond when the charge transfer value

is a high positive or low negative value, allowing the damaged
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structure to reestablish coherence with the crystalline lattice
more easily, whereas the low positive or high negative charge
transfer behaves more like a covalent bond, which should re-
quire additional energy cost in structural reconstruction.*” In
this case, we make an in-depth analysis on charge transfers of
different M, A, and X atoms in MAX phases.

Regarding the charge transfer trend with 211 MAX
phases, M elements have significant influences on the irra-
diation damage process. From Fig. 5, it can follow that the
transition-metal atoms always lose charges. The calculations
show that the charge transfers on M atoms decrease in the se-
quence of TipAlC, V,AIC, and CryAlC. The charge transfer
of Crin Crp AlC is 0.5011, indicating that it loses 0.5011 elec-
trons and V in V,AIC loses 0.8692 electrons and Ti in Ti, AIC
loses 1.1903 electrons. The higher charge transfer value for
early transition metal represents higher ionicity and reduced
barriers to regain coherence with the crystalline lattice which
makes them significantly more resistant to amorphization. Our
predictions of the contrasting stability are also inconsistent
with the experimental results. We also calculate the other
two M atoms whose radiation tolerance has not been tested
in experiment. Nb in NbyAlC and Ta in Tap AlIC lose 0.9040
and 0.9699 electrons respectively. According to our calculated
charge transfer of M atoms, we can make a prediction that the
crystal-structured Ti-based MAX phase materials are more re-
sistant to amorphization than other materials with the same A
and X atoms.
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Fig. 5. (color online) Charge transfer values of different atoms in differ-
ent 211 MAX phases, illustrating the discussion about the resistance to
amorphization. The red column denotes charge transfer of the M atom
in M,AIC, the green column refers to charge transfer of the A atom in
Cr AC, while the blue column represents charge transfer of the X atom
in Ti;ALX. A positive value shows that they lose electrons, whereas the
negative value denotes that they gain electrons.

The charge transfer of A atoms in MAX phases plays
an important role in their resisting amorphization. The inter-
calated A atoms in the nanolaminated crystal M, AX,, pro-
mote the accommodation of disordering defects within their
structures by enhancing the inherent ability to accommodate
radiation-induced defects. So we further study the significant
difference in radiation tolerance between Cr,GeC, Cr,GaC,
and Cry AIC in 211 MAX phases. It is noted that Al in Cr, AIC
loses 0.3063 electrons, whereas Ga in Cr,GaC obtains 0.2296

electrons and Ge in Cr,GeC gains 0.3727 electrons. That is
to say, the bonding around Ge in Cr,GeC behaves as being
more covalent than those of the bonding around Ga in Cr,GaC
and Al in CryAlC, conducive to its chemistry forming a co-
valent network. As a result, an additional energy is required
to break the strong covalent bond, inducing the radiation toler-
ance of Cr,GeC to be lower than those of Cr,GaC and Cr, AlC.
Though there are no experimental data about irradiation for
CryGaC, we can theoretically predict that it is not the most
promising candidate for the nuclear system.

Finally, we focus on the effects of X atoms on radiation
tolerance of 211 MAX phases. In TipAlC, the charge transfer
value of C is slightly lower than that of N in Ti, AIN, while
C obtains 1.7389 electrons and N gains 1.6 electrons. The
similar charge transfer value manifests the basically consistent
radiation tolerance of them and no quantitative description of
their differences has been shown experimentally so far.

The mechanism of amorphization in terms of the bond-
ing characters in these 211 MAX phases demonstrates that the
substitution of Ge/V/Ta/Nb by Ti and Si/Ga by Al in MrAX
phases induces higher radiation resistance because the bonds
behave as being more ionic. That is to say, as the weight of
the short-range covalent forces goes down and the weight of

long-range ionic forces goes up, its resistance increases.
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Fig. 6. (color online) Charge transfer values of different atoms in dif-
ferent 312 MAX phases, illustrating the discussion about the resistance
to amorphization.

A meaningful comparison of the character of charge
transfer electrons among 312 MAX phases can also be carried
out. Our calculation about charge transfer contrasts the result
from the readily amorphizable materials with resisting the ra-
diation. It is illustrated that the Si in Ti3SiC; and Ti3SiN; ob-
tain more electrons than Al in TizAlC, and Ti3AIN, as shown
in Fig. 6. The increase of positive charge transfer value and
decrease of negative charge transfer value improve the radia-
tion tolerance of 312 MAX phases. Thus, the covalent bonding
character of elemental Si in Ti3SiC, and Ti3SiN; lower the re-
sistances to amorphization compared with the scenario of Al
in Ti3A1C2 and Ti3A1N2.
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Covalency and ionicity are different characterization
ways in which the electron density can be distributed in a solid.
Higher ionicity promotes the recombination of irradiated de-
fects, contributing to preserving their crystalline structure. The
difference in charge transfer between different atoms in MAX
phases can explain the diversity of resistance to amorphization
under the same irradiation condition, and also leads to a prior
consideration of selecting the MAX phases that can highly re-
sist the radiation for the applications in a future nuclear sys-
tem.

4. Conclusion and perspectives

The charge transfers of 312 and 211MAX phases are in-
vestigated based on the Bader analysis method. We quan-
tify the proposed theory of resistance to amorphization from
the electronic structure of each atom. The interatomic M-
X, M-A, and X-A bonding characters are also analyzed to
further illustrate the radiation damage mechanisms in these
M, +1AX, materials. The competing effect between the short-
range covalent and long-range ionic forces demonstrates that
a complex material can be readily amorphized by radiation
damage if its chemistry allows it to form a covalent network.
The increase (decrease) of the short-range covalent compo-
nent in the total force field of material reduces (increases)
its resistance. Our results demonstrate that for the M atoms,
Cr/V/Ta/Nb-based MAX phases are more amorphizable than
Ti-based MAX phases. For the intercalated A atoms, the sub-
stitution of Si/Ga/Ge by Al will gain higher resistance. The
weaker bonding of Ti—Al behaves more like an ionic bond,
allowing the damaged structure to reestablish coherence with
the crystalline lattice more easily, whereas the reconstruction
of stronger bonding of Ti—Si and Cr—Al/Cr-Ge/ Cr—Ga should
require additional energy. As for the 312 and 211 structures
with the same chemical elements, the A atomic plane in the
nanolaminated crystal M,1AX, can accommodate radiation-
induced point defects. The increased ratio of the A/MX layer
and the relatively low interlayer distance in the lattice indicate
that 211 MAX phases can be more resistant to radiation than
312 MAX phases. Our calculations show a possibility that the
values of resistance to amorphization for these materials can
be predicted by analyzing the corresponding charge transfer
values and bonding characters, offering a criterion for select-
ing an appropriate MAX phase used in an irradiation environ-
ment to further experiment on irradiation. Our results suggest
that Ti» AIC and TiAIN are two of the most promising MAX

phase materials in application.
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