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M,,;1AX,, phases (M =early transition metal; A = group 13—16 element and X =C or N) have a
combination of advantageous metallic and ceramic properties, and are being considered for
structural applications particularly where high thermal conductivity and operating temperature are
the primary drivers: for example in nuclear fuel cladding. Here, we employ density functional
theory calculations to investigate the intrinsic defect processes and mechanical behaviour of a
range of Ti3AC, phases (A = Al, Si, Ga, Ge, In, Sn). Based on the intrinsic defect reaction, it is
calculated that TizSnC, is the more radiation-tolerant 312 MAX phase considered herein. In this
material, the C Frenkel reaction is the lowest energy intrinsic defect mechanism with 5.50eV.
When considering the elastic properties of the aforementioned MAX phases, Ti3SiC, is the hardest
and TizSnC, is the softest. All the MAX phases considered here are non-central force solids and
brittle in nature. Ti3SiC, is elastically more anisotropic and TizAlC, is nearly isotropic. Published
by AIP Publishing. https://doi.org/10.1063/1.5011374

I. INTRODUCTION

The unusual combination of thermophysical properties of
M,.. ;AX,, phases (M = early transition metal, A = 13-16 ele-
ment and X =C or N) constitute them as potential materials
in high temperature applications. They were first synthesized
by Nowotny,' but the investigations of Barsoum et al.,*”
which highlighted the common properties of the phases, were
the ones to capture the interest of the community. The detec-
tion of the exceptional properties of Ti3SiC, and the potential
for technological applications, on the basis of their partially
metallic and partially ceramic properties, has led to the syn-
thesis of numerous MAX phases. For example, they combine
good machinability, high thermal shock resistance, high elas-
tic stiffness, high melting temperature, and high thermal and
electrical conductivity.” The metallic and ceramic properties
in the MAX phases are linked to their crystal structure, con-
sisting of the stacking of n “ceramic” layer(s) interleaved by
an A “metallic” layer as shown in Fig. 1.°> M, ;AX,, phases
belong to the P6s/mmc space group (no. 194).'” The first
(n=1) and second (n=2) members of the family are referred
to as the 211 and 312 MAX phases.

Figure 1 shows the crystal structure of the 312 MAX
phases.'” They are characterized by a highly symmetric unit
cell with atomic layers stacked along the c-direction. The M
layers enclose an X layer forming an M,X slab that has a
face-centred-cubic-type stacking sequence, whereas the A
layers effectively separate these slabs. Additionally, the
stacking around the A layers has an HCP pattern, with the A
layers forming a mirror plane in the crystal.
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Besides Ti3SiC,, other Ti-based MAX phases have
attracted attention, such as Ti3AlC,. This compound has a
better oxidation resistance in air than TizSiC, due to the for-
mation of a passivating Al,O; outer layer.°® The excep-
tional properties of the MAX phases have led to their
consideration in a number of applications including batteries,
electronic applications, and the passive safety protection of
nuclear fuel cladding.”™'® Furthermore, their combination of
high-temperature stability, and radiation- and mechanical-
damage-tolerance, combined with good machinability, has
led to their development for structural components and parts
for Gen IV nuclear reactor designs.?

The aim of the present study is to investigate the
mechanical properties and the intrinsic defect processes of
TizAC, MAX phases (A = Al Si, Ga, Ge, In, Sn): the study
of the defect processes will be used to provide an initial
screening criterion for radiation tolerance based on the
Frenkel pair formation energies. There are a large number of
possible MAX-phase compounds; therefore, through compu-
tational modelling of a broad spectrum of potential materials
we aim to develop design rules that can guide experimental
work and eventually tailor individual phase compositions to
those with the most desirable properties.

Il. METHODOLOGY

The plane wave density functional theory (DFT) code
CASTEP'*?° was used for all the calculations. Exchange and
correlation interactions were formulated by employing the
corrected density functional of Perdew, Burke and Ernzerhof
(PBE)*! in the generalized gradient approximation (GGA) and
in conjunction with ultrasoft pseudopotentials.** For geometry

Published by AIP Publishing.
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FIG. 1. Crystal structure of the M3AX, phases.

optimization, we employed the
Broyden—Fletcher—Goldfarb—Shanno (BFGS) minimiser. For
the calculations of defect energies and interstitial sites, 108-
atomic-site supercells (under constant pressure conditions),
with a plane wave basis set cut-off of 450eV and a 3 x 3 x 1
Monkhorst-Pack (MP)** k-point grid, were used. The potential
interstitial sites in the 312 MAX phases were previously
reported;” however, we performed a comprehensive investiga-
tion to discover further potential interstitial sites. Considering
a higher energy cut-off and/or more k-points changed defect
energies by typically 0.01 eV. The elastic constants are calcu-
lated with modelling a conventional unit cell applying a plane
wave energy cut-off of 550eV and a 18 x 18 x 2 k-point
mesh according to the MP scheme. The efficacy and conver-
gence of the approach as compared to experiment are also dis-
cussed in recent studies.**>°

lll. RESULTS AND DISCUSSION
A. Frenkel defect formation

The investigation of the defect processes of the Ti3AC,
MAX phases relates to their potential nuclear applications. In
that respect, it should be stressed that Tiz;InC; is only included
for completeness and to derive trends as it is practically not
applicable in nuclear applications due to the high cost and
high neutron cross-section of indium. The calculation of the
energetics of Frenkel defects is important particularly for
nuclear applications, because a low pair formation energy can
be associated with a higher content of more persistent defects,
that in turn leads to the loss of ordering in the crystal structure.
Radiation damage can be understood as an accumulation of
defects that are formed by displacement cascades.”?”*® The

J. Appl. Phys. 123, 025103 (2018)

TABLE 1. The preferable interstitial sites for the Ti3AC, MAX phases
(A=Al Si, Ga, Ge, In, Sn).

Phases Ti; A; C;

TisSiC, 3/4,0.70175, 1/4 2/3,1/3,1/4 1/3,2/3, 1/4

TisAIC, 0.27651, 0.28686, 1/4 2/3,1/3, 1/4 1/3,2/3, 1/4

TizSnC, 1/3, 2/3.0.69831 0.52046, 0.48794,  1/3,2/3,0.65221
0.29530

TizGeC, 3/4,2/3,1/4 2/3,1/3, 1/4 1/3,2/3, 1/4

TizGaC, -0.01732,0.28892, 1/4 0.34145, 0.67238, 3/4 1/3,2/3, 1/4

TizInC, 2/3,1/3,0.30659 1/3,2/3,0.71352 1/3,2/3, 0.65265

following relations are the three key Frenkel reactions in
Kroger—Vink notation (in this notation V, and A; will denote
a vacant A site and an A interstitial defect, respectively):*’

Tit; — Vi + Tij, (1)
AA — VA + Ai, (2)
Cc — Ve +C,. 3)

In 312 MAX phases, there exist numerous possible
interstitial sites.’ For all the MAX phases considered herein,
the preferable interstitials (Ti;, A; and C;) are given in Table
I. It can be observed that the most favourable interstitial sites
vary, depending on the composition.

B. Antisite defect formation

It is common during radiation damage for the point
defects formed to either recombine or occupy an alternative
lattice site, forming what are known as antisite defects.” A
low energy antisite formation energy implies that a signifi-
cant population of residual defects will remain in the mate-
rial, as the conversion of an interstitial into an antisite leads
to a net reduction of defect mobility.”° The antisite forma-
tion mechanisms are given by

Tir; + Ay — Tia + A, 4)
Tit; + Cc — Tic + Cry, (%)
Ap +Cc — Ac + Ca. (6)

C. Interaction of interstitials with vacancies

For interstitial defects forming in the Ti layer, the asso-
ciation with V; needs to be considered

Aj+ Vi — Am, (7
Ci + Vri — Cr. ®)

For interstitial defects forming in the A layer
Ti; + VA — Tig, 9
Ci+ Va — Ca. (10)
Finally, for interstitial defects forming in the C layer

Ti; + Ve — Tic, (11)

Aj+ Ve — Ac. (12)



025103-3 Christopoulos et al.

Essentially, these relations reveal whether interstitial defects
recombine with vacancies to form antisite defects or remain
as isolated interstitials.

D. Displacement of lattice atoms by interstitials

Following displacement cascades, there is a hyperstoi-
chiometry of interstitials that can potentially lead to the dis-
placement of atoms from their lattice sites to interstitial sites.
This in turn may encourage the formation of antisite defects.
A typical example is y-TiAl where Ti; + Aly; — Tiar+ Al
leads to the reduction of the unfavourable Ti; with a concur-
rent increase of the concentration of Tis + AL In 312
MAX phases, such as Ti3SiC,, analogous reactions were
energetically unfavorable.’” Finally, reactions 13—18 will be
considered

Ti; + Ay — Tia + Aj, (13)
Ti; + Cc — Tic + G, (14)
A; + Tiry — A + Tij, (15)
Ai+Ce — Ac +C;, (16)
C; + Tiy; — Cp + Ti;, (17)
Ci+Apxr — Cp + A (18)

E. Implications of defect processes

In previous studies, it has been considered that the radia-
tion performance of materials relies on their propensity to
form and accommodate point defects. The accumulation of
defects can lead to the destabilization of the material, leading
to volume changes and microcracking.?'** Displacive radia-
tion leads to an athermal concentration of Frenkel pairs,
while it has been argued that the radiation tolerance of mate-
rials relies upon the resistance to form persistent populations

J. Appl. Phys. 123, 025103 (2018)

of Frenkel (and antisite) defects.?® In this framework, a high
defect energy is an indication of radiation tolerance.

Previous experimental studies’>** determined that
TizAlC, is more tolerant to radiation damage in comparison
to Ti3SiC,. Based on the defect processes investigated by
DFT (refer to Table II), it can be concluded that TizSnC, is
the most radiation tolerant MAX phase considered here. This
is because the lowest energy Frenkel intrinsic disorder mech-
anism (relation 3, Frenkel reaction with 5.50eV) in Ti3SnC,
is higher in energy compared to the lowest energy intrinsic
disorder mechanisms of the other MAX phases considered
here although the respective energy for Tiz;InC, differs by
only 0.35eV (refer to Table II). This in turn implies that
there will be a lower concentration of Frenkel defects in
TisSnC,, which is beneficial for its radiation tolerance.?®
Considering also the antisite defect reactions, the relation 4
(i.e., the production of Tip + Ary) is the lowest energy pro-
cess for TizSnC, with 5.38 ¢V i.e., only 0.23 eV higher than
the carbon Frenkel reaction in Tis;InC,. Nevertheless, consid-
ering the high cost and high neutron cross-section of indium
Ti3SnC, is the better candidate.

Although Eq. (7) implies that Ti interstitials will recom-
bine with V to form Ti, antisites, for all the 312 MAX
phases considered, there will be a very small concentration
of Ti; in the first place due to very high reaction energies for
Eq. (1) as listed in Table II. This will effectively render Eq.
(7) practically irrelevant under equilibrium conditions.
Similar arguments are also valid for the other antisite reac-
tions [Egs. (8) and (9)]. These reactions may become rele-
vant when considering a non-equilibrium environment (i.e.,
under irradiation) where an increased defect concentration is
possible. In such conditions, it is anticipated that Ti; will
recombine with V, to produce Tia antisites. Also, the pro-
duction of C, via Eq. (8) should be expected for Ti;AC,
(A =Ga, Ge, In, Sn). These processes may only be relevant
after irradiation, given that the formation of the Ti; defects
via the Frenkel reaction (relation 1) is high for all the 312

TABLE II. The calculated defect reaction energies (in eV, for relations 1-18) for the Ti;AC, MAX phases (A = Al, Si, Ga, Ge, In, Sn).

Reaction Ti;AIC, TisSiC, TisGaC, TisGeC, TisInC, TisSnC,
(1) Tigs — Vi + Ti; 7.32 7.30 743 7.82 9.71 9.40
() Ax — Va + A 3.40 3.19 331 4.95 7.23 9.41
(3) Ce — Ve + G 3.17 3.09 4.27 438 5.15 5.50
(4) Tig; + Ap — Tip + Aqy 3.27 4.65 5.03 5.80 533 5.38
(5) Tiz; + Cc — Tic + Cry 10.52 13.44 11.76 12.82 12.97 12.13
(6) Ap + Ce — Ac + Ca 9.26 6.28 8.24 7.05 11.14 10.18
(7 A + Vi — Agy 420 3.15 2.94 -3.09 ~6.39 ~7.36
(8)C; + Vi — Cny ~0.48 ~0.41 ~1.45 “1.14 ~1.84 -1.75
(9) Ti; + V4 — Tia 3.5 22,69 2.78 -3.88 522 ~6.07
(10) C; + Vo — Ca 0.31 0.06 ~0.75 ~0.45 ~0.10 ~0.07
(11) Ti; + Ve — Tic 0.51 345 1.51 1.77 ~0.05 ~1.02
(12) A; + Ve — Ac 2.39 ~0.06 1.41 ~1.83 “1.14 —4.65
(13) Ti; + An — Tip + A, 0.15 0.50 0.54 1.07 2.01 3.34
(14) Ti; + Cc — Tic + C; 3.68 6.54 578 6.15 5.10 448
(15) A; + Ti; — Ary + Tij 3.12 4.16 4.49 4.73 3.32 2.04
(16) A; + Cc — Ac + G; 5.55 3.03 5.68 2.55 4.01 0.85
(17) C; + Tig; — Cry + Ti; 6.84 6.89 5.98 6.68 7.87 7.65
(18) C; + Ap — Ca + A 371 3.5 2.56 4.50 7.13 9.34
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TABLE III. The calculated results for the elastic constants Cj; (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus ¥ (GPa), Poisson’s
ratio v, Pugh’s ratio B/G, elastic anisotropy factor A, and shear anisotropy factor (k./k,) for the Ti;AC, MAX phases (A = Al, Si, Ga, Ge, In, Sn). All elastic
constants and moduli are shown in round figure; all factors and ratios are taken to four decimal.

Phase cr1 C1o 13 33 Caa A kelka B G Y B/G v References
TizAlC, 355 74 66 295 125 0.9709 1.3142 157 131 307 1.1985 0.1736 This
361 75 70 299 124 0.9538 1.2926 160 131 309 1.2214 0.1784 37
368 81 76 313 130 0.9830 1.2532 168 135 320 1.2445 0.1831 37
358 84 75 293 122 0.9738 1.3429 163 127 303 1.2790 0.1899 36
165 124 297 1.3306 0.20 39
TizSiC, 365 89 99 352 156 1.2023 1.0119 184 143 341 1.2867 0.1914 This
370 99 111 349 151 1.2090 1.0382 192 138 334 1.3918 0.2102 36
372 88 98.3 352.6 167 1.2674 1.0358 185 149 352 1.2449 0.1832 38
185 139 333 1.3309 0.20 39
185.6 143.8 343 1.2906 0.192 40
TizGeC, 356 88 91 324 140 1.1245 1.1245 175 134 320 1.3060 0.1950 This
357 100 97 325 129 1.0508 1.1524 180 126 307 1.4263 0.2159 36
355.4 85.2 94 338 148 1.1714 1.0323 177 138 312 1.2826 0.2068 38
TizSnC, 319 103 80 304 113 0.9762 1.1696 163 112 273 1.4554 0.2205 This
331 96 80 285 108 0.9431 1.3023 161 113 274 1.4315 0.2167 36
331 91 81 299 129 1.1026 1.1932 162 122 285 1.3279 0.2082 38
TizInC, 338 80 63 276 92 0.7541 1.3709 151 111 267 1.3604 0.2048 This
340 85 67 263 97 0.8255 1.4778 152 111 267 1.3619 0.2051 36
TizGaC, 359 78 69 292 123 0.9591 1.3408 159 130 306 1.2231 0.1787 This
356 86 75 285 113 0.9199 1.3899 162 122 293 1.3235 0.1982 36

MAX phases considered here (7.30-9.71¢eV, refer to Table
II). The processes considered for the displacement of lattice
atoms by interstitials are all positive in energy. From an
experimental viewpoint, the radiation tolerance and oxida-
tion resistance at high temperature of TizSnC, have to be
determined.

F. Elastic properties

Elastic constants of Ti;AC, are important as we can
derive useful information about their mechanical properties.
As the Ti3AC, MAX phases have hexagonal crystal struc-
tures, they will have five independent elastic constants (¢,
C12, C13, €33, Caq), and cgg = (c11—C12)/2. For crystal stability,
the following conditions must be met:*>

c11 >0, c33>0, c4q >0, (611 +C12)C33

> 2(613)2 and (C11 — C12) > 0. (19)

The calculated results for the TisAC, MAX phases consid-
ered here are given in Table III (refer also to Refs. 36—40)
where we can observe that the above conditions are satisfied.
The present results are within a few percent different and
thus in excellent agreement as compared with previous
experimental and DFT results (for example Refs. 36—40).
Ti;3SiC, is the hardest, whereasTizSnC, and TizInC, are
the softest and thus the more easily machinable of the
TisAC, phases considered herein (although all MAX phases
considered should be relatively easy machinable and this is
not a factor that would hinder industrial processes). From the
values of Table III, it is expected that the deformation of
TizInG, is easier than the other Ti3AC, phases. The ¢, elas-
tic constant for Ti3AlC, reveals that it deforms more easily
as compared to Ti3SiC,, Ti;GeC,, TizGaC,, TizSnC,, and

Ti3InC, in the (110) plane along the (100) direction. The
low c15, ¢13 values of the TizAlC,, TizInC,, and TizGaC,
indicate that when we apply a force in the a-axis of the crys-
tal, these materials will be easier to shear at the b- and c-
axis. The lower value of the elastic constant ¢33 of TizInC,
makes it relatively easier (as compared to the other MAX
phases considered here) to compress in the (001) direction
under uniaxial stress. It should be noted, however, that it is
considerably higher than most structural materials. Figure
2(a) represents the dependence of the ¢;; on the atomic radius
of the A-elements.

In Table III, we have also listed the bulk modulus, shear
modulus, and the Young’s modulus. The Bulk modulus B is
a measure of the resistance under compression. The replace-
ment of the A-element with In results in the lowest bulk
modulus (refer to Table III); therefore, Tiz;InC, has a lower
resistance to compression. Conversely, Ti3SiC, has the high-
est value; thus, it is more resistant to high pressure. The
shear modulus, G, represents the resistance of the material to
shape change. TizInC, has the lowest G, which means that a
shape change in TizInC, is easier than the other Tiz;AC,
phases. Finally, the Young’s modulus, E, is a measure of the
stiffness of a material. Of the MAX Phases considered,
Ti5SiC, requires more stress to deform, and Ti3InC, requires
low stress as compared to other MAX phases listed in Table
III. Figure 2(b) represents the bulk modulus, the shear modu-
lus, and the Young’s modulus as a function of the atomic
radius of the A-elements.

To assess the failure modes of MAX Phases, we use
Pugh’s modulus (B/G), which is linked to the brittle and duc-
tile failure.*' In particular, when the Pugh’s modulus is
higher than 1.75, the material is ductile, otherwise the mate-
rial is brittle. All the Ti;AC, MAX phases considered here
are brittle (refer to Table III). The anisotropy factor, k./
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FIG. 2. (a) The elastic constants cjj, (b) elastic moduli (B, G, E), (c) Pugh’s and Poisson’s ratios (B/G, v), and (d) anisotropy factors (A, k./k,) as a function of

the atomic radius of A-element.

k,= (c11+c12-2¢13)/(c33—C13), reveals whether the material
has a higher compressibility along the a-axis or the c-axis.
According to the results in Table III, Ti;SiC, is the only
MAX phase that has compressibility on the a-axis almost the
same as the one on the c-axis.

Another important parameter is Poisson’s ratio. If the
Poisson’s constant is between 0.25 and 0.5, then the material
is known as a central force solid, whereas otherwise it is a
non-central force solid.** Similarly to Pugh’s ratio, Poisson’s
ratio also categorizes the solids as brittle or ductile.** For a
Poisson’s ratio greater than 0.26, the solid is ductile, whereas
if it is less than 0.26, it is brittle. In that respect, all the MAX
phases considered here are non-central force solids and brit-
tle in nature (refer to Table III). Figure 2(c) represents the
Pugh’s and Poisson’s ratio as a function of atomic radius of
A-element.

Elastic anisotropy is also an important descriptor about
the nature of crystalline solids.** This elastic anisotropy may
lead to an anisotropic thermal expansion and may create
microcracks in the crystal formation. For hexagonal systems,
the elastic anisotropy (A) is defined as: A=4cy/
(c11+c33—2c13). If A1, then the crystal is anisotropic.
From Table III, it is observed that TizSiC, and TizInC, are

elastically more anisotropic. The A-values of TizAlC, are
close to unity, indicating that the Al-based MAX phase is
almost elastically isotropic. Figure 2(d) represents the depen-
dence of elastic anisotropy factors on the A-element atomic
radius.

IV. SUMMARY

The present study has considered the intrinsic defect
processes and mechanical properties of Ti3AC, (A=Al Si,
Ga, Ge, In, Sn) MAX phases. For these phases, the dominant
intrinsic  disorder mechanism was calculated to be the
Frenkel reaction. The higher Frenkel energy for TizSnC,
implies superior radiation tolerance. In essence, we show
that Ti3SnC, merits systematic experimental and theoretical
investigation as its properties should be superior, particularly
in applications where radiation resistance is important. In the
present study, the focus is on the defect reaction mechanisms
and not on the influence of point defect concentration on the
lattice stability. The latter can be important as it can affect
the propensity of the MAX phase to amorphize under a radi-
ation environment. Kinetics of the processes are bound to
play a role and therefore, the migration energy barriers for
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point defects (interstitial and vacancies) to diffuse and anni-
hilate will need to be calculated. Among all the studied
MAX phases, Ti3SiC, is the hardest and TizSnC, is the soft-
est. All the Ti;AC, phases are non-central force solids as
well as brittle in nature. TizAlC, is nearly isotropic and
Ti3SiC, is more anisotropic elastically.
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