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Prediction of the stability of the M, ;AX, phases from first principles

V. J. Keast, S. Harris, and D. K. Smith
School of Mathematical and Physical Sciences, The University of Newcastle, Callaghan, New South Wales 2308, Australia
(Received 15 June 2009; revised manuscript received 12 November 2009; published 18 December 2009)

One of the unusual features of the M, ;AX, phases (where M is a transition metal, A is a group A element,
X is carbon or nitrogen, and n=1,2,3...) is that for a given M-A-X system, only certain values of n are found
to occur and there is no systematic behavior between the different systems. Density-functional theory was used
to verify the stability of the different phases by comparing their total energy to that of the appropriate
competing phases. Five systems (Ti-Al-C, Ti-Si-C, Ti-Al-N, Ti-Si-N, and Cr-Al-C) were studied for n=1-4.
Complete agreement with observed occurrences of these phases was found. Very small energy differences
suggest that it may be possible to fabricate Ti,SiC, Ti,SiN, and Ti;AIN, as metastable phases. None of the
MsAX, phases were predicted to occur and in all cases the « phases were found to be more energetically

favorable than the 8 phases.
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I. INTRODUCTION

The existence of the so-called M, ;AX, phases (where M
is a transition metal, A is a group A element, X is carbon or
nitrogen, and n=1,2,3...) has been known for decades. The
development of methods for phase-pure fabrication in both
the bulk!? and thin-film forms? has resulted in these materi-
als receiving increased attention in recent years. Their unique
combination of metallic and ceramic properties makes them
of interest for possible applications in a variety of high-
temperature applications or in other extreme environments.
The usual compromise between high stiffness and good ma-
chinability does not need to be made for these materials. In
addition the beneficial mechanical properties are maintained
at high temperatures and the oxidation resistance is high.
Some of the possible applications include but are not limited
to: replacement in high-temperature applications for the Ni-
based superalloys; wear and corrosion protection; heat ex-
changers; kiln components; and wear-resistant electrical
contacts.*

This combination of metallic and ceramic properties
arises from the crystal structure of these materials where ce-
ramiclike M-X atomic layers with strong bonds are inter-
leaved with A layers which are weakly bonded to M. As n
increases, the number of M-X layers between the A layers
increases as shown in Fig. 1. The space group is P6s/mmc
and the atoms are located at the positions given in Table I.
There is evidence that the M3AX, and M,AXj5 structures can
occur with a different stacking of the layers—the « and S
phases.”® In addition, a mixture of alternating M;AX, and
M,AX; or M,AX layers have been observed in some
samples.!15 No observations of MsAX, structures have yet
been reported and the stacking sequence, should it occur, is
not known. The structure used in this paper is given in Table
I which is consistent with the layer stacking found in the «
phases, which are predominant.

One of the fascinating but rarely discussed aspects of this
set of alloys is that, for a given M-A-X system, only certain
values of n have been reported. For example, in the Ti-Si-C
system, Ti3SiC, is observed and Ti,SiC is not whereas the
opposite occurs in the Ti-Al-N system: Ti,AIN is observed
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PACS number(s): 61.50.Lt, 61.66.Dk

but Ti;AIN, is not. There does not appear to be an obvious
pattern or systematic behavior (see Table II) and this
behavior has not yet been explained. It is not immediately
clear why the insertion or removal of a transition-metal
carbide or nitride layer should or should not be preferred in
any particular system.
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FIG. 1. Crystal Structures of the M, ;AX, phases.
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TABLE 1. Atom positions (Wyckoff sites) for the M, ;AX,
phases.

M>AX (3,3,u)4f
A(g,g,z)Zd
X (0,0,0) 2a
a-M3AX, M1(0,0,0)2a  B-M;AX, M1 (0,0,0) 2a
M2(3,5,0)4f M2(3,5,0)4f
A(0, o,;)zb A(;,g,i)zb
X(3,3,u)4f X(3,3,u)4f
a-M4AX; MIG.2waf  B-MAXs MG 2 w4f
M2(0,0,w)de M2(0,0,w)4f
A(é,;,i)2c A(3 3’4)2c
X1 (0,0,0) 2a X1 (0,0,0) 2a
X2(3,5,0)4f X2(3,%,0)4f
MsAX, M1 (0,0,0) 2a
Mz(g,;,vw
M3(3,3,x)4f
AG, 5’1)261
X1(3,3,u)4f
X2(0,0.w)de

Density-functional theory (DFT) has been used exten-
sively to study the M, ;AX, phases. These studies have in-
cluded predictions of the structural parameters, formation en-
ergies, electronic structure, and elastic constants,®-11:13.16-48
In general, good agreement with the available experimental
data is observed; lattice parameters, elastic constants, and the
electronic structure are well described. The DFT calculations
have played an important role in understanding the origin of
their unique physical properties. Despite the extensive num-
ber of calculations on this system of alloys, surprisingly little
has been done to address the question of which of the pos-
sible phases can be expected to occur. The formation energy
(the total energy minus the energy of the constituent ele-
ments) is usually found to be negative, favoring phase for-
mation. However, this information alone is insufficient to
predict the actual occurrence of the compounds. In order to
answer this question, the calculated total energy must be
compared to that of the competing phases as determined
from the ternary phase diagrams. This process is necessary
because, although a particular M, ;AX, phase might be en-
ergetically favorable when compared to the starting ele-

TABLE 1II. Reported occurrences of some of the M, AX,
phases (Ref. 4).

M>AX M;AX, M,AX;
Ti-Si-N X X X
Ti-Al-N v X v
Ti-Si-C X v Ve
Ti-Al-C v v X
Cr-Al-C v X X

Prepared using thin-film epitaxial growth (Ref. 13).
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ments, the phase will not be observed to occur if it is more
energetically favorable to instead form two or more different
compounds. The ternary phase diagrams can be used to iden-
tify which compounds may be observed instead. The few
studies so far that have taken this approach have only had
limited success when compared to the experimental
observations. 31849

This paper uses DFT to calculate the energy of the
M, . AX, phases of Table II and compares them to the ener-
gies of the appropriate competing phases as obtained from
the ternary phase diagrams. Both the a and S structures are
considered as are the MsAX, structures.

II. COMPUTATIONAL METHODS

In order to calculate the phase stability for each of the
M, AX, alloys the competing phases involved must be
identified. This was achieved through the use of the experi-
mentally determined ternary phase diagrams in the
literature.’®3 The position of the M,,,,;AX,, alloys in the ter-
nary diagram was determined and the competing phases
identified from the nearby stable points on the diagram. The
stoichiometry of the competing phases and the M, ;AX, al-
loys was then used to derive the balance equations. In some
cases there was some ambiguity about which set of compet-
ing phases to choose and so different combinations were
considered. Some of these alternative combinations have
been included in the results.

The DFT calculations were performed using the (linear-
ized) augmented plane wave plus local orbitals method
(L/APW+lo) within the WIEN2K software package.>* The
generalized gradient approximation (GGA) (Ref. 55) was
used for the exchange-correlation potential. The plane-wave
cutoff, defined by the product of the smallest atomic sphere
radius times the magnitude of the largest reciprocal-lattice
vector Ry 7K. Was set to 7.0 and a G,,,, (magnitude of the
largest vector in the charge-density Fourier expansion) of 12
was used for all calculations. The atomic sphere radii (in
Bohr) were taken as: Ti, Cr=1.9; Al, Si=1.8; and C=1.3;
and N=1.5. They were kept constant for all calculations to
ensure comparisons of total energy between different struc-
tures remained valid. The number of k points in the irreduc-
ible Brillouin zone was in the range of 80-150, depending on
the size of the crystal cell. The number of k points was tested
for convergence. Spin polarization was not included. The
Ti-based systems are nonmagnetic and so spin polarization is
unlikely to be significant. In the Cr-based systems the energy
differences found here are quite large and the outcome in
terms of phase stability is also unlikely to be influenced by
the inclusion of spin polarization.

Structural optimizations were performed for all structures,
including lattice parameters and internal coordinates (where
applicable). Experimental structural parameters are available
for many of the compounds in the calculations but not all.
Calculated values must be used in order to ensure consis-
tency between the results for all structures. Where optimiza-
tion of several parameters was required, the optimization was
cycled through the parameters until the changes in the total
energy with optimization were too small to have any influ-
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ence on the determination of phase stability. Usually two or
three cycles were sufficient. The numerical value for the con-
vergence criteria for both the structural parameters and the k
points was usually better than 1-2 meV. This condition was
slightly relaxed in some instances when the energy differ-
ences between the M, AX, phase and the competing phases
were on the order of 0.5 eV or greater.

III. RESULTS

Tables III and IV show the results for structural param-
eters and total energies of the competing phases and the
M, .1AX, phases, respectively. In all cases the structural pa-
rameters are in agreement with experimental data or previous
calculations within the expected limits of accuracy of DFT.
Table V shows the balance equations determined from the
ternary phase diagrams for the systems of interest. The cal-
culated energy difference AE between the M, ,AX, phase
(Emax) and the competing phases (Ecp) is derived from the
results in Tables III and IV and is given in eV. Theoretical
formation of a stable M, ;AX, phase occurs when AE<O.
With the exception of TiySiCs, the observed occurrences of
the M, ,1AX, phases, as given in Table II, are confirmed by
the calculations. In all cases the « structures are preferred
over the 3 structures and no MsAX, structures are predicted
to occur.

IV. DISCUSSION

The calculations have had quite remarkable success in
verifying the occurrences of the M, AX, phases considered
here. The success of the calculations is arguably greater than
we might have anticipated, given that there are significant
approximations in these kinds of DFT calculations. Firstly,
the calculations are performed at 0 K and zero pressure: vi-
brational, entropy, and pressure effects are neglected. Sec-
ondly, kinetic effects are expected to play a significant role in
whether a compound will occur. For example, it has been
observed that intermediate phases are important in the bulk
fabrication Ti;SiC,.°*%7 Finally, the calculations are unable
to easily include the effect of vacancies, solid solutions, and
nonstoichiometric alloys. It is possible that in some instances
there will be a set of competing phases with a lower energy
than those used. The V-Al-C system would be particularly
challenging to study as the likely competing phases include a
solid solution of Al in V up to 22% and a disordered &-VC,_,.

The single exception to the success of the calculations is
the result that Ti4SiC; phase would not occur even though it
has been observed in thin films. However, as it has not been
observed by bulk fabrication methods, it is likely that the
observed thin film Ti,SiC5 is a metastable phase. In this in-
stance, our theoretical result is not in contradiction with the
observation but serves to further emphasize the role that ki-
netic effects can sometimes play in experimental fabrication.

The phase stability in the Ti-Si-C system of M, AX,
phases has previously been studied by DFT.!? In that work
both the Ti,SiC (AE=-0.008 eV/atom) and Ti,SiC; (AE=
—0.029 eV/atom) were calculated to occur. The main differ-
ence between their calculations and those presented here is
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that we have included TisSi;C as a competing phase. Here,
we have found that Ti,SiC would not occur, in agreement
with experimental observation. Consistent with a previous
study, B-Ti;SiC, is not predicted to form.” We have also
confirmed that the 3-M,, AX, structures are not energeti-
cally preferred for any of the systems investigated here.

It should be noted that the differences in energy between
the M, ,AX, phases and the competing phases are some-
times very small and are close to the expected level of accu-
racy of the calculations. The very small theoretical energy
differences for phase formation in some alloys and the ex-
perimental observation of a metastable Ti,SiC; suggest the
possibility that a number of phases, not previously observed,
could also be fabricated as metastable phases. On the basis of
our calculations, the phases that may warrant further efforts
at thin-film fabrication are Ti,SiC, Ti,SiN, and Ti;AIN,.

The results suggest that the dominant contribution to the
phase stability is the total electronic energy. It has not been
necessary to include the effect of temperature to obtain
agreement with the experimental occurrences of these
phases. At first this might seem very surprising, given that
fabrication of the alloys usually occurs at high temperature.
However, the M, AX,, phases, once formed, are stable and
do not decompose if they are slowly cooled. This supports
the finding here that the role of temperature in the equilib-
rium phase stability is not large. For the systems considered
in this work, the materials are highly ordered. For other sys-
tems, where nonstoichiometric and disordered compounds
play a significant role, the temperature dependence of the
ordering behavior would add an additional complication in
the determination of phase formation.

In has been shown previously that the inclusion of tem-
perature can change the stability from the « to the 8 phases
in Ti;SiC, and Ta;AlC, for temperatures above 1000 K,
suggesting that calculations at elevated temperatures are nec-
essary. However it should also be noted that it is the a phase
that usually is fabricated. The B phase has been seen in elec-
tron microscopy images and is believed to be produced by
transformation during sample preparation.” It may be pos-
sible to understand why it has not been necessary to include
temperature in this work by recognizing that the local atomic
arrangements and bonding in the M, ;AX, phases and the
competing phases are very similar (as opposed to the case for
the a and B phases). As a consequence, the difference be-
tween the temperature dependence of the phonons is antici-
pated to be very small and so the influence of temperature on
phase stability will also be small. Ideally, temperature effects
should be included for highest accuracy calculations. How-
ever, this additional accuracy is computationally prohibitive
for the 40+ compounds studied here. Such calculations may
be of interest in the future to explore the decomposition be-
havior at high temperatures and the role of intermediate
phases.

As n increases, the overall trend across each of the series
studied here is that the formation of the M, ;AX,, phase be-
comes less energetically favorable. However the widespread
validity of this observation remains in doubt. There are the
notable exceptions of Ti3SiC, and Ti4AIN5. In addition, if it
were generally true, then we may expect that more M3;AX,
than M,AX5 phases could be fabricated, in contradiction with
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TABLE III. Results of the DFT calculations for all competing phases considered in this work. Optimized

PHYSICAL REVIEW B 80, 214113 (2009)

structural parameters and the total energy (per formula unit) are given.

Lattice parameters

Total energy

Space group A) Atom positions (Ry)
TiSi Pnma a=6.57 Ti(0.177,%,0.129)4c -2287.8154
b=3.64 Si(0.044,5,0.647)4c
c=4.98
TiSi Fddd a=8.29 Ti(5.5.5)8a ~2867.8992
b=481 Si(0.462,§,3)16e
c=8.58
TiN Fm-3m a=425 Ti (0,0,0) 4a ~1817.4124
N(5.,0,0)4b
TiAl P4/ mmm a=2.82 Ti (0,0,0) Ia -2193.3292
¢=4.06 Al(3,5,9)1d
TiAl; 14/mmm a=3.85 Ti (0,0,0) 2a ~3164.6704
c=8.57 Al(0,0,%)2b
Al(0,3,7)4d
TiC Fm-3m a=4.34 Ti (0,0,0) 4a ~1783.9685
C(5,0,0)4b
Ti;AIC Pm-3m a=4.18 Ti(0,3,3)3¢ ~5684.9885
Al (0,0,0) 1a
ci.4 4
Ti;AIN Pm-3m a=4.12 Ti(0,3,3)3c -5718.4253
Al (0,0,0) 1a
NGLL
TisSizN P63/mem a=743 Til(5.3.0)4d ~10388.6114
c=5.16 Ti2(0.228,0,1)6g
$i(0.591,0,1)6¢
C (0,0,0) 2b
TisSisC P63/mem a=748 Til(5.3.0)4d ~10355.1673
c=5.17 Ti2(0.231,0,5)6g
$i(0.593,0,1)6g
C (0,0,0) 2b
C P63/ mme a=2.46 C1(0,0,3)2b ~76.2065
¢=6.80 C2(3.3.9)2¢
CryAl 14/ mmm a=2.97 Cr (0,0,0) 2a -4689.2085
c=8.51 Al (0,0,0.317) 4e
CryC, Pnma a=5.50 Cr1(0.018,%,0.404)4c -6457.8084
b=2.80 Cr2(0.186, ;,0.774)4c
c=1145 Cr3(0.867,7,0.931)4c
C1(0.099, ;,0.204)4c
€2(0.237,%,0.952)4c
AL,C; R-3m a=3.36 All (0,0,0.294) 6¢ ~2171.2476
¢=25.10 Al2 (0,0,0.130) 6¢

C1 (0,0,0) 3a
C2 (0,0,0.217) 6¢c

the current status in these materials. Further theoretical stud-

ies across more systems than the five studied here would be
needed to decide whether this is a general trend with a few

exceptions or not a trend at all.
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TABLE IV. Results of the DFT calculations for M,,.;AX,, phases TABLE IV. (Continued.)
considered in this work. Optimised structural parameters and the
total energy (per formula unit) are given. Lattice parameters Internal Total energy
(A) parameters (Ry)
Lattice parameters Internal Total energy
(A) parameters (Ry) a-TizAlC, a=3.08 u=0.068 -5761.3155
c=18.61 v=0.127
Ti,SiN a=2.99 u=0.092 —4105.2276 B-Ti;AlC, a=3.07 u=0.069 -5761.2994
c=12.88 c=18.83 v=0.126
a-Ti3SiNy a=2.99 u=0.069 —5922.6369 a-Ti AlC, a=3.08 u=0.052 —7545.2811
c=17.84 v=0.136 ¢=23.51 v=0.108
B-Ti3SiN, a=2.96 u=0.068 -5922.6214 w=0.155
c=18.09 v=0.136 B-TiyAlC, a=3.07 u=0.051 —7545.2644
a-TiySiN3 a=3.00 u=0.055 —7740.0482 ¢=23.71 v=0.107
¢=22.58 v=0.109 w=0.153
w=0.160 TisAlC, a=3.08 u=0.044 —9329.2486
B-TiySiN; a=2.99 u=0.055 —7740.0288 c=28.56 v=0.085
¢=22.87 v=0.107 w=0.132
w=0.159 x=0.170
TisSiN, a=2.99 u=0.045 —9557.4561 Cr,AIC a=2.84 u=0.085 —4765.4734
c=27.71 v=0.089 c=12.70
w=0.133 a-Cr;AlC, a=2.86 u=0.070 —6943.4396
x=0.176 c=17.42 v=0.129
Ti,AIN a=2.99 u=0.085  -4010.7842 B-Cr3AIC, a=2.86 u=0.070 -6943.4331
c=13.64 c=17.51 v=0.127
a-Ti;AINy a=3.00 u=0.068 —5828.1954 a-CryAlC, a=2.89 u=0.055 -9121.4140
c=18.49 v=0.129 c=22.04 v=0.108
B-TizAIN, a=2.99 u=0.067 —5828.1832 w=0.152
c=18.67 v=0.128 B-Cr,AlC; a=2.89 u=0.055 -9121.4072
a-TizAIN; a=3.00 u=0.054 —7645.6191 c=22.08 v=0.108
¢=23.51 v=0.106 w=0.151
w=0.154 CrsAlC, a=2.88 u=0.044 —11299.3779
B-TizAIN; a=2.98 u=0.054 —-7645.6078 ¢=26.83 v=0.089
¢=23.60 v=0.105 w=0.134
w=0.154 x=0.170
TisAINy a=3.00 u=0.043 —9463.0186
c=28.44 v=0.087

tions to the general behavior in this system of alloys is the

w=0.130 most widely studied material of TizSiC,. It is the only known
x=0.170 M, . 1AX, phase with Si as the A element. It is also the only
Ti,SiC a=3.06 u=0.092  -4071.7936 known system where n>1 occurs when n=1 does not. This
c=12.84 suggests that Ti3SiC, is unusually and unexpectedly stable.
a-Ti;SiC, a=3.08 u=0.072 —-5855.7713 The calculation of an energetically favorable phase forma-
c=17.74 v=0.135 tion in a system of alloys is not in itself an explanation of
B-Ti;SiC, a=3.05 u=0.071 —5855.7474 why one set of compounds is preferred over another. It is rare
c=18.09 v=0.133 in the literature that the reasons why any particular arrange-
@-TiySiCs 4=3.08 1=0.053 ~7639.7389 ment of atoms  is energetically favorabI.e are discussed.
_ _ Simple metallic or covalent models are available but are nor-
c=22.70 v=0.112 . .
w=0.160 mally used to gilfferentlate between crystal structures of' the
. same composition not to compare an alloy with a combina-
B-TiySiCy a=3.06 u=0.053 —7639.7142 tion of competing phases. In addition, simple and intuitive
¢=23.06 v=0.110 models that can be used for purely covalent or purely metal-
w=0.158 lic systems are difficult to apply for the anisotropic and
TisSiCy a=3.08 u=0.045 —9423.7051 mixed bonding found in the M, AX, phases. The unique-
¢=27.66 v=0.088 ness of the bonding in these materials gives them their un-
w=0.136 usual and beneficial properties but at the same makes them
x=0.175 difficult to understand in terms of the conventional models
Ti, AIC a=3.07 u=0.084  -3977.3373 for describing phase stability.
c=13.64 One of the motivations for this work was to see if it were

possible to find any underlying principles or trends that could
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TABLE V. Balance equations used to determine the phase sta-
bility of the M, AX,, alloys and the energy difference, AE, between
the M, AX, phase (Eyax) and the competing phases (Ecp).
AE <0 implies a stable M, ;AX, phase.

AE=Eyax-Ecp
System Balance equations (eV)
Ti-Si-N Ti,SiN < TiSi+TiN or 0.003
Ti,SiN < $TiN+ 5 TiSi, + s TisSi;N 0.061
Ti3SiN, < TiSi+2TiN or 0.044
Ti3SiN, < 3TiN+ 5 TiSiy + £ TisSisN 0.102
Ti,SiN; < TiSi+3TiN or 0.061
TisSiN3 < £ TiN+ £ TiSi, + 5 TisSi;N 0.119
TisSiN, < TiSi+4TiN 0.122
Ti-Al-N Ti,AIN < TiAl+TiN or -0.580
Ti,AIN < STi;AIN+ s TiAl;+ 3 TiN -0.443
Ti3AIN, < Ti,AIN+TiN or 0.017
Ti3;AIN, < 3 Ti, AIN+ 1 Ti, AIN; 0.085
Ti4AIN; < Ti,AIN+2TiN -0.136
TisAIN, < Ti,AIN;+TiN 0.176
Ti-Si-C  Ti,SiC« §Ti3SiCy+ g TiSiy + 5 TisSizC 0.014
Ti3SiCy <> $TiC+ 5 TiSiy+: TisSisC -0.202
TiySiCs > Ti3SiC, + TiC 0.012
TisSiCy < TizSiCy +2TiC 0.043
Ti-Al-C Ti,AIC < TiAl+TiC or -0.540
Ti,AIC < £Ti;AIC+ 1 TiAly+ I TiC -0.364
Ti3AlIC, < Ti,AlC+TiC -0.131
Ti4AlC; < Ti3AlC, + TiC 0.039
TisAlC, < Ti3AlC,+2TiC 0.052
Cr-Al-C Cr,AlC += Cr,Al+C or -0.795
CryAlC < 35 Cr3Ch+ 32 AL C3+ 32CryAl -0.498
Cr3AIC, + Cr,AIC+3CrC,+5C or 0.528
Cr3AlC, « 5Cr,AIC+ 5CrCh+ 15A1L,C, 0.474
CryAlC; « 3Cr,AIC+ 55CrCh+ 5 ALC, 0.836
Cr5AlC, < 5Cr,AIC+ 5CrCh+ 5 ALC, 1.341

PHYSICAL REVIEW B 80, 214113 (2009)

be used to predict phase formation for different value of n.
To achieve this aim we have analyzed factors such as the
valence charge density, bond distances, charge within the
muffin-tin spheres, and the relative energy of features in the
density of states. These analyses have, as yet, all failed to
reveal any correlations or systematic behavior. In all cases
the differences between all of these quantities is very subtle.
This would suggest that verification and prediction of phase
formation in this set of alloys will always require full DFT
calculations. To explore this issue further, it would be desir-
able to quantitatively calculate bond energies for the differ-
ent compounds. Unfortunately, the arbitrariness in the exact
energy position in the calculations makes this task impos-
sible. Within a calculation, all energies are with reference to
a zero point that is defined as the average of the potential in
the interstitial region. This does not influence the value of the
total energy but makes the comparison of absolute energies
between different structures difficult.

However, it may be anticipated that further studies across
additional M-A-X series may prove more revealing. Systems
based on Nb, Ta, Ga, and Ge are good candidates for further
study. Given that this study of just five series required full
structural optimization and energy minimization of over 40
compounds, the task ahead is quite challenging. In some
cases, where the energy differences are quite small, consid-
erable care and effort needs to be taken with the accuracy of
the calculations.

V. CONCLUSION

DFT was used to calculate the total energy of M, AX,
phases and their competing phases as established from the
ternary phase diagrams. Agreement with the observed stabil-
ity of these phases was found in all cases. The a phases were
found to be preferred over the 3 phases and MsAX, phases
are not expected. The results also suggest that Ti,SiC,
Ti,SiN, and TizAIN, have the potential to be produced as
metastable compounds.
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