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bstract

he energetics of point defects and twins in MCx (x < 1, M = Ti, V, Cr, space group Fm3̄m) was studied using density functional theory. Our
oal is to contribute towards understanding the underlying atomic mechanisms enabling the Al intercalation into MCx. As the valence electron
oncentration is increased by substituting Ti in TiCx with V and further with Cr, the energy of formation for C vacancies is decreased. This may
e understood based on the electronic structure. Upon increasing the valence electron concentration, the bonding becomes less ionic and more
ovalent. In covalent crystals, directional bonding may be rearranged and local relaxation is observed upon vacancy creation, while this gives rise
o repulsive Coulomb forces in ionic crystals, and hence the energy of formation is expected to decrease as the valence electron concentration of
is increased. The difference between the energy of formation for an Al substitution at a C site and a C vacancy, the migration energy for Al, the
oint defect ordering energy, and the twin boundary energy may be overcome, for instance, during vapor phase condensation. These results may
e of general relevance for the formation of MAX phases (space group P63/mmc) at low temperatures.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Transition metal carbides exhibit many striking proper-
ies. They are known to be refractory solids,1 possess large
tiffness2–4 and relatively low chemical reactivity,1 as well as
hey are good thermal conductors.5 However, the intrinsic brit-
leness is limiting their application potential.6 The design of
ransition metal carbide/metal composites is one possibility to
ddress the brittleness challenge.7 In conch shells8 and lobster
uticles,9 biomineral composites of hard and soft phases may
esult in ductility and the arrest of cracks. The discovery of
he so-called Mn+1AXn phases (space group P63/mmc), where
ayers of transition metal carbides or nitrides (Mn+1Xn) are inter-
eaved with A-layers (mostly IIIA and IVA elements, such as
l or Si),10–12 also provides a way to address the brittleness

hallenge discussed above. Owing to this particular nanolami-

ated atomic arrangement, these ternary derivatives of transition
etal carbides or nitrides exhibit a combination of metallic and

eramic properties, ranging from machinability, large stiffness,
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E-mail address: music@mch.rwth-aachen.de (D. Music).

i
T
o
p
M
t
s

955-2219/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2009.03.030
ood conductivity of heat and electricity, and good thermal shock
esistance, to good corrosion resistance.10

A seemingly natural pathway to form these ternary phases
s intercalation, for instance known to be successful for
raphite.13,14 In a recent study, this pathway has been utilized
y Riley and Kisi15 and they have demonstrated that Ti3AlC2
an be synthesized by the rapid intercalation of Al into TiC0.67
space group Fm3̄m). The notion that Mn+1AXn phases can be
ormed by intercalating A-group elements into Mn+1Xn has been
ntroduced by Zhou and coworkers.16,17 Riley and Kisi have sug-
ested that, after the ingress of molten Al into TiC0.67, vacancy
rdering facilitates the formation of Ti3AlC2.15 Similar path-
ays might be viable for the formation of Ti3SiC2 as well.18

n a previous work,19 we have studied the energetics of point
efects at a C site in TiCx (x < 1): C vacancies and Al substitu-
ion at a C site. We have found minute energy differences for
ncorporation of Al at a vacant C site.19 Our data indicate that
i3AlC2 is formed by Al surface ingress into TiCx and C vacancy
rdering.19 Furthermore, it is also known that both Al and Si

romote twinning in TiCx, which is another prerequisite to form

n+1AXn phases.20 The ability to form twins and the relevance
hereof for the formation of Mn+1AXn phases has not been con-
idered theoretically. Furthermore, there is no systematic study

mailto:music@mch.rwth-aachen.de
dx.doi.org/10.1016/j.jeurceramsoc.2009.03.030
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vailable in literature exploring theoretically the possibility to
orm other Mn+1AXn phases than Ti3AlC2 by intercalation.

In this work, we study the energetics of point defects and
wins in MCx (x < 1, M = Ti, V, Cr, space group Fm3̄m) using
b initio calculations. In particular, we evaluate C vacancies,
l substitution at a C site, ordering of C vacancies with and
ithout Al, migration of Al in the MCx lattice, as well as

win boundary energy with and without Al. Our ambition is to
ontribute towards understanding the underlying atomic mech-
nisms enabling the Al intercalation into MCx. We show that the
ifference between the energy of formation for an Al substitu-
ion at a C site and a C vacancy in bulk MCx and on MCx(1 0 0),
he migration energy, the point defect ordering energy, and the
win boundary energy may be overcome, for example, during
apor phase condensation. Based on this study, it is reason-
ble to assume that intercalation of Al into MCx (M = V, Cr)
s realizable.

. Theoretical methods

Density functional theory was used herein,21 as implemented
n the Vienna ab initio simulation package (VASP), where
he projector augmented wave potentials with the generalized-
radient approximation are employed.22 The following settings
ere employed: the total energy convergence criterion of
.01 meV, Blöchl corrections for the total energy,23 a cut-off
f 500 eV, and integration in the Brillouin zone according to
onkhorst-Pack24 with 262144 grid points in the FFT-mesh.

pin polarization was tested for CrC and only negligible energy
orrections were found. MC 2 × 2 × 2 supercells, built of 64
toms, were relaxed with respect to atomic positions and cell vol-
mes. Since there were no local structural relaxations beyond the
econd coordination shell, the calculations were found reliable
ith respect to the supercell size.19 Vacancies and Al substitu-

ions were always considered at C sites, except for the twinning
nergy studies where Al substituted M elements as suggested
reviously,20 which resulted in the following compositions: MCx

x = 0.97 for single C vacancy, 0.91 for triple C vacancy, 0.97
nd 0.91 for Al substitution, 0.94 for migration, 1.00 and 1.33
or twinning). It is also known that Al may substitute M elements
n these binary carbides.25,26 However, according to Riley and
isi15 C vacancies are required to form Mn+1AXn phases by Al

ubstitutions on C sites. Bulk moduli were obtained by fitting the
nergy-volume curves using the Birch-Murnaghan equation of
tates.27 Two different reference points were used to evaluate the
oint defect data: isolated atoms28 and chemical potentials.28–30

nergy of formation (EV or ES) for the vacancy or Al substitution
t a C site, respectively, was calculated as follows:

EV = EMC,V (C) + nEC − EMC

n

ES = EMC,S(Al) + nEC − EAl − EMC

n

(1)
here EMC,V(C), EC, EMC, EMC,S(Al), and EAl are the total energy
f MC with n C vacancies, the total energy of isolated C (broken
eriodic boundary conditions) or its chemical potential (space
roup Fd3̄m), the total energy of the defect-free MC, the total

c
e
d
M
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nergy of MC with an Al substitution at a C site, and the total
nergy of isolated Al (broken periodic boundary conditions) or
ts chemical potential (space group Fm3̄m), respectively. This

ethod was used for dealing with the energetics of both bulk and
urface point defects. Migration energy for Al in [1 1 0] direc-
ion was also calculated. There are several possible pathways
or Al to move to a neighboring vacant site and a saddle point
as identified in our previous work.19 The migration energy
as calculated by evaluating the energy difference between the
isplaced Al and the supercell with Al at its ideal site. In this pro-
edure, Al was always quenched at its displaced position while
ll other atoms were fully relaxed. Twin boundary energy (ET)
as obtained as follows:

T = EMC,T − EMC

2A
, (2)

here EMC,T and A designate the total energy of the MC crystal
ontaining two twin boundaries and area of the twin, respec-
ively. For the twin boundary energy determination, supercells
ontaining 16 atoms were used, as previously introduced by Yu et
l.20 The electronic structure was studied by evaluating electron
ensity distributions31 and effective charges.32 The effective
harge was calculated for MC unit cells by the Bader charge
nalysis applying the Henkelman code.33,34 Core charges were
dded to the electron density distribution to verify the Bader
egions.

. Results and discussion

.1. Structure and elastic properties

Table 1 contains the calculated data of the lattice parameters,
he bulk moduli, the energy of formation for the point defects,
he migration energy, and the twin boundary energy for MCx

M = Ti, V, Cr). The following bulk configurations were con-
idered: (i) one C vacancy, (ii) three C vacancies dispersed in
he MCx lattice [(0,0,0), (1/4,3/4,0), (1/4,1/4,1/2)], (iii) three C
acancies ordered along the [1 1 0] direction [(0,0,0), (1/4,1/4,0),
1/2,1/2,0)], (iv) one Al substitution at a C site, (v) two C vacan-
ies and one Al substitution dispersed in the MCx lattice [Al at
0,0,0), vacancies at (1/4,3/4,0), (1/4,1/4,1/2)], (vi) two C vacan-
ies and one Al substitution ordered along the [1 1 0] direction
Al at (0,0,0), vacancies at (1/4,1/4,0), (1/2,1/2,0)], (vii) twins
n pure MCx, and (viii) twins in MCx with Al placed at the twin
oundary. The migration energy for Al at the (0,0,0) site was
alculated in the [1 1 0] direction. Finally, the following (1 0 0)
urface configurations were examined: (i) one C surface vacancy
nd (ii) one Al substitution at a C surface site. The calculated
attice parameter for pure TiC, VC, and CrC differs by 0.2%,

0.3%, and 1.0%, respectively, from the experimental data,35–37

hich is in good agreement. Upon introducing point defects, the
attice parameter decreases for vacancies and increases for Al
ubstitution, which is consistent with literature.36–39 The cal-

ulated bulk modulus for pure TiC is 12.1% larger than the
xperimentally obtained value,38 which is within the expected
eviation for the exchange-correlation approximation used here.
inor changes in the bulk moduli are observed when C vacan-
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Table 1
Calculated lattice parameters (a), bulk moduli (B), energy of formation for the C
vacancy (EV), energy of formation for Al substitution at a C site (ES), migration
energy (EM), and twin boundary energy (ET) for MC (M = Ti, V, Cr). The data
in parenthesis refer to surfaces. Two different reference points were used to
evaluate the point defect data: isolated atoms (i) and chemical potentials (c).

TiC VC CrC

a (Å) 4.338a 4.158 4.072
B (GPa) 265a 315 335

EV (eV/defect)
Single (i) 9.916 (9.763)a 8.450 (9.081) 7.713 (6.835)
Single (c) 0.827 (0.674) −0.638 (−0.008) −1.375 (−2.253)
Ordered (i) 10.072a 8.829 7.953
Ordered (c) 0.983 −0.260 −1.135
Disordered (i) 10.023a 8.633 7.723
Disordered (c) 0.935 −0.455 −1.365

ES (eV/defect)
Single (i) 10.140 (6.984)a 9.350 (6.276) 7.756 (4.369)
Single (c) 4.658 (1.502) 3.868 (0.794) 2.274 (−1.113)
Ordered (i) 10.110 4.986 10.304
Ordered (c) 5.253 0.129 5.447
Disordered (i) 10.029 4.787 10.093
Disordered (c) 5.173 −0.070 5.236

EM (eV/defect) 0.820 0.573 0.479

ET (J/m2)
Pure MC 0.929 0.494 0.026
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energy of formation data reported in the literature. Here, the
formation energy for point defects is decreased as the valence
electron concentration is increased, which may be the direct con-
sequence of the decrease in ionic character and the increase in

Table 2
Calculated effective charge for MC (M = Ti, V, Cr).
MC with Al −0.709 0.305 0.505

a Ref. 19.

ies or an Al substitution are introduced into TiC. To the best
f our knowledge, there are no experimentally obtained bulk
odulus data for pure VC or CrC. For VC0.85, the experimental

alue is 258 GPa,40 which is consistent with our calculations.

.2. Energy of formation for point defects

We start the discussions on energetics of defects in MCx by
valuating the point defect data. There are two possible ways
o evaluate the point defect data, namely taking isolated atoms
r chemical potentials as the reference, but the trends are the
ame so we discuss only one the data set with respect to iso-
ated atoms for simplicity reasons. The calculated energy of
ormation for a single C vacancy and an Al substitution at
C site in TiCx is 9.916 and 10.140 eV, respectively. As the

alence electron concentration increases by substituting Ti with
and further with Cr, these energies of formation decrease

o 7.713 and 7.756 eV, respectively, which is a drop by 22.2%
nd 23.5%, respectively. Similar trends and energy of formation
alues are obtained for triple vacancies: there is a decrease in
he range 21.0–22.9%. Some anomalies from this trend occur
hen Al is introduced into CrCx, but this will be discussed
elow. In order to understand the energy of formation data,
e study the electronic structure of these binary carbides. In
ig. 1, the electron density distributions for TiC, VC, and CrC
n the (1 1 0) planes are presented. In general, the electronic
tructure thereof can be described as a mixture of covalent
presence of larger electron concentration between M and C),
onic (charge transfer from M to C), and metallic bonding (uni-

M
C

ig. 1. Electron density distribution for TiC, VC, and CrC in the (1 1 0) plane.

orm background Fermi gas in the whole (1 1 0) plane). As the
alence electron concentration increases by substituting Ti in
iC with V and further with Cr, there discernable changes in

he bonding can be observed. It is apparent that the electron
ensity located at the C atom decreases. In order to quantify
his effect, we have studied the effective charge in these com-
ounds using the Bader decomposition, given in Table 2. The
ffective charge for C in TiC is −1.672 and increases to −1.298
s the valence electron concentration is increased in the range
robed. Since the bulk modulus is increased as the transition
etal valence electron concentration is increased, it is reason-

ble to assume that the ionic character decreases and that the
ovalent character increases. This notion is also consistent with
lectronegativity scale difference between the constituents con-
idered. Furthermore, it is known that upon increase in the
alence electron concentration by substituting Ti with V and fur-
her with Cr more antibonding states are being populated.41,42

t can be speculated that the introduction of vacancies results
n a disruption of antibonding behavior and hence increases
he covalent character, as argued above. For instance, the num-
er of states at the Fermi level in VC decreases by 48% upon
C vacancy creation. This change in the bonding character
ay be used to explain the energy of formation data for point

efects (see Table 1), discussed above. The formation energy for
acancies in metals (Al, Pt, Pd, Mo),28,43 covalent compounds
Si),43 and ionic (HfO2, SiO2),44 is in the range 1–3, 4, and
–9 eV, respectively. In covalent crystals, directional bonding
ay be rearranged upon vacancy creation and local relaxation

s observed,19 while this gives rise to repulsive Coulomb forces
n ionic crystals (nearest neighbors of the same charge in the
icinity of a vacancy). This scenario is consistent with the
TiC VC CrC

1.672 1.518 1.298
−1.672 −1.518 −1.298
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ig. 2. Difference in the energy of formation (�Eform) between one Al substi-
ution at a C site and one C vacancy for TiCx, VCx, and CrCx. Data for both bulk
nd (1 0 0) surface are presented.

he covalent character of the chemical bonding in these binary
hases.

Since point defects may randomly be positioned in a crystal,
he positions of dispersed triple point defects in the super-
ells constructed, as described above, should be validated. To
nvestigate the degree of randomness in our supercells, we
onstruct a 2 × 2 × 2 special random structure (SQS) config-
ration for the triple C vacancy in VC. We use the short range
rder (SRO) parameter to quantify the degree of randomness in
his particular SQS configuration. This is available within the
ocally self-consistent Green’s function software package.45,46

he SRO parameter for this VC configuration is <0.1 within
even coordination shells. The calculated energy of formation
or a triple C vacancy in this SQS configuration differs only 0.6%
rom the ad hoc configuration discussed above. Therefore, our
ispersed defects (ad hoc) configurations are sufficiently ran-
om to describe the energetics of point defects in these binary
arbides.

Based on the energetics data presented so far, we can now
iscuss the likelihood for Al ingress into MCx lattice. Fig. 2
hows the difference in the energy of formation between one
l substitution at a C site and one C vacancy for TiCx, VCx,

nd CrCx. The difference between the energy of formation for
n Al substitution at a C site and a bulk C vacancy in TiCx

s 0.224 eV, suggesting that Al may be incorporated into the
iCx lattice, because the magnitude of this energy difference

s comparable to the energy required to form metastable cubic
i1−xAlxN47 and Cu–Mo48 by vapor phase condensation. As the
alence electron concentration is increased by substituting Ti in
iCx with V and then with Cr, an increase to 0.900 eV for VCx

s observed and a drop to 0.043 eV, respectively. We speculate
hat this apparent anomaly for VCx may be a consequence of
he variable valency of V, known for instance to occur in the
o-called Magnéli phases.49 Fig. 2 also shows the correspond-
ng surface data, since the Al/MCx interface is of importance
or the initial stages of Al ingress into MCx. We have calcu-

ated the energetics of a C vacancy and an Al substitution at

vacant C site on the MCx(1 0 0) surface (see Table 1). The
alculated energies of formation for a C vacancy and the Al
ubstitution for TiCx(1 0 0) are 9.763 and 6.984 eV, respectively

t
v
M
r

ig. 3. Vacancy ordering energy for triple point-defects in TiCx, VCx, and CrCx.

see Table 1). As the valence electron concentration increases
y substituting Ti in TiCx with V and subsequently with Cr,
he energies of formation are decreased to 6.835 and 4.369 eV,
y 30.0% and 37.4%, respectively. These valence electron con-
entration induced changes in the energy of formation for these
oint defects are consistent with the changes observed in bulk as
ell as the electronic structure changes, discussed above. The
eneral trend is that the energy of formation for a C vacancy
n the (1 0 0) surface is smaller than a vacancy within bulk
Cx. An exception is VCx(1 0 0), but this may again be due

o adjustable valency of V.49 This energy difference can be
nderstood based on the so-called broken-bond model50,51; it
an be expected that the energy penalty is smaller when less
onds are broken as is the case during formation of a sur-
ace vacancy. As Al is introduced into the TiCx lattice at a C
acancy (1 0 0) surface site, the energy of formation is reduced
y 2.779 eV (28.5%), see Fig. 2. Similar energetics is obtained
or VCx and CrCx (see Fig. 2). These arguments indicate that
he incorporation probability of Al at the Al/MCx interface
uring bulk synthesis or during vapor phase condensation is
igh.

.3. Vacancy ordering and migration energy

Once point defects are present in the MCx lattice, it remains to
e seen if these are mobile enough to eventually form a Mn+1AXn

hase. In order to estimate the energetic barriers associated with
hese dynamic effects, we have calculated the vacancy ordering
nergy as well as the migration energy (see Table 1). Fig. 3 shows
he vacancy ordering energy for triple point defects in TiCx, VCx,
nd CrCx. Two kinds of vacancy ordering energy were con-
idered: (i) the difference in the energy of formation between
hree C vacancies ordered along the [1 1 0] direction [(0,0,0),
1/4,1/4,0), (1/2,1/2,0)] and three C vacancies dispersed [(0,0,0),
1/4,3/4,0), (1/4,1/4,1/2)], which is here referred to as pure MCx,
s well as (ii) the difference in the energy of formation between
wo C vacancies and one Al substitution ordered along the [1 1 0]
irection [Al at (0,0,0), vacancies at (1/4,1/4,0), (1/2,1/2,0)] and

wo C vacancies and one Al substitution dispersed [Al at (0,0,0),
acancies at (1/4,3/4,0), (1/4,1/4,1/2)], which is termed here
Cx with Al. It appears that only 49–81 meV/point defect is

equired to order the C vacancies in TiCx. This ordering energy
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these twinned crystals. Fig. 6 shows the electron density distri-
bution in the (1 1 2̄ 0) plane for twinned MCx and MCx with Al
at the twin boundary. Similar to the defect-free MC phases (see
Fig. 1), the electronic structure can be described as a mixture of
ig. 4. Migration energy for Al in the [1 1 0] direction for TiCx, VCx, and CrCx.

ncreases to 211–230 meV/point defect as the valence electron
oncentration is increased by substituting Ti in TiCx with Cr. It
s also worth noticing that the ordering energy is not affected
y the choice of the reference point (see Table 1). This increase
ay be due to the change in the bonding nature upon increas-

ng the valence electron concentration; it may be more difficult
o order point defects in covalently bonded solids. Neverthe-
ess, these ordering energies are small and may be overcome
y magnetron sputtering. For instance, it has been reported that
xygen vacancy ordering occurs in La0.5Sr0.5CoO3 thin films
rown by radio-frequency magnetron sputtering.52 Based on
hese ordering energies in MCx, it is reasonable to assume that
he formation of Ti3AlC2 is accomplished by Al ingress into
iCx and C vacancy ordering as previously suggested by Riley
nd Kisi.15 At temperatures of approximately 1000–1100 ◦C in
acuum, it has previously been reported that Ti3SiC2 rapidly
ecomposes into TiCx and Si by egress of Si from the A-site
o the crystallite surface and subsequent evaporation.53 This is
n principle a reverse intercalation process. Hence, our inter-
alation data may also be relevant to describe decomposition
nd thermal stability. The second dynamic effect to be tack-
ed is the migration energy. Fig. 4 shows the migration energy
or Al in the [1 1 0] direction in the TiCx, VCx, and CrCx lat-
ice. As the valence electron concentration in MCx is increased
y substituting Ti with V and further with Cr, the migration
nergy is decreased from 0.820 to 0.479 eV/point defect, respec-
ively. This may be understood based on the size effect. The
adii of ions in 12-coordinated metals of Al, Ti, V, and Cr are
.43, 1.46, 1.35, and 1.28 Å, respectively.54 It can be specu-
ated that the migration of particles with large size difference,
uch as Al in the Cr sublattice, may be enabled. Furthermore,
ince it is easier to form point defects in CrCx as compared
ith VCx and TiCx, as discussed above, their mobility may

lso be larger. Yttria-stabilized zirconia is a well-known ionic
onductor and the migration energy of oxygen in this struc-
ure was reported to be in the range from 0.20 to 1.40 eV,55

hich is comparable with our data. Based on these data, we

uggest that Al moves thermally activated in the MCx lattice if

vacancies are present. This is consistent with the experimen-
ally reported formation of Ti3AlC2 from TiC0.67 and molten
l.15 F

a

ig. 5. Twin boundary energy for pure TiCx, VCx, and CrCx, as well as TiCx,
Cx, and CrCx with Al at the twin boundary.

.4. Twin boundary energy

Even if point defects in MCx are both present and mobile,
here is still an additional defect that needs to be considered
or the formation of Mn+1AXn by intercalation of Al into MCx.

n+1Xn building blocks in Mn+1AXn are twinned, which is of
ourse not the case for pure MCx phases. Fig. 5 shows the twin
oundary energy for pure MCx and MCx with Al at the twin
oundary. Here, M elements at the twin boundary are substituted
ith Al following the experimental observations on twinning.20

s the valence electron concentration in MCx is increased by
ubstituting Ti with V and further with Cr, the twin boundary
nergy is decreased from 0.929 to 0.026 J/m2 for pure MCx and
ncreased from −0.709 to 0.505 J/m2 for MCx with Al at the
win boundary. From the latter data the spontaneous formation
f twins can be inferred, which is consistent with previously
alculated twin boundary energies and stacking fault energies
n TiCx

20,56 as well as experimental observations.20 In order
o understand these trends, we study the electronic structure of
ig. 6. Electron density distribution in the (1 1 2̄ 0) plane for twinned TiCx, VCx,
nd CrCx, as well as twinned TiCx, VCx, and CrCx with Al at the twin boundary.
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ovalent, ionic, and metallic bonding. As the valence electron
oncentration is increased by substituting Ti in TiCx with V and
urther with Cr, there are considerable changes in the bonding
ature. It is observed that the electron density located spheri-
ally around the C atom decreases, while the electron density
etween the M and C atoms is increased, which in turn indicates
hat the covalent character is increased. This is consistent with
he increase in bulk modulus, see Table 1. Another noticeable
hange is that Al disrupts the bonding more in CrCx as com-
ared with VCx and TiCx. By comparing the electron density
istributions around M and Al in MCx, it may be deduced that
he bonding character of Al is still to some extent similar to
i in TiCx due to conservation of the 4-fold symmetry. As Ti

s substituted by V and Cr, the bonding character of Al is no
onger similar to M in MCx, since the local symmetry is broken
n the electronic level and there is a larger difference in the num-
er of valence electrons. This may also be related to the energy
f formation anomaly regarding Al substitution at the C site in
rCx, discussed above. Hence, twinning in MCx is expected to
e energetically favorable as the valence electron concentration
s increased since the bonding becomes less ionic (ionic crystals
ormally deform plastically to a lesser extent). Opposite occurs
or the twinned MCx with Al at the twin boundary. The overall
onding is disturbed (local symmetry breaking on the electronic
evel) by introduction of Al into MCx as the valence electron
ensity increases so that twinning is expected to be energeti-
ally less favorable. It may be speculated that in TiCx twinning
s Al mediated, while in VCx and CrCx twins may form before
he ingress of molten Al. Therefore, it is expected based on the
win boundary energy as well as the point defect energetics stud-
ed here that rapid intercalation of MCx phases is possible. Based
n these results, the low temperature synthesis of VCx and CrCx

ontaining Mn+1AXn phases appears realizable.

. Conclusions

Density functional theory was used to study the energetics
f point defects and twins in MCx (x < 1, M = Ti, V, Cr). We
robed C vacancies, Al substitution at a C site, ordering of C
acancies with and without Al, migration of Al in the MCx lat-
ice, as well as twin boundary energy with and without Al. Our
bjective is to contribute towards understanding the underlying
tomic mechanisms enabling the Al intercalation into MCx. As
he valence electron concentration is increased by substituting
i in TiCx with V and further with Cr, the energy of formation
or both C vacancies and Al substitutions at C sites is decreased
y up to 24%. This may be understood based on the electronic
tructure by studying the electron density distribution and the
ffective charge by Bader decomposition. Upon increasing the
alence electron concentration, the bonding becomes less ionic
nd more covalent. In covalent crystals, directional bonding may
e rearranged and local relaxation is observed upon vacancy
reation, while this gives rise to repulsive Coulomb forces in

onic crystals, and hence the energy of formation is expected to
ecrease as the valence electron concentration of M is increased.
he difference between the energy of formation for an Al sub-
titution at a C site and a bulk C vacancy in MCx, the migration

1

1

eramic Society 29 (2009) 2885–2891

nergy, as well as the point defect ordering energy may be over-
ome during vapor phase condensation. Surface effects were
lso considered: the energy of formation for Al on MCx(1 0 0) at
vacant surface C site is >2 eV smaller than in the case of the C

urface vacancy, indicating that Al is likely to be incorporated.
s the valence electron concentration of M in MCx is increased
y substituting Ti with V and further with Cr, the twin boundary
nergy decreases from 0.929 to 0.026 J/m2 for pure MCx and
ncreases from −0.709 to 0.505 J/m2 for MCx with Al at the
win boundary. This can again be explained using the electronic
tructure. Based on these energetics considerations, we suggest
hat intercalation of Al into MCx is feasible during processing
t low temperatures.
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