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bstract

ensity functional theory was used to evaluate the energetics of point defects in TiCx (x < 1): C vacancies and Al substitution at a C site. Our ambition
s to contribute towards understanding the underlying atomic mechanisms enabling the Al intercalation into TiCx and the subsequent formation
f Ti3AlC2. The difference between the energy of formation for an Al substitution at a C site and a bulk C vacancy is 0.224 eV. Furthermore,

nly 49 meV/vacancy is required to order the existing bulk C vacancies. Surface effects were also considered: the energy of formation for Al on
iC(1 0 0) at a vacant surface C site is smaller by 2.779 eV than in the case of the C surface vacancy, indicating that Al is likely to be incorporated.
ased on these energy differences, it is reasonable to assume that Ti3AlC2 is formed by Al surface ingress into TiCx and that vacancy ordering

akes place.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Intercalation may be defined as the reversible inclusion of an
tom or a molecule between two crystalline planes or two other
olecules.1–6 Intercalation is of relevance in solid-state physics

nd chemistry as well as molecular biology. For instance, many
ompounds, such as graphite,1,2 some oxides and sulphides (e.g.
2O5 and MoS2)3 as well as various clays,5 possess an enhanced

tability and electrical conductivity upon intercalation and can
e used in rechargeable lithium batteries, for oil logging, in
aper manufacturing and catalysis, to name but a few applica-
ions. Magnetic properties can also be altered. For instance, in
i3Al the Curie temperature can be tailored by intercalating with

arbon.4 Intercalation of, e.g. daunomycin, ethidium bromide,
ovantrone and proflavine6 in DNA is used for chemotherapeu-
ic treatments in medicine. Recently, it has been suggested that
ulk synthesis time and temperature of Ti3AlC2 can significantly
e reduced if a rapid intercalation process route is followed.7
owever, the energetics of underlying atomic mechanisms is
ot understood.
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Ti3AlC2 is a so-called Mn+1AXn phase (space group
63/mmc). These phases are interleaved compounds compris-

ng of Mn+1Xn and A layers, where M is an early transition
etal, A is mainly IIIA or IVA group element, X is C or
and n is an integer value.8–10 Due to this nanolaminated

tructure, these phases exhibit a combination of properties, usu-
lly associated with metals and ceramics; they are machinable,
ossess high stiffness, good thermal shock resistance, good cor-
osion resistance and they are good conductors of heat and
lectricity.8 Mn+1AXn phases are used as formers for healthcare
roducts, hot pressing tools and resistance heating elements.11,12

i3SiC2-based composites with Ag or Cu show a potential for
lectrical contact applications.13–16 A major challenge in pro-
essing these nanolaminates is a reduced synthesis temperature.
or instance, Ti3AlC2 can be grown at 1400–1600 ◦C by hot

sostatic pressing17 or by solid–liquid reaction synthesis and
imultaneous in situ hot pressing process.18 Riley and Kisi have
emonstrated that Ti3AlC2 can be synthesised by the rapid inter-
alation of Al in TiC0.67 (space group Fm3̄m) at 400–600 ◦C
elow the conventional processing temperature.7 The authors
ave suggested that, after the ingress of molten Al into TiC0.67,

acancy ordering facilitates the formation of Ti3AlC2.7

In this work, we study the energetics of point defects at a
site in TiCx (x < 1): C vacancies and Al substitution at a C

ite. Our ambition is to contribute towards the understanding of
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for pure TiC is 12.1% larger than the experimentally obtained
value,25 which is within the expected deviation for the exchange-
correlation approximation used here. Minor changes in the bulk
moduli are observed when C vacancies or an Al substitution

Table 1
Calculated lattice parameters (a), bulk moduli (B), and energy of formation (EV

or ES) for the C vacancy or Al substitution at a C site in bulk and surface TiC

a (Å) B (GPa) EV or ES

(eV/defect)

TiC 4.338 265 –
TiC–vacancy (single), bulk 4.338 260 9.916
TiC–vacancy (single), (1 0 0) surface – – 9.763

TiC–vacancy (triple)
Bulk
ig. 1. 2 × 2 × 2 TiC supercell (64 atoms) used in this work. The TiC unit cell
space group Fm3̄m) is depicted with solid lines.

tomic mechanisms enabling the rapid intercalation of Al into
iCx and the subsequent formation of Ti3AlC2

7 and Mn+1AXn

hases in general. The difference between the energy of forma-
ion for an Al substitution at a C site and a bulk C vacancy is
.224 eV. Surface effects were also considered and we found that
he energy of formation for Al on TiC(1 0 0) at a vacant surface

site is smaller by 2.779 eV than in the case of the C surface
acancy, indicating that Al is likely to be incorporated. Based
n these energy differences, it is reasonable to assume that the
ormation of Ti3AlC2 is formed by Al surface ingress into TiCx

nd C vacancy ordering.

. Theoretical methods

The theoretical study was carried out using density functional
heory,19 as implemented in the Vienna ab initio simula-
ion package (VASP), where the projector augmented wave
otentials with the generalized-gradient approximation are
mployed.20 The following parameters were applied: con-
ergence criterion for the total energy of 0.01 meV, Blöchl
orrections for the total energy,21 a cut-off of 500 eV, integra-
ion in the Brillouin zone according to Monkhorst–Pack22 with
62,144 grid points in the FFT-mesh and no spin polarization.
iC supercells containing 64 atoms, as shown in Fig. 1, were
elaxed with respect to atomic positions and cell volumes. This
upercell size was chosen based on the test trials having the
equirement of fully containing all local relaxation effects of a
acancy or a substitution. Bulk moduli were obtained by fitting
he energy–volume curves using the Birch–Murnaghan equation
f states.23 Energy of formation (EV or ES) for the vacancy or Al
ubstitution at a C site, respectively, was calculated as follows:

EV = ETiC,V(C) + nEC − ETiC

n
,

ES = ETiC,S(Al) + nEC − EAl − ETiC

n
(1)

here ETiC,V(C), EC, ETiC, ETiC,S(Al) and EAl are the total energy
f TiC with n C vacancies, the total energy of isolated C (broken

T
T

eramic Society 29 (2009) 773–777

eriodic boundary conditions), the total energy of the defect-free
iC, the total energy of TiC with an Al substitution at a C site
nd the total energy of isolated Al (broken periodic boundary
onditions), respectively. This procedure was used for describ-
ng the energetics of both bulk and surface point defects. Local
attice relaxations relative to the defect site in TiC were obtained
sing:

n = �dij

d0
ij

(2)

here �dij and d0
ij are the bond length difference and the original

ond length, respectively. In order to shed some light on mobil-
ty of Al in bulk TiC, its migration energy was calculated. There
re several possible pathways for Al to move to a neighbouring
acant site. Hence, we identified a saddle point in the plane per-
endicular to the shortest path. The migration energy for Al in
1 1 0] direction was calculated by evaluating the energy differ-
nce between the stepwise displaced Al and the supercell with
l at its ideal site. In this procedure, Al was always quenched at

ts displaced position while all other atoms were fully relaxed.

. Results and discussion

Table 1 contains the calculated data of the lattice parame-
ers, the bulk moduli and the energy of formation for the point
efects in TiC. The following bulk configurations were inves-
igated: (i) one C vacancy, (ii) three C vacancies dispersed in
he TiC 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)] as well as (iv) one Al substitution at a C site. The
alculated lattice parameter for TiC is 0.2% larger than the
xperimental value24 and hence is in good agreement. As C
acancies are introduced, there is no significant change in the
attice parameter. On the other hand, introducing an Al substitu-
ion in the TiCx lattice (x < 1) at the C site causes an increase of
he lattice parameter by 0.6%, which may be explained by the
arger size of Al as compared to C. The calculated bulk modulus
Ordered 4.339 251 10.072
Dispersed 4.339 251 10.023

iC–Al substitution, bulk 4.366 254 10.140
iC–Al substitution, (1 0 0) surface – – 6.984
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ble with our data. Fig. 6 shows the displacement of the nearest
neighbours of Al during migration in the [1 1 0] direction. These
values are consistent with literature.35 Based on these data, we
suggest that Al moves thermally activated in the TiCx lattice if C
ig. 2. Local lattice relaxations, as indicated by arrows, in bulk TiCx induced
y the presence of a C vacancy. The (1 0 0) plane of the TiC supercell is shown.

re introduced into TiC. The calculated energy of formation for
single C vacancy or an Al substitution at a C site is 9.916

nd 10.140 eV, respectively. When three C vacancies are intro-
uced to form an ordered cluster along the [1 1 0] direction or
hey are dispersed in the TiCx lattice, the energies of formation
re 10.072 and 10.023 eV/vacancy, respectively. These vacancy
ormation values in TiCx are comparable with the data obtained
or nitrogen vacancies in Ti4AlN3

26 and oxygen vacancies in
fO2 and SiO2.27 Furthermore, Hugosson et al. have calculated

he energy of formation for TiC and TiCx (x < 1) with respect to
he elements and reported that TiC is by 1–15 meV/atom more
table than TiC0.9375,28 which is in agreement with our vacancy
ormation data. The difference between the energy of forma-
ion for an Al substitution at a C site and a bulk C vacancy
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−xAlxN29 and Cu–Mo30 by vapour phase condensation. Fur-

hermore, it appears that only 49 meV/vacancy is required to
rder the C vacancies. Based on these minute energy differ-
nces, it is reasonable to assume that the formation of Ti3AlC2
s accomplished by Al ingress into TiCx and C vacancy ordering
s previously suggested by Riley and Kisi.7 At temperatures of
pproximately 1000–1100 ◦C in vacuum, it has previously been
eported that Ti3SiC2 rapidly decomposes into TiCx and Si by
gress of Si from the A-site to the crystallite surface and subse-
uent evaporation.31 This is in principle a reverse intercalation
rocess. Hence, our intercalation data may also be relevant to
escribe decomposition.

Another important aspect of the C vacancy formation and
he Al substitution are the local lattice relaxations. Fig. 2 shows
he local lattice relaxations in the (1 0 0) plane induced by the
resence of a C vacancy. The nearest neighbours (Ti atoms in
he first coordination shell) move outwards by 3.6%. The second
earest neighbours (C atoms in the second coordination shell)
ove inwards by 0.5%. There are no local lattice relaxations

ound in higher coordination shells, which implies that the cho-
en supercell size is adequate. These local lattice relaxations are
onsistent with a previously reported ab initio study28 and neu-
ron diffraction data.32 In the case of three C vacancies in the

iC lattice, similar local lattice relaxations are observed. For the
rdered C vacancies, the nearest neighbours move outwards by
.3–3.7%, while in the case of dispersed C vacancies, the near-
st neighbours move outwards by 3.9–4.1%. As Al is introduced

F
s

ig. 3. Local lattice relaxations, as indicated by arrows, in bulk TiCx induced
y an Al substitution. The (1 0 0) plane of the TiC supercell is shown.

nto the C site, the local lattice relaxations differ from those of a
urely vacant site. Fig. 3 shows the local lattice relaxations in the
1 0 0) plane induced by the Al substitution. Both the first and the
econd coordination shells exhibit the outward relaxation with
alues of 8.8% and 0.2%, respectively. The third coordination
hell remains unaffected. This can be understood based on the
ame rationale as in the case of the lattice parameter data dis-
ussed above. Al is larger in size than C so that only outward
ocal lattice relaxations can be expected. These local structural
elaxations may be a prerequisite for the migration of Al in TiCx.

As suggested above, it is reasonable to assume that Al substi-
utes C in the TiCx lattice which can accommodate large enough
ocal lattice relaxations. It remains to explore if Al can dif-
use in the TiCx lattice and therefore we calculate the migration
nergy for Al in the [1 1 0] direction. We chose to investigate
his particular pathway based on self-diffusion study,33 identi-
ying this path as a migration pathway for NaCl type lattices.
ig. 4 shows the schematics of Al migration in TiCx bulk. Al
oves in the [1 1 0] direction to a neighbouring vacant site and

t is expected that the saddle point is reached when both x and y
educed coordinates are 0.125. Fig. 5 shows the energetics of this
igration. Two maxima (saddle points) are observed, belonging

o (I) a tetrahedral interstitial position with the potential barrier
f 0.05 eV and (II) to octahedral vacancy (C site) position with
he potential barrier of 0.82 eV. These maxima are highlighted in
ig. 5. Yttria-stabilized zirconia is a well-known ionic conductor
nd the migration energy of oxygen in this structure was reported
o be in the range from 0.20 to 1.40 eV,34 which is compara-
ig. 4. Migration of Al in bulk TiCx. The (1 0 0) plane of the TiC supercell is
hown. Two nearest neighbours (a and b) are highlighted.
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ig. 5. Migration energy (�E) for Al in the [1 1 0] direction of TiCx. Two saddle
oints are marked with Roman numerals.

acancies are present. This is consistent with the experimentally
eported formation of Ti3AlC2 from TiC0.67 and molten Al.7

To identify the atomic mechanisms active during the ini-
ial stages of the Ti3AlC2 formation, we analyse the Al/TiCx

nterface. We calculate the energetics of a C vacancy and an
l substitution at a vacant C site on the TiC(1 0 0) surface.
epending on film deposition conditions, TiN grows with 0 0 1-
r 1 1 1-texture.36 Since TiN and TiC are isostructural, we chose
o study TiC(1 0 0) surface in this work. The calculated energies
f formation for a C vacancy or the Al substitution are 9.763 and
.984 eV, respectively (see Table 1). The energy of formation for
C vacancy on the (1 0 0) surface was calculated to be 0.153 eV

maller than a vacancy within bulk TiCx. This can be under-
tood based on the so-called broken-bond model37,38; it can be
xpected that the energy penalty is smaller when less bonds are
roken as is the case during formation of a surface vacancy. As
l is introduced into the TiCx lattice at a C vacancy site, the

nergy of formation is smaller by 2.779 eV for a (1 0 0) surface
ite. This is again consistent with the broken-bond model37,38 as
ess bonds are broken so that this scenario represents the small-

st energy penalty. Simultaneously, surface sites allow for larger
ocal lattice relaxations required to incorporate Al into TiCx.
oth arguments indicate that the incorporation probability of Al

ig. 6. Displacement of the nearest neighbours (a or b) of Al during migration
n the [1 1 0] direction of TiCx.
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t the Al/TiCx interface during bulk synthesis or during vapour
hase condensation is high. It is reasonable to assume that the
ntercalation kinetics depends not only on vacancy ordering but
lso on the grain-boundary-to-volume ratio. These data may also
e relevant for modelling the structure evolution during vapour
hase condensation. During high temperature magnetron sput-
ering the formation of a binary transition metal carbide buffer
ayer is often reported.39 It may be speculated that Mn+1AXn

hase nucleation may occur at this interface by intercalation
uring vapour phase condensation. Previously, we have shown
hat M2AlC phases can be classified into two groups accord-
ng to the valence electron concentration of the transition metal

: weakly coupled (M = Sc, Ti, Zr, Hf) and strongly coupled
M = V, Nb, Ta, Cr, Mo, W) nanolaminates.40–43 This notion is
ased on coupling between MC and Al40–42 as well as MC and
C layers.43 The cause for coupling is the bond energy dif-

erence between M–C and M–A.44 The results obtained in this
ork may be of general relevance for the formation of Mn+1AXn

hases with similar bond energy differences between M–X and
–A bonds like in the Ti–Al–C system.

. Conclusions

We have used ab initio calculations to evaluate the energetics
f point defects in TiCx (x < 1). Two point defects were consid-
red: C vacancy and Al substitution at the vacant C site. Our
mbition is to better understand the underlying atomic mecha-
isms enabling the intercalation of Al into TiCx to synthesise
i3AlC2.7 The difference between the energy of formation for
n Al substitution at a C site and a bulk C vacancy is low at
.224 eV, suggesting that Al may readily be incorporated into
iCx. Furthermore, only 49 meV/vacancy is required to order

he C vacancies. The migration energy of Al in the [1 1 0] direc-
ion is 0.82 eV, which implies that Al migration in the TiCx

attice is likely to occur. Surface effects were also considered
n this work and we found that the energy of formation for Al
n TiC(1 0 0) at a vacant surface C site is by 2.779 eV smaller
han in the case of the C surface vacancy, indicating that Al is
ikely to be incorporated. Based on these energy differences, it
s reasonable to assume that Ti3AlC2 is formed through surface
ngress of Al into TiCx, aided by the ordering of C vacancies.
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