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Abstract

The formation of ternary compounds within the Ti–Al–C system was studied by magnetron sputtering for thin-film deposition and

first-principles calculations for phase stability. As-deposited films were characterized with X-ray diffraction (XRD) and high-resolution

transmission electron microscopy (TEM). The hardness and Young’s moduli of the material were studied by nanoindentation. Epitaxial

and phase-pure films of Mn+1AXn phases Ti3AlC2 and Ti2AlC as well as the perovskite phase Ti3AlC were deposited on Al2O3(00‘)
wafers kept at temperatures between 800 and 900 1C. The only ternary phases observed at low temperatures (300 1C) were Ti3AlC and

cubic (Ti,Al)C, the latter can be described as a metastable solid solution of Al in TiC similar to the more studied (Ti,Al)N system. The

difficulties to form MAX phases at low substrate temperatures were attributed of requirement for a sufficient diffusivity to partition the

elements corresponding to the relatively complex crystal structures with long c-axes. While MAX-phase synthesis at 800 1C is

significantly lower than contemporary bulk sintering processes, a reduction of the substrate temperature towards 300 1C in the present

thin-film deposition experiments resulted in stacking sequence variations and the intergrowth of (Ti,Al)C.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Ti–Al–C system includes several ternary phases with
potential in thin-film applications. For example, at least
two so-called MAX phases have been identified [1,2]. The
MAX phases have the general composition Mn+1AXn,
(n ¼ 1–3) where M is a transition metal, A is an element
from group 13–14 and X is either carbon or nitrogen.
These compounds were originally synthesized in the 1960s
e front matter r 2006 Elsevier B.V. All rights reserved.
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[2,3], but they have been given an increased attention since
1995 when Barsoum et al. [4] discovered that they exhibit
unique physical and chemical properties. The structure of
the MAX phases can be described as nanolaminates of MX
slabs separated by square-planar layers of the A-element.
The M–A bonds are weaker than the M–X bonds within
the slabs. This gives rise to a strongly anisotropic and
nanolaminated structure with unusual mechanical proper-
ties. Theoretical and experimental studies on the MAX
phases show that they are, e.g., machinable, resistant to
thermal shock, and thermally and electrically conductive
[5–11]. This combination of properties makes these
compounds interesting in thin-film applications such as
electrical contacts and low friction materials, as well as in
bulk applications, e.g., high-temperature materials [12,13].
In the Ti–Al–C system, there is a single phase area of the

MAX phase Ti2AlC (denoted H in the phase diagram
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presented in Fig. 1) [14]. The unit cell of this phase can be
described as slabs of TiC where each slab consists of two Ti
planes separated by planar layers of Al. However, Pietzka
et al. [15] have synthesized a second MAX phase Ti3AlC2

where the TiC slabs contain 3 Ti-planes. Although Ti3AlC2

is not found in the reported phase diagram, it can be
synthesized indicating a small homogeneity range and a
lower stability than Ti2AlC. However, today the reported
phase diagram of the Ti–Al–C system may be necessary to
redraw to also take the Ti3AlC2 phase into consideration.
The properties of the MAX phases Ti3AlC2 and Ti2AlC
have been studied for bulk samples.

The Ti–Al–C system also includes a ternary carbide with
the composition Ti3AlC (denoted P in Fig. 1). This phase
has a perovskite structure similar to oxide perovskites. In
the crystal structure Ti and Al form an fcc-like structure
with C in the body-centered octahedral hole [16,17].
Ti3AlC is frequently formed as precipitations in bulk
samples [18], but the physical properties of this compound
need to be further investigated. It should be noted,
however, that this type of perovskite carbide may exhibit
superconductivity [19]. The combination of superconduc-
tivity and excellent mechanical properties (e.g., high
strength) makes these compounds potential candidates
for superconducting applications [20].

As can be seen in Fig. 1, most of the binary phases, e.g.,
TiC in the Ti–Al–C system show a very limited solid
solubility of the third component at equilibrium. However,
thin-film processes such a magnetron sputtering can be
carried out at reduced temperatures where the diffusion
rates of the elements are low. This makes it possible to
deposit ternary solid solutions of binary phases where the
solubility of the third element widely exceeds the maximum
equilibrium solubility. These films are metastable, but may
exhibit improved physical and chemical properties com-
pared to the thermodynamically stable phases and there-
fore can be highly interesting for many thin-film
applications. For example, metastable (Ti,Al)N films are
widely used as wear-resistant coatings containing as much
as 60 at% Al on the metal side [21]. The improved
Fig. 1. Isothermal section of the Ti–Al–C system at 1000 1C (from

Ref. [14]).
properties are partly given to the formation of a protecting
aluminum oxide layer at higher temperatures [22].
Furthermore, Hörling et al. [23] has demonstrated that
metastable ternary Ti–Al–N films deposited at low
temperatures can age harden into TiN and the metastable
NaCl-structure of AlN before eventual precipitation of
wurtzite-AlN. This process yields a spontaneous hardening
of the film due to coherency strain between the TiN–AlN
domains [23]. Due to the structural similarities, we suggest
that metastable solid solutions can also be formed in the
Ti–Al–C thin-film system and that a careful annealing
process can control the properties of these films.
Our initial study on thin-film deposition in the ternary

Ti–Al–C system showed the feasibility of using DC
magnetron sputtering to make MAX phases from this
system [24]. The objective with this study is to carry out a
more detailed investigation of ternary films in the Ti–Al–C
system including characterization with electron microscopy
and nanoindentation measurements. The experimental
study has also been combined with ab initio calculations
of the MAX phases. In particular, the phase stability in the
Tin+1AlCn system and the possibility to deposit other
MAX-phases than Ti3AlC2 and Ti2AlC was investigated.

2. Experimental procedure

Ti–Al–C films were deposited in ultra high-vacuum (base
pressure o10�9 Torr) employing DC magnetron sputtering
from elemental 200 targets of Ti, Al and C with a purity of
99.995%, 99.999%, and 99.99%, respectively. The fluxes
were controlled by the magnetron current. The Ti current
was kept constant at 220mA and the C and Al currents
were varied between 130–185mA and 30–50mA, respec-
tively. All films were deposited on a-Al2O3(0 0 ‘) substrates.
Prior to deposition the substrates were ultrasonically
degreased for 5min periods in trichloroethylene, acetone
and iso-propanol and pre-heated, in the deposition
chamber, at 500 1C for 1 h. To promote the growth of
both the MAX phases and the perovskite a 200 Å thick
seed layer of TiC0.7(‘ ‘ ‘) was initially deposited on the
substrates. Subsequently, the Al target was started to
initiate the growth of the MAX phase and the perovskite,
respectively. The deposition rate was about 25 Å/min and
most of the films were deposited for an hour to a thickness
of �1500 Å.
The composition was investigated ex situ by X-ray

photoelectron spectroscopy (XPS) using a PHI Quantum
2000 instrument with monochromatizied Al-Ka radiation.
The quantitative analysis was carried out using a Ti–Al–C
standard sample for calibration of the sensitivity factors.
The phase composition and epitaxial relations were

studied by X-ray diffraction (XRD) using a Simens D5000
diffractometer for y–2y and Gracing Incident (GI) scans
and a Philips X’pert instrument for reciprocal space maps
(RSM), both using Cu-Ka radiation.
The microstructure of cross-sectional samples was studied

with high-resolution transmission electron microscopy
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Fig. 2. Bulk moduli from ab initio calculations for the Ti–A–C (A ¼ Si or

Al) system as a function of inserted A-layers. The curves are guide for the

eye only.
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(HR-TEM) using a FEI Tecnai F30 ST equipped with
Energy dispersive X-ray (EDX).

Nanoindentation experiments were performed at room
temperature employing a Triboscopes (Hysitron Inc.) and
a Nanoindenter XP on 6000 Å thick films. The Oliver and
Pharr method was employed to calculate hardness and
Young’s moduli values [25].

3. Calculations

Within the MAX-phase family, several theoretical
investigations have been carried out to understand, e.g.,
the influence of different transition metals on the bulk
modulus [11,26], the stability of the ternary compounds
compared to their binary equilibrium phases [27], electro-
nic properties [28], and solid solutions of iso-structures [29].
In this study, we have used the Vienna ab initio simulation
package (VASP) and projector augmented wave (PAW)
potentials to calculate cohesive energies and bulk moduli of
MAX phases in the Ti–Al–C system [30]. A cutoff energy
of 500 eV for the plane-wave basis was used. The Brillouin
zone integration was carried out using a 9� 9� 9 k-point
grid. The total energies were converged to below 0.001 eV
as regards the number of k-points. The tetrahedron method
with Blöchl corrections was applied for both geometry
relaxation and total energy calculations. The geometry
optimization was considered to be converged when the
total force on the atoms was less than 1� 10�4 eV/Å. The
equilibrium volume and bulk moduli for the different
MAX-phases were calculated by fitting the calculated
volume and energy values to Birch–Murnaghan’s equation
of states [31].

Table 1 lists the calculated cell parameters, bulk moduli
and cohesive energies for TiC, Ti2AlC, Ti3AlC2 and the
hypothetical MAX phase Ti4AlC3. The different MAX
phases can be described based on the number of Al-layers
per Ti-layer. With this description, Ti3AlC2 and Ti2AlC
have 0.33 and 0.50 Al-layers per Ti-layer, respectively. This
also means that the relative strength of the Ti–C and Ti–Al
bonds will be important for the properties of the MAX
phases. Since the Ti–Al bond is considerably weaker than
the Ti–C bond, an increase in the number of inserted Al-
layers per Ti-layer should, in principle, give a less stiff
Table 1

Calculated bulk moduli and cell parameters for Tin+1AlCn phases, and cohe

phases and TiC

Phase Al-layer/Ti-layer Bulk modulus (GPa) Ecoh (eV/atom) EM

TiC 0 270 �9.2792

Ti4AlC3 0.25 202 �8.5572 0.7

Ti3AlC2 0.33 187 �8.3187 0.9

Ti2AlC 0.5 161 �7.7935 1.4
material. This was also observed in the calculations, which
gave a weakly non-linear relationship between the bulk
moduli and number of inserted Al-layers (see Fig. 2). A
similar relationship is observed for the Ti–Si–C system.
The bulk moduli for the MAX phases within the Ti–Si–C
system is, however, larger than in the Ti–Al–C system since
the bond strength between Ti–Al is weaker than Ti–Si [32].
In Table 1 it can be seen that the cohesive energy for the

MAX phases approaches the value for TiC as the number
of Al-layers decreases, i.e. the MAX phase becomes more
‘‘TiC-like’’. Fig. 3 shows the cohesive energy difference
between the Ti–Al–C MAX phases and TiC calculated and
presented in Table 1. The same energy difference,
calculated by Li et al. [27] for the Ti–Si–C system, is also
plotted in Fig. 3. The slope of the curve is an indication of
the energy cost of the insertion of A-layers in between the
TiC-slabs. As can be seen in the figure, the Ti–Al–C system
initially has a steeper slope than the Ti–Si–C system. Once
more, this is due to the fact that the Ti–Al bond is weaker
than the Ti–Si bond and that the energy ‘‘cost’’ to insert an
Al layer therefore is higher than for a corresponding Si-
layer. Another interesting observation is that the curve for
the Ti–Si–C system is more or less linear. This suggests that
sive energy (Ecoh) and difference in cohesive energy between Tin+1AlCn

Cell parameters

AX-ETiC (eV/atom) Calculated Measured

a-axis (Å) c-axis (Å) a-axis (Å) c-axis (Å)

4.30

22 3.06 23.60

60 3.06 18.67 3.06 18.59

85 3.04 13.61 3.04 13.59
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Fig. 3. Cohesive energy from ab initio calculations for the Ti–A–C (A ¼

Si or Al) system as a function of inserted A-layers. The curves are guide

for the eye only.

Fig. 4. y–2y diffractograms from Ti–Al–C films with a composition of

50 at% Ti, 16 at% Al and 34 at% C deposited on Al2O3(0 0 ‘) wafers as a
function of substrate temperature between 300 and 900 1C. Substrate peak

is denoted ‘‘S’’.
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the average energy required to insert a Si-layer is
independent on the number of layers. One interpretation
of this behavior is that random stacking sequences could be
expected. This has also been observed experimentally in
magnetron sputtered Ti–Si–C films. In contrast, the
corresponding curve for the Ti–Al–C system in Fig. 3
exhibits a weakly non-linear behavior that suggests that it
is more favorable with a higher density of inserted Al-
layers (i.e. Ti2AlC is more stable than Ti3AlC2). It should
be noted that the true stability of the MAX phases are also
dependent on the sign of DG in an assumed reaction
compared to competing phases.
Fig. 5. y–2y diffractograms from 1500 Å thick epitaxial (upper curve)

Ti2AlC(0 0 ‘) and (lower curve) Ti3AlC2(0 0 ‘) films, respectively, deposited

on Al2O3(0 0 ‘) wafers at a substrate temperature of 900 1C. Substrate peak

is denoted ‘‘S’’.
4. Experimental results and discussion

4.1. General observations

Ti–Al–C thin films were deposited in the temperature
range 300–900 1C. The MAX phases Ti3AlC2 and Ti2AlC
were only deposited at temperatures above 800 1C. This can
be seen in Fig. 4, which shows y–2y diffractograms from
films with a total composition of 50 at% Ti, 16 at% Al and
34 at% C determined by XPS measurements (i.e., corre-
sponding to a total composition of Ti3AlC2). At 900 1C
only peaks of the {0 0 ‘} type from the MAX phase
Ti3AlC2, the TiC(‘ ‘ ‘) seed layer and a weak peak from
Ti2AlC(0 0 2) can be observed. As the deposition tempera-
ture was reduced the MAX phase peak intensities decrease
and vanished completely below 800 1C. Instead the
intensity of the TiC(‘ ‘ ‘) peak increases. At 300 1C the
intensity of the TiC peaks starts to decrease and a small
shift towards higher 2y values was observed. As will be
discussed in Section 4.4 this is consistent with a formation
of cubic (Ti,Al)C film (i.e., a solid solution of Al in the Ti-
sites in TiC). These results are in general agreement with
previous studies in the Ti–Ge–C and Ti–Si–C systems,
which also clearly show that an elevated substrate
temperature is required for MAX-phase formation
[33,34]. By tuning the composition a third ternary phase,
the Ti3AlC perovskite, was also deposited. This phase was
grown between 300 and 800 1C.
XPS-depth profiling of films deposited at elevated

temperatures showed no indication of a composition
gradient and that the bulk of the films, within the detection
limit for XPS, was free from oxygen and other contami-
nants. Films deposited at 300 1C showed a minor content of
oxygen due to a low desorption rate of oxygen during the
deposition. Finally, in the X-ray analysis of the films
deposited at high temperatures an indication of substrate-
seed layer solid-state reaction was observed. This will be
further discussed in Section 4.5.

4.2. Deposition of MAX-phase films

Fig. 5 shows y–2y X-ray diffractograms of 1500 Å thick
Ti2AlC and Ti3AlC2 films, respectively, deposited on
Al2O3(0 0 ‘) substrates at a temperature of 900 1C. As can
be seen in Fig. 5 there are mainly peaks of the {0 0 ‘} type
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Fig. 6. Cross-sectional TEM image of an epitaxially-grown Ti2AlC(0 0 ‘)
film. In the figure the substrate, the TiC seed layer, a TiC inclusion and the

delayed nucleation of Ti2AlC MAX-phase can be seen. The contrast arises

from the characteristic structure of the MAX phase.

Fig. 7. High-resolution cross-sectional TEM of an epitaxially-grown

Ti3AlC2(0 0 ‘) film. Within the square an occasionally Ti5Al2C3 stacking

sequence can be seen. (Black circle ¼ Ti and white circle ¼ Al atom).
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from the MAX phases together with TiC(‘ ‘ ‘) and a-
Al2O3(0 0 ‘). In the diffractogram from the Ti2AlC film
there is also a minor peak from Ti3AlC(‘ ‘ ‘). In the
diffractogram from the Ti3AlC2 film there is also a small
contribution from Ti2AlC. Consequently, since the weak
intensity of the extra peaks we conclude that single-phase
material of the MAX phases Ti2AlC and Ti3AlC2 can be
deposited at this temperature.

The observation of only peaks of the {0 0 ‘} type
from the MAX phases indicates a highly textured or
epitaxial growth. It was confirmed by pole figures of
a-Al2O3(1 0 1 0), Tin+1AlCn(1 0 1 0) and TiC(1 5 3) that the
growth indeed was epitaxial with a-Al2O3(0 0 ‘)//TiC
(‘ ‘ ‘)//Tin+1AlCn(0 0 ‘) and an in-plane orientation of
Al2O3[2 1 0]//TiC½1 1̄ 0�//Tin+1AlCn[2 1 0] and Al2O3[2 1
0]//TiC½1̄ 1 0�//Tin+1AlCn[2 1 0]. This in-plane orientation
corresponds to a 301 rotation of the hexagonal phase
relative to the cubic phase. The rotation can be expected
since the [2 1 1 0] direction is a close packed direction in the
hexagonal basal plane. By RSM the cell parameters and the
presence of possible stress were studied. By mapping of
three asymmetrical peaks of the Ti3AlC2 and Ti2AlC films,
the cell parameters were determined to a ¼ 3:07 Å and
c ¼ 18:59 Å, and a ¼ 3:04 Å and c ¼ 13:59 Å, respectively.
This is in agreement with our theoretical calculations
summarized in Table 1 and with previous values on bulk
samples published in the literature [5]. From RSM it was
also concluded that the MAX-phase layers are relaxed
towards the TiC seed layer with respect to coherency strain.

Fig. 6 shows an overview cross-sectional TEM micro-
graph of an epitaxial Ti2AlC film with the beam parallel to
the [1 1 0] direction. In the upper part of the figure bright
bands separated by thin black lines can be seen. This
contrast arises due to the characteristic structure of the
MAX phase with TiC slabs interleaved by square planar A-
layers. High-resolution micrographs show the character-
istic stacking sequence for Ti2AlC with two Ti(C) layers
separated with a single Al-layer. The films contain regions
of a cubic phase intergrown in the MAX phase layer. EDX
analysis in situ the TEM of these cubic regions show that
they consist of (Ti,Al)C, i.e. TiC with a solid solution of Al
at Ti sites. The presence of these regions suggests that the
MAX phase growth is sensitive to the segregation of Al
and correct partitioning of elements at the growth surface
or in the topmost atomic layers. The metastable cubic solid
solution may form in competition by virtue of its related
crystal structure to the MAX phase simply by continuing
growth of a Ti(C) layer during the deposition process.
Another observation in Fig. 6 is that the nucleation of

Ti2AlC on the TiC seed layer is delayed. When the Al
target is switched on (marked with a line in Fig. 6) a cubic
(Ti,Al)C layer is formed. The nucleation of the Ti2AlC is
delayed for another 50–100 Å. Indeed TEM EDX of the
incubation region shows from the point where the Al target
is switched on, an increasing concentration of Al in the
cubic (Ti,Al)C layer. After about 50 Å the concentration of
Al has reached a level that corresponds to Ti2AlC and
nucleation of this phase can start. The formation of the
(Ti,Al)C incubation layer is thus of similar origin as the
(Ti,Al)C intergrown layer described above. In both cases
the XTEM images indicate that the MAX phase layer
nucleates on a (Ti,Al)C(1 1 1) surface feature by the
spreading surface coverage of Al. Similar nucleation and
growth behavior was observed by Emmerlich et al. [33,34]
for growth of (0 0 ‘)-oriented epitaxial Ti–Si–C MAX-
phase films.
Fig. 7 shows a high-resolution cross-sectional TEM

micrograph of a Ti3AlC2 film deposited at 900 1C. The
typical stacking sequence for the Ti3AlC2 phase with three
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TiC-slabs interleaved with a square-planar layer of Al can
be observed. However, occasionally other stacking se-
quences corresponding to Ti5Al2C3 can be observed (see
Fig. 7). This phase can be considered as an intergrown
structure. In bulk samples Lin et al. [35] has observed
intergrowth of Ti2AlC and Ti3AlC2. The unit cell of
Ti5Al2C3 can be described as half a unit cell of Ti2AlC
combined with a half unit cell of Ti3AlC2. Thin films with
this structure can be deposited in the Ti–Si–C and Ti–Ge–C
systems and observed by X-ray diffraction [33,34]. In our
study, however, this type of intergrowth structures is only
rarely observed as local deviations in stacking sequence. In
fact, growth experiments with varied compositions did not
yield more intergrowth structures, but instead an equili-
brium between the respective MAX and (Ti,Al)C phases.
According to our calculations the cohesive energy of the
MAX-phases is dependent on number of Al-layers/Ti-
layers in the Ti–Al–C system. Therefore, it is less favorable
to form random stacking sequences in the Ti–Al–C system
than in, e.g., the Ti–Si–C system and phases as Ti5Al2C3 is
only occasionally observed (see Section 3).

Figs. 8a and b show the hardness and Young’s modulus
determined by nanoindentation for Ti3AlC2 and Ti2AlC
thin films, respectively. Allegedly substrate-independent
hardness and modulus values of 2071 and 260710GPa,
respectively, were measured for both films. As the
indentation load was increased to yield maximum indenta-
tion depths of 30% of the film thickness, the hardness value
decreased to below 14GPa for Ti3AlC2 and 15GPa for the
Ti2AlC film. The same trend was seen for the Young’s
modulus, which for deeper intents was measured to
Fig. 8. Hardness and Young’s modulus vs. normalized contact depth for

6000 Å thick (a) Ti3AlC2(0 0 ‘) and (b) Ti2AlC(0 0 ‘) films.
�240GPa for the Ti3AlC2 and Ti2AlC film, respectively.
A similar behavior in the mechanical properties has also
been observed for other MAX-phase system, employing
nanoindentation measurement on thin films and Vickers
measurement on bulk samples [36–38]. This phenomenon,
i.e. a decrease in hardness with increasing load, is known as
indentation size effect (ISE) and is attributed to the
material under study. It arises due to, e.g., influence from
the native oxide [39] and critical load to initiate plastic
deformation, i.e. by kink band formation in the MAX
phase [40]. It should also be noted that the Al2O3 substrates
used are both harder and stiffer than the MAX-phase
layers such that the analysis made should be reliable over
the range of loads studied. Therefore, a hardness value of
�15GPa and a Young’s modulus of �240GPa can be
considered as closer to the intrinsic values of these MAX
phases. It is notable that the hardness to Young’s modulus
ratios obtained is more comparable to the ductile metals
than the ceramics.
A hardness of �15GPa is considerably higher than the

Vickers hardness of 2.7GPa measured by Wang et al. [38]
on polycrystalline bulk samples of Ti3AlC2. However, these
measurements were carried out on non-phase pure samples
with a random crystal grain orientation, and the hardness
of these compounds is expected to be quite anisotropic.
Early studies on small single crystals of Ti3SiC2 prepared
by CVD, reported Knoop hardness values normal and
parallel to the basal planes of 12–15 and 3–4GPa,
respectively [41]. Our measurements on Ti3AlC2 films
normal to the planes are in good relative agreement with
these results. Furthermore, Molina et al. [42] has reported a
hardness value of 15GPa measured by nanoindentation
normal to the basal planes of the MAX-phase thin films of
Ti3SiC2, which also is in agreement with our measurement.
The reported Vickers hardness of polycrystalline bulk
samples of Ti3SiC2 range between 4 and 7GPa depending
on the indent load [43]. As for the Ti–Al–C system the
hardness values between bulk and thin film samples differ
due to the anisotropic structure.
The calculated bulk moduli in Fig. 2 suggest that Ti2AlC

should be less stiff than Ti3AlC2, due to the larger density
of inserted Al-layers. Our experimentally measured values
of Young’s moduli, however, show a similar value for
Ti2AlC and Ti3AlC2. This can be explained by the fact that
the calculated bulk moduli are only based on bond
strengths within the structure. The experimentally deter-
mined Young’s moduli on the other hand are also
influenced by the characteristic deformation behavior such
as delamination and kink formation in the MAX phases
[40]. Also, as seen in Fig. 6, structural inhomogeneties (i.e.
(Ti,Al)C inclusion) give rise to a deviation from the
theoretical value.

4.3. Deposition of epitaxial Ti3AlC

Ternary carbides with the general composition M3AC,
where M and A represent two metals, are known in many
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systems including Ti–Al–C. These phases have a perovskite
structure which can be described as an ordered fcc
arrangement of Ti and Al with C in the body-centered
octahedral sites [44]. In our study, thin films of epitaxial
Ti3AlC were deposited at 800 and 300 1C. Fig. 9 shows an
example of a y–2y diffractogram of a 1500 Å thick
perovskite Ti3AlC film deposited on TiC(‘ ‘ ‘)//Al2O3(0 0 ‘)
at 800 1C. In the diffractogram there are two peaks from
Ti3AlC(1 1 1) and Ti3AlC(2 2 2), together with peaks from
the seed layer (TiC(1 1 1) and TiC(2 2 2)), the substrate and
a weak signal from Ti2AlC(0 0 2). Given the fact that the
Ti2AlC phase only exists as small inclusions formed by a
solid-state reaction between the TiC seed layer and
substrate the film can be considered as a single-phase
Ti3AlC layer. The observation of only {‘ ‘ ‘} type peaks
suggests a highly textured or epitaxial growth. By X-ray
pole figures it was confirmed that the growth was epitaxial
with domains rotated by 1801, i.e. a stacking sequence of
ABC and BCA, both in seed layer and in the perovskite.
The growth was determined to be ‘‘cube-on-cube’’, i.e.
Ti3AlC(‘ ‘ ‘)//TiC(‘ ‘ ‘) with the in-plane directions
Ti3AlC[1 1 0]//TiC[1 1 0] and Ti3AlC[1 1 0]/TiC½1̄ 1̄ 0�. This
is expected since TiC and Ti3AlC have comparable cell
parameters, which in the [‘ ‘ ‘] direction results in a misfit
of �4.2%. Consequently there are excellent conditions for
epitaxial growth of this phase on a TiC seed layer.
Furthermore, from RSM it was concluded that the film
was completely relaxed, with a cubic cell with a ¼ 4:17 Å.
This value is in agreement with the literature data on the
cell parameter for Ti3AlC [16]. Furthermore, from the
RSM no indication of distortions in the cubic symmetry
was observed. In contrast to the MAX-phase growth,
Ti3AlC was also possible to deposit at temperatures below
800 1C. In fact, it was possible to deposit single phase and
epitaxial films of Ti3AlC at as low substrate temperatures
as 300 1C.

The epitaxial growth was also confirmed by cross-
sectional TEM. Micrographs revealed a dense and
columnar growth of the perovskite. The columnar growth
Fig. 9. y–2y diffractogram of a 1500 Å thick epitaxial perovskite

Ti3AlC(‘ ‘ ‘) film with a ‘‘cube-on-cube’’ growth on the seed layer of

TiC(‘ ‘ ‘). Substrate peak is denoted ‘‘S’’. The inset shows a cross-sectional

TEM with the TiC seed-layer (bottom) followed by the Ti3AlC film.

Columnar grains can be observed.
is not in contradiction to the observed epitaxial growth
behavior since each column exhibits an epitaxial relation-
ship to the TiC/Al2O3 substrate (see inset in Fig. 9).
The hardness and Young’s modulus of Ti3AlC(‘ ‘ ‘)

were determined to be 11 and 240GPa, respectively. These
values are in the same range as for the MAX phases, but
considerably lower than for pure TiC, which typically
exhibit a hardness of �30GPa and a Young modulus of
�380GPa [44]. There are no reports in the literature on the
mechanical properties of the perovskite, but the results can
be discussed based on the large structural similarities
between Ti3AlC and TiC. The perovskite can be described
as solid solution of Al in a sub-stoichiometric TiC and be
written as (Ti0.75Al0.25)C0.25. This means that the perovs-
kite can be considered as a TiC phase where 3

4
of the

octahedral sites are vacant (only 1
4
occupied by carbon) and

1
4
of the Ti-atoms have been substituted with Al. It is well

known that the hardness and stiffness of TiC is strongly
reduced with an increased amount of carbon vacancies [45].
The high vacancy content in the perovskite relative to a
stoichiometric TiC can then explain the lower hardness and
Young’s modulus of the former. Also, theoretical calcula-
tions on the Ti3AlC phase have shown that the addition of
Al reduces the directionality of the bonds and gives a
higher amount of weaker Al–C bonds compared to pure
TiC [17].

4.4. Deposition of cubic (Ti,Al)C films

At temperatures below 800 1C no MAX phase growth
was observed. An analysis of these low-temperature films
revealed that they consist of a solid solution of Al in sub-
stoichiometric cubic TiC. As will be shown below, the
process starts with an epitaxial growth of (Ti,Al)C films on
the a-Al2O3(0 0 ‘) substrate. After �200 Å the epitaxy is
lost and a polycrystalline carbide film is formed. y–2y
diffractograms from these films only show TiC(‘ ‘ ‘) peaks
originating from the epitaxial part of the film. This is due
to the fact that the y–2y mode only shows peaks from
planes parallel to the substrate surface that gives very
high intensity. In contrast, GI X-ray diffraction measure-
ments reveal a polycrystalline growth closer to the surface.
This can be seen in Fig. 10, which shows two GI-scans
from polycrystalline (Ti0.75Al0.25)C0.5 (Fig. 10a) and
(Ti0.67Al0.33)C0.33 (Fig. 10b) films deposited directly on
the a-Al2O3(0 0 ‘) substrate at 300 1C. The inset in Fig. 10
shows the 111 peak from the y–2y scans and gives mainly
information from the epitaxial part closer to the substrate.
As can be seen, the addition of Al shifts the peaks to higher
2y values, which is due to a reduction in size of the unit cell.
From the peak position in the y–2y scan, the cell parameter
of the epitaxial part of the (Ti0.75Al0.25)C0.5 and
(Ti0.67Al0.33)C0.33 films can be determined to be 4.29 and
4.22 Å, respectively. Since the cell parameter of pure TiC
depends on the stoichiometry these values should be
compared with pure TiC with a similar C/Ti ratio (i.e.
0.50 and 0.33). Guemmaz et al. has reported on the cell
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Fig. 10. GI-scans from polycrystalline (a) (Ti0.75Al0.25)C0.5 and (b) (Ti0.67Al0.33)C0.33 films deposited without a TiC seed layer at 300 1C on Al2O3(0 0 ‘)
substrates. The inset shows the peak shift for the corresponding y–2y scan of the 111 peak.
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parameters of TiC0.50 and TiC0.33 to be 4.30 and 4.29 Å,
respectively [46], i.e. significantly less than for stoichio-
metric TiC of 4.32 Å [47]. Our cell parameters are lower
than the reported values since the solid solution of the
smaller Al atom into the sub-stoichiometric TiC-lattice
further reduces the size of the unit cell. The GI-scans in
Fig. 10 also shows that the intensity of the peaks from the
film with the lower Al concentration is higher and exhibit
smaller full widths at half maximum. This indicates larger
and more well-ordered crystallites. By applying Scherrer’s
formula to the 111 peak, the size of the crystallites were
estimated to 240 and 180 Å for the (Ti0.75Al0.25)C0.5 and
(Ti0.67Al0.33)C0.33 films, respectively.

Figs. 11a–c show XPS spectra of C(1 s), Ti(2p) and
Al(2p) from Ar-sputter cleaned surfaces of (Ti0.75Al0.25)
C0.5, Ti3AlC (i.e. (Ti0.75Al0.25)C0.25) (see Section 4.3) and
Ti2AlC ((Ti0.67Al0.33)C0.33) MAX-phase films, and for
comparison a phase pure TiC0.67 film. The C(1 s) spectrum
shows a peak at �281.8 eV for all the films, which
originates from carbon in the carbidic state, i.e. metal–
carbon bonds. Considering that, in all films, C has an
octahedral coordination of Ti a similar C(1s) position in all
spectra is consistent. A small shift, however, towards
higher binding energies can be seen for the Al-containing
films. This shift is induced by Al–C interactions and the
position can be compared with the C(1s) peak in Al4C3 at
282.2 eV [48]. As can be seen in Fig. 11a, there is no signal
at 284 eV, which in such case often originates from
amorphous matrix of non-carbide carbon. The Ti(2p)
signal (see Fig. 11b) is positioned at �454.5 eV for all films
and clearly indicate a Ti–C interaction. As seen in Fig. 11c,
the peak of Al(2p) is shifted towards higher binding
energies and broadened with an increasing C content, i.e.
going from (Ti0.75Al0.25)C0.20 to (Ti0.75Al0.25)C0.5. An
increase in binding energy is explained by an increasing
amount of Al–C interaction. For the (Ti0.75Al0.25)C0.50 and
the (Ti0.75Al0.25)C0.25 film, Al(2p) is positioned at 73.2 and
72.4 eV, respectively. In Al4C3 the peak is positioned at
73.4 eV [48]. The shift is consistent with an increase in Al–C
bond character in the compound. Compared to the
structurally related (Ti,Al)N a similar shift is seen for the
Al(2p) peak. However, that shift is larger since N is
more electronegative than C and therefore more strongly
attracts electrons from Al [49]. The Al(2p) peak of
(Ti0.67Al0.33)C0.33, i.e. the Ti2AlC MAX-phase, is posi-
tioned at 72.37 eV and with the smallest full-width at half-
maximum. The binding energy of Al(2p) of Ti2AlC and
Ti3AlC is similar although different crystal structures. This
can be explained by the layer-like Al-planes in Ti3AlC.
Compared to the Al-slabs in the MAX-phase (Ti2AlC)
these layers constitutes not only of Al but are interrupted
by Ti-atoms.
Fig. 12 shows a cross-sectional TEM micrograph

for a film with the composition (Ti0.75Al0.25)C0.5. As was
observed in the GI measurement and y–2y scan (see
Fig. 10), the initial growth is epitaxial (bottom inset), which
after �200 Å changed to a polycrystalline growth behavior.
The average crystallite size was estimated to be �200 Å,
which is in agreement with the values calculated by using
Scherrer’s formula above. Finally, cross-sectional TEM of
the (Ti0.67Al0.33)C0.33 film showed a similar microstructure,
but with smaller grains (100–150 Å) and closer to the
surface, the size of the crystallites were further reduced
with an almost amorphous feature.

4.5. Formation of MAX phases by solid state reactions

The results from the X-ray analysis of the Ti3AlC2 and
Ti3AlC films showed a small contribution from Ti2AlC (see
Sections 4.2 and 4.3). In order to investigate if this phase is



ARTICLE IN PRESS

Fig. 11. XPS-measurements of (Ti0.75Al0.25)C0.5, (Ti0.75Al0.25)C0.25,

(Ti0.75Al0.33)C0.33 (Ti2AlC MAX-phase) and TiC: (a) a typical carbide

C(1s) peak at �281 eV. Slightly shifted for the ternary films due to Al–C

interactions. (b) Ti(2p) peak positioned at �454.5 eV. (c) Al(2p) peak

shifted towards higher binding energy for the (Ti0.75Al0.25)C0.5 film due to

more pronounced Al–C interactions compared with the (Ti0.75Al0.25)C0.25,

(Ti0.75Al0.33)C0.33 films.

Fig. 12. Cross-sectional TEM images of (Ti0.75Al0.25)C0.5 film showing

(left) overview and (bottom right) a detail from the initial epitaxial growth

that turns over to polycrystalline growth (upper right).
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formed as an interfacial layer between the a-Al2O3

substrate and the TiC seed-layer, we deposited a 200 Å
thick TiC-layer on an a-Al2O3 substrate at 900 1C.

The reaction path between TiC and Al2O3 was then
investigated by isothermal annealing. A y–2y scan of the
deposited film shows peaks of {‘ ‘ ‘} type from TiC, but
also peaks from Ti2AlC(0 0 2), Ti2AlC(0 0 4), and
Ti2AlC(0 0 6). This indicates that a solid-state reaction
takes place between the TiC seed layer and the a-Al2O3
substrate and that the interlayer has grown with a preferred
orientation. To investigate whether the composition in the
interface layer corresponds to Ti2AlC, High-Angle Annu-
lar Dark-Field (HAADF) microscopy and EDX analysis
was performed on a cross-section of a Ti2AlC film
deposited on a-Al2O3 with a TiC seed layer at 900 1C.
Fig. 13 shows the result of the analysis. The contrast in the
HAADF picture arises from the distribution of the
elements, where areas with heavier elements appear
brighter. The inset in the figure shows the results of the
EDX line scan for Al and Ti. In the scan, four areas,
labelled 1–4, can be seen. Area 1 corresponds to the
substrate followed by area 2 where the interface layer
starts. In this area, that is about 100 Å thick, the Ti and Al
content reaches a level that is equal to that of the Ti2AlC
film (see area 4). Area 3 corresponds to the TiC seed layer
where the Al content is zero. The HAADF micrograph
clearly shows that there is an inter-diffusion process of Al
and Ti at the substrate. This level of activity at the interface
has earlier been observed in studies on the reactivity of Ti
metal towards Al2O3. Depending on the reaction condi-
tions can, e.g., intermetallics, oxides and solid solutions
form [50].
5. Conclusions

We have studied the deposition of ternary compounds in
the Ti–Al–C system. Epitaxial and almost phase pure films
of the MAX phases Ti3AlC2 and Ti2AlC as well as the
perovskite carbide Ti3AlC were deposited on Al2O3(0 0 ‘)
substrates with a TiC(‘ ‘ ‘) seed layer. The formation of the
MAX phases was strongly temperature dependent and
required temperatures above 800 1C. In contrast, the
Ti3AlC phase could be deposited at lower temperatures
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Fig. 13. Solid-state reaction: HAADF-micrograph of Ti2AlC film (4)

deposited on a Al2O3 substrate (1) with a seed layer of TiC (3) at 900 1C.

The EDX line scan (inset) shows that the interface region (2) has the same

composition as in the actual film (4), i.e. a solid-state reaction takes place

between the Al2O3 substrate and the TiC seed layer.
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and epitaxial films of this phase was observed also at
300 1C.

The results indicate that the MAX-phase growth is
sensitive to the mobility conditions of the elements
participating to form the structure. This includes the
observation of random stacking sequences in some layers
of the films and the formation of cubic (Ti,Al)C grains
during growth. The overall composition of these grains is
comparable to the MAX phase, but represent a metastable
structure. The reason for forming the simpler cubic phase is
due to the kinetic limitations during deposition at relatively
low substrate temperatures where the formation of the
MAX phase with is large unit cell requires a considerable
diffusion rate of atoms during growth. Competitive growth
between MAX-phase and cubic (Ti,Al)C was also observed
during the nucleation stage. As the Al-target is switched
on, the deposition starts with the growth of cubic (Ti,Al)C.
The MAX-phases nucleates after a delay period. This type
of delayed nucleation has also been observed in the
Ti–Si–C system and may be an inherent feature in MAX-
phase deposition. It is likely that the A-element (e.g. Al or
Si) has to diffuse and segregate to the surface of the
growing film and that MAX phase nucleation only can
start when a critical surface concentration has been
reached.
MAX phases could not be deposited at temperatures

below 800 1C. As discussed above, this is probably due to
the requirement of high diffusion rates for the formation of
the rather complex MAX-phase structures. At lower
temperatures a solid solution of Al in TiC is formed. This
ternary (Ti,Al)C phase has an Al-content which, consider-
ably higher than the maximum solubility given by the
phase diagram. This metastable composition is formed due
to low diffusion rates below 800 1C and it is conceivable to
assume the film should decompose into the equilibrium
phases after a high-temperature annealing. It is interesting
to note that the cubic (Ti,Al)C film is a direct parallel to the
well-known (Ti,Al)N phases used as wear-resistant coat-
ings by manufacturing industry today. To the knowledge
of the authors this is the first report on single-phase
(Ti,Al)C films and their physical and chemical properties
needs to be further explored. It should be pointed out,
however, that there are structural similarities between the
perovskite Ti3AlC and (Ti,Al)C phases. Ti3AlC can be
described as an ordered solid solution of Al in TiC with the
total composition (Ti0.75Al0.25)C0.25 while (Ti,Al)C can be
described as a random solid solution of Al on the Ti sites
and broad homogeneity range of carbon on the octahedral
sites.
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