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Abstract
We have studied the electronic structure of Ta,y;AlC, (space group
P63;/mmc,n = 1-3) under uniform compression from 0 to 60 GPa and at

temperatures from O to 1500 K using ab initio calculations. These phases can
be characterized by alternating layers of high and low electron density and are
referred to as nanolaminates. At 0 K we observe similar compressibilities in
both the a and ¢ directions for all phases investigated. This is unusual for
nanolaminates. Based on the density of states analysis, we propose that these
similar compressibilities may be caused by an increase in Ta—Al and Ta-Ta
bonding strength as well as a stronger long-range interaction between TaC—TaC
layers. No evidence of a phase transition is observed as the pressure is increased
to 60 GPa. However, as the temperature is increased to approximately 1000 K
without applying pressure, a first-order phase transition occurs in TazAlC,.
These results are relevant for applications of Ta,;AlC,, at elevated temperature
and pressure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Ta, 11 AIC, (space group P63/mmc,n = 1-3) belongs to the so-called MAX phases. These
ternary phases can be referred to as nanolaminates and are characterized by alternating MX
(M = transition metal, X = C or N) and A layers (mostly IIIA and IVA elements). In general,
these ternary phases are good thermal and electrical conductors, are resistant to oxidation and
exhibit extensive plasticity [1, 2]. Ta,AIC (n = 1) has been known in the bulk form for more
than four decades [3], while TayAlIC3 (n = 3) has recently been synthesized in a diamond anvil
cell [4] and by hot pressing [5]. TayAlC [6] and TasAlC3 [4] possess bulk moduli of 251 and
261 GPa, respectively, which are the largest values ever measured for MAX phases. To the best
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of our knowledge, other physical properties are unknown. The existence of Ta3AlC, (n = 2)
has not been reported.

Due to the nanolaminated nature of MAX phases and the anisotropy in the chemical
bonding [1, 2, 7], it is reasonable to assume that the compressibility of MAX phases is
anisotropic. The compressibilities of Ti,AIC [6], V,AIC [6], Zr,InC [8], Ti3SiC, [9],
Ti3SipsGepsC, [10] and Ti4AIN3 [11] were measured to be larger along the ¢ than along the
a axes, while the opposite was reported for Cr, AIC [6], Nb, AIC [6] and NbyAsC [12]. The
compressibilities of Ta; AIC [6] were reported to be identical in both directions, whereas the
compressibilities of TasAlCs [4] are slightly larger in the ¢ direction. Manoun et al have
suggested that Ta—C bonds are of similar strength to Ta—Al bonds in TasAlC3 [4], which
would explain the compressibility behaviour observed. However, this notion appears to be
inconsistent with the measured bulk modulus of TasAlC3 being only 75.7% of TaC [4]. Also,
several reports indicate that MAX phases generally exhibit M—X bonds which are stronger than
M-A bonds [1, 2, 7, 13-16].

To the best of our knowledge, the high-temperature behaviour of Ta,;AlC, has not
been explored. However, other MAX phases of the same stoichiometry have been studied
extensively. For instance, TizSiC, is known to exhibit two polymorphs, namely « and
B [17, 18]. The difference between «-TizSiC, and S-Ti3SiC; is that Si atoms occupy the
2b Wyckoff position with the fractional coordinates (0, 0, 1/4) in «-Ti3SiC,, while in the 8-
phase the Si atoms fill the 2d Wyckoff position with the fractional coordinates (2/3, 1/3, 1/4).
According to Barsoum [1] and Sun ef al [19], Ti3SiC, exhibits unusual mechanical properties at
elevated temperatures. In contrast to a decrease of flow-stress commonly observed at elevated
temperatures, Ti3SiC, demonstrates an increase. In our previous work, we have suggested
that the flow stress anomaly in Ti3SiC, can be understood on the basis of a first-order phase
transition from «-TizSiC, to B-TizSiC, at about 1000 K [20]. This is consistent with the
experimental data previously reported [19] since TizSiC, exhibits a peak flow stress at around
1173 K.

In this work we study the electronic structure of Ta,+;AlC, (n = 1-3) in the pressure
range 0-60 GPa and temperature range 0—1500 K using ab initio calculations. At 0 K we obtain
similar compressibilities in both a and ¢ directions. Based on the density of states analysis, we
propose that these similar compressibilities may be caused by an increase in Ta—Al and Ta-Ta
bonding strength as well as a stronger long-range interaction between TaC—TaC layers. We also
present evidence for a first-order phase transition in Taz AlIC, at approximately 1000 K.

2. Theoretical methods

The ab initio approach was used for calculations in this work, which is implemented in the
Vienna ab initio simulation package (VASP) [21, 22]. Projector augmented wave potentials
and the generalized gradient approximation were employed [23], with the so-called Blochl
corrections for the total energy [24]. The integration in the Brillouin zone is done on a
special 7 x 7 x 7 k-point mesh determined according to the Monkhorst—Pack method [25].
The convergence criterion for the total energy was 0.01 meV within a 500 eV cut-off. Unit
cells containing 8, 12 and 16 atoms for Ta, AlC, TazAlC, (both @ and B polymorphs) and
Tas AlC3, respectively, were relaxed with respect to atomic positions (internal free parameters),
lattice parameter a, i.e. Wigner—Seitz primitive cell volume, and hexagonal c/a ratio. Spin
polarisation was not considered [26-28]. The bulk modulus was obtained by fitting the energy—
volume curves to the Birch—-Murnaghan equation of states [29]. The total and partial density of
states (DOS) was calculated.

High-pressure induced changes in the DOS were studied under uniform compression of the
equilibrium volume in the pressure range of 0-60 GPa, which is comparable to the previously
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Table 1. Lattice parameter (a), hexagonal ¢/a ratio, equilibrium volume (Vj)), bulk modulus (B)
and energy of formation (AE) for Ta,;AlC, (n = 1-3), as obtained using the VASP code. In
«a-TazAlC; and B-TazAlC, Al atoms occupy the 2b and 2d Wyckoff positions, respectively.

aR)  c/a Vo (A’/atom) B (GPa)  AE (eV/atom)
Ta AIC 3.085¢  4.5490  14.453° 220 ~0.516
a-TmAIC, 3113 6149 13.391 250 ~0.559
B-TasAlC,  3.096 6281  13.446 248 ~0.543
TaAIC; 3146 7708 12.958 264 ~0.569

2 See reference [36].

studied experimental range [4, 6]. High-temperature induced changes in the electronic structure
were studied using the PHONON code [30]. The Helmholtz free energy (F') was obtained from
contributions from the lattice vibrations (Fp,) and the energy of formation (AE) [31]:

F = Fy + AE, (1)
where AE is given as:

AE— E(Ta,41AIC,) —2(n + 1) E(Ta) — 2E(Al) — EE(C). @
4n+1)

E stands for the total energy obtained from the VASP code for unit cells of Ta,;;AIC,
(n = 1-3), Ta (space group Im3m, prototype W, 1 atom/unit cell), Al (space group Fm3m,
prototype Cu, 1 atom/unit cell) and graphite (space group P63/mmc, prototype graphite, 4
atoms/unit cell), respectively. To determine the lattice dynamics as a function of wavevectors
in reciprocal space, the ab initio force-constant approach was used, which was implemented
by Parlinski et al [30]. The summation was constrained to the same reciprocal mesh as for
the electronic states. For the phonon calculations, non-equivalent atomic positions were used
to generate 2 x 2 x 1 supercells, containing 32, 48 and 64 atoms for Ta, AlC, Taz AlC, (both
« and B polymorphs) and TasAlC3, respectively. In order to avoid interaction between the
two images of a displaced atom (due to the periodical boundary condition), it is necessary to
use a relatively large supercell for the calculations of the force matrices. Each supercell was
subjected to 9-15 non-equivalent deformations with 3% displacements. Hellmann—-Feynman
forces, obtained from the force-constant matrices, were evaluated. The dynamical matrices are
solved by a direct method based on the harmonic approximation [30].

3. Results and discussion

We start the analysis of the ab initio results obtained by comparing the equilibrium volume and
the bulk modulus to previously reported experimental data [4, 6]. Table 1 contains calculated
lattice parameters, equilibrium volume, bulk modulus and energy of formation of Ta,;AIC,
(n = 1-3). The calculated equilibrium volume of TayAlC and TasAlC; deviates from the
experimental values [6, 4] by 1.1% and 5.8%, respectively. Previously we have investigated
the influence of N vacancies on structure, relative phase stability, as well as elastic and
transport properties of TigAIN3, an isostructural compound to TagsAlCs, and determined that
a N vacancy population of 3.2% can be accommodated by decreasing the equilibrium volume
by 0.7%, without significant reduction of the bulk modulus [32]. It may be speculated that
if C vacancies are formed in TasAlCs, similar behaviour may be observed. This hypothesis
may be tested by transmission electron microscopy or structural refinements from diffraction
data. The calculated bulk modulus of Ta, AlC and TasAIC; deviates by 11.6% and 1.1%,
respectively, from the experimental values [6, 4]. The energy of formation with respect to the
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Figure 1. Lattice parameters (a and c¢) relative to the zero-pressure values (ag and cg) for Ta,, 11 AlC,
(n = 1-3) at 0 K. Second-order polynomials are used to fit the data. For the convenience of the
reader, curves are shifted by 0.02 from one another.

Table 2. Relative changes in lattice parameter for Ta,+;AlC, (n = 1-3) as a function of pressure
(P) given in GPa. Two polymorphs are given for n = 2.

Ta,+1AIC,  a/ay ¢/co

n=1 1 —0.0014P + 6.4 x 107°°P2 1 —0.0014P + 6.3 x 107°P2
n=2(a) 1 —0.0014P +5.0 x 107°°P2 1 —0.0012P +7.0 x 107°P2
n=2(8) 1 —0.0013P +72x 107°P%2 1 —-0.0015P 4+ 6.2 x 10-9P2
n=3 1 —0.0012P +5.0x 107°P2 1 —0.0014P +7.1 x 107°P2

elements decreases from —0.516 to —0.569 eV /atom as n increases from 1 to 3 (see table 1).
Moreover, «-TazAlC; is 16 meV /atom more stable than §-Ta; AIC,, which is consistent with
the theoretical stability behaviour of the Ti3SiC, polymorphs, where a 0.01 eV /atom energy
difference results in a phase transition at about 1000 °C [20].

In figure 1, relative changes in the lattice parameters are plotted as a function of pressure
during uniform compression at a temperature of 0 K. Least square fits of these curves are
given in table 2. The compressibilities in @ and ¢ directions are identical for Ta, AIC, whereas
Tas AlC; is slightly more compressible along the ¢ axes. The high-pressure behaviour of
Ta, AIC and TasAlCj3 calculated here is thus in good agreement with previously reported
experimental data [4, 6]. Based on the compressibility data for Ta;AlC3, Manoun et al have
suggested that Ta—C bonds are of similar strength to Ta—Al bonds [4]. In order to test this
bonding-strength hypothesis, we studied the bond stiffness in Ta,;AlC, (n = 1-3), which
is given in figure 2. The bond stiffness was obtained by fitting the relative bond length as a
function of pressure with second-order polynomials. It is evident that Ta—C bonds are stiffer
than Ta—Al bonds. This is consistent with the literature claiming that M—X bonds are stronger
than M-A bonds [1, 2, 7, 13—16]. This also explains the larger bulk modulus value TaC
(345 GPa) compared to TasAlCs (261 GPa) [4]. This is expected due to the bond strength
anisotropy in the ternary phase. Furthermore, the high-pressure behaviour of the hypothetical
Taz AIC, polymorphs is similar to TizSiC, [33, 34].

In order to identify the origin of the rather unusual compressibility behaviour of Ta, 1 AIC,
(n = 1-3), we analyse the DOS at a pressure of 0 GPa (figure 3) and at 60 GPa, which was the
maximum pressure investigated (figure 4). The DOS analysis was carried out at a temperature
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Figure 2. Ta—C and Ta—Al bond length relative to the zero-pressure values for Ta,+; AlC, (n = 1-3)
at 0 K. Second-order polynomials are used to fit the data. For the convenience of the reader, curves
are shifted by 0.05 from one another.
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Figure 3. Partial and total DOS for (a) Ta;AlC, (b) «-TazAlC,, (c) B-TazAlC; and (d) TagAlC3 at
a pressure of 0 GPa and 0 K. The Fermi level is set to 0 eV and indicated by a vertical dashed line.

of 0 K. The total and partial DOS data for Ta, AIC (figure 3(a)), a-TazAlC, (figure 3(b)), B-
Taz; AIC, (figure 3(c)) and TagAlC; (figure 3(d)) are rather similar. The Ta 5d and C 2p states
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DOS (states / eV unit cell)

Figure 4. Comparison of total DOS for Ta,4+AIC, (n = 1-3) at 0 K and pressures of 0 GPa
(dashed line) as well as the highest pressure applied (solid line). The Fermi level is set to 0 eV and
indicated by a vertical dashed line.

are hybridized in the range from approximately —8 to —4 eV. Ta 5d and Al 3p orbitals are
hybridized in the range from approximately —8 up to the Fermi level, indicating that the Ta—C
bonds are stronger than Ta—Al bonds. This is consistent with our bond stiffness data discussed
above. When states of different symmetry form hybrids, such as M d-A p, the DOS may in
turn be split into bonding and antibonding (or non-bonding) contributions [35]. Thus, the Ta 5d
and Al 3p hybridization exhibits a pseudogap at about —3.7 eV, but since it is not close to the
Fermi level, antibonding contributions are not expected. The Fermi level is mainly occupied
by Ta 5d states, giving rise to relatively weak metallic Ta—Ta bonding and in general a metallic
character of these compounds. These results are consistent with the previously published data
on the chemical bonding in MAX phases [7, 13-16, 36, 37].

As Ta,1AIC, (n = 1-3) compounds are subjected to the maximum pressure applied
(see figure 4), the most significant change is the shift of all states to lower energies. This
implies that the population of Ta 5d increases, the pseudogap in the Ta—Al hybridization shifts
below —3.7 eV and the Ta—C bonds become stronger. The shift of the pseudogap in the Ta—Al
hybridization suggests Ta—Al bond strengthening under compression [7, 37]. No evidence for a
change in the nature of the bonding is observed, indicating that the phases studied may be stable
in the pressure range probed. The increase in the population of Ta 5d states may cause three
effects: (1) stronger Ta—C bonds, as already pointed out, (2) stronger long-range interaction
between TaC-TaC layers and (3) stronger Ta—Ta bonds. These three effects may contribute
towards a decrease in compressibilities in both a and ¢ directions. The long-range interaction
between MC-MC layers was considered in our previous work where the electronic origin of
shearing in MAIC phases was studied [38—40]. Based on the decomposed band structure
analysis, it was observed that the MC-MC interaction contributes to shearing. This is also
consistent with the stress—strain analysis [38, 41], based on the deformation induced through
Cy4 elastic constant [42] and basal slip. It is reasonable to assume that the stronger long-
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Figure 5. Deformation of Ta; AIC under uniform compression.

range interaction between TaC—TaC layers may also contribute to a decrease in compressibility
in the ¢ direction. The third effect, i.e. stronger Ta—Ta bonds, may also be relevant for the
compressibility. We have previously performed studies of the solubility within Nb,_, W, AlIC
by means of ab initio calculations and found that both the Nb—C bond length as well as the
W-C bond length are not significantly affected by variations in x [43]. This can be understood
by studying the C-M-M angle. An increase in the CNb,_, W, bond angle is consistent with the
notion of flattening Nb,_, W, C layers [43]. This is enabled by relatively weak and hence easily
deformable M—M bonds within the carbidic layer. Uniform compression can be described
as a simultaneous in-plane compression and a compression in the ¢ direction. Figure 5 is a
schematic drawing illustrating the response of Ta, AIC to uniform compression based on our
DOS analysis. Under in-plane compression, stiff Ta—C building blocks rearrange due to the
presence of metallic Ta—Ta bonds, which thus may oppose the compression in the ¢ direction.
This in turn provides a decreased compressibility in the ¢ direction and is consistent with the
notion of Ta—Ta bond strengthening under uniform compression. Therefore, we propose that
the cause of the similar compressibilities in a and ¢ directions of Ta,;AlC, (n = 1-3) may
be an increase in Ta—Al and Ta—Ta bond strength as well as the stronger long-range interaction
between TaC-TacC layers.

Figure 6 shows the Helmholtz free energy for Ta,+; AlC, (n = 1-3), which is, according
to equation (1), a sum of the energy of formation with respect to elements (given in table 1)
and harmonic phonon free energy calculated using the total phonon DOS. The Helmholtz free
energy was obtained at a pressure of 0 GPa. All phases studied are stable in the temperature
range probed. Identical Helmholtz free energy values for «-TazAlC, and B-Ta;AlC, are
obtained at a temperature of approximately 1000 K. The phase transition observed is of the first
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Figure 6. Free energy for Ta, ] AlC, (n = 1-3) at a pressure of 0 GPa. The vertical dashed line
indicates the transition temperature for Ta3AlC;.
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Figure 7. (a) Free energy (F) for TazAlC; as a function of temperature (7') at a pressure of 0 GPa.
(b) dF/dT for TazAlC; showing the transition temperature indicated by a vertical dashed line.

order, Al atoms move from the 2b to the 2d Wyckoff position. In order to show the change in the
slope of the Helmholtz free energy for Ta;AlC,, the Helmholtz free energy and its derivative
with respect to temperature in the transition temperature region are given in figure 7. This
phase transition is consistent with the behaviour of TizSiC, [17, 18, 20]. Hence, Ta,;AlC,
(n = 1-3) compounds may be suitable for high-temperature and high-pressure applications.

4. Conclusions

We have studied the electronic structure of Ta,,;; AlC, under uniform compression in the range
of 0—60 GPa and at elevated temperatures in the range of 0—1500 K using ab initio calculations.
At 0 K, we observe similar compressibilities in both a and ¢ directions. This is unusual for
nanolaminates. This behaviour can be understood based on the density of states analysis. We
suggest that the similar compressibilities of Ta,, 1 AlC, (n = 1-3) in the a and ¢ directions are
facilitated by an increase in Ta—Al and Ta-Ta bonding strength as well as a stronger long-range
interaction between TaC—TaC layers due to the shift of all states to lower energies. No evidence
of a phase transition is observed as the pressure is increased to 60 GPa. However, as the
temperature is increased to approximately 1000 K without applying pressure, a first-order phase
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transition occurs in Taz AIC,. It is our ambition that these results will spark more experimental
interest and enable applications of Ta,; AlC, at elevated temperature and pressure.
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