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Ti1�xAlxN is a technologically important alloy that undergoes a process of high temperature age-

hardening that is strongly influenced by its elastic properties. We have performed first principles

calculations of the elastic constants and anisotropy using the symmetry imposed force constant

temperature dependent effective potential method, which include lattice vibrations and therefore

the effects of temperature, including thermal expansion and intrinsic anharmonicity. These are

compared with in situ high temperature x-ray diffraction measurements of the lattice parameter.

We show that anharmonic effects are crucial to the recovery of finite temperature elasticity. The

effects of thermal expansion and intrinsic anharmonicity on the elastic constants are of the same

order, and cannot be considered separately. Furthermore, the effect of thermal expansion on elastic

constants is such that the volume change induced by zero point motion has a significant effect. For

TiAlN, the elastic constants soften non-uniformly with temperature: C11 decreases substantially

when the temperature increases for all compositions, resulting in an increased anisotropy. These

findings suggest that an increased Al content and annealing at higher temperatures will result in a

harder alloy. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936896]

When optimizing the performance of alloys used in high

temperature applications, it is crucial to understand how tem-

perature affects their elastic properties. In the case of

Ti1�xAlxN alloys, a frequently used system for hard-coating

applications, annealing at 1300 K causes age hardening1–3 due

to an isostructural spinodal decomposition into coherent cubic

Al- and Ti-enriched Ti1�xAlxN domains. The microstructural

evolution during decomposition is strongly affected by chemi-

cal composition and elastic anisotropy.4,5 Thermal expansion

and stiffness differences cause strain in the microstructure,

which can be locally magnified by the elastic anisotropy and

affect the mechanical performance of such alloys.6,7 We seek

to elucidate the atomistic origins of the high temperature elas-

tic anisotropy.

The elastic constants can be conveniently calculated

from first principles at zero temperature. In this way, a strong

compositional (x) dependence has been demonstrated8,9 with

a change in excess of 50%5 as the Al content increases.

However, static calculations neglect the effects of tempera-

ture and lattice vibrations on elasticity, and in an industrial

context, the operational temperature of these coatings is

around 1300 K.

In this letter, we use ab initio Born-Oppenheimer molec-

ular dynamics (BOMD) in the framework of density func-

tional theory (DFT) to predict the influence of temperature on

the elastic properties of disordered Ti1�xAlxN. We propose a

method that allows one to determine the elastic behavior,

including anharmonic effects, of the disordered alloy

Ti1�xAlxN over a wide range of temperatures and composi-

tions. We show that the elastic behaviour changes with tem-

perature, and that this change is of the same order as the

compositional dependence. The elastic properties for thin

films alloys are difficult to measure; therefore, we use our

method to predict the elastic properties of the notoriously

awkward material Ti1�xAlxN.

We first note that in a perfectly harmonic crystal, the

elastic constants are temperature-independent.10 The anhar-

monic contributions can roughly be partitioned into two con-

tributions: thermal expansion and intrinsic anharmonicity.

The former is easier to quantify experimentally and theoreti-

cally than the latter.11,12 Statically, but including thermal

expansion, the elastic constants are13,14

CQH
ij;klðTÞ � C0

ij;klðVðTÞÞ: (1)

Here, C0 denotes the 0 K elastic constants, calculated at the

volume V, which corresponds to temperature T.

To deal with the intrinsic anharmonicity, we note the

correspondence between long-wavelength phonons and

elastic constants:15,16 the elastic constants are a function of

the derivative of the acoustic modes of the phonon disper-

sion at small wavevectors. As the temperature increases,

the phonon frequencies will shift to lower values due to

anharmonicity.17 If we observe a shift in phonon frequen-

cies relative to the static calculations, there is an

anharmonicity-induced temperature dependence in the elas-

tic constants. In this case, we can use their volume/tempera-

ture dependence, expressed in terms of the interatomic

force constants12

Cph
ij;kl V; Tð Þ ¼ � 1

2V Tð Þ
X

n

U0n
ij V; Tð Þrn

k rn
l : (2)

0003-6951/2015/107(23)/231901/4/$30.00 VC 2015 AIP Publishing LLC107, 231901-1
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Here, U0n
ij ðV; TÞ is the explicitly temperature and volume de-

pendent interatomic force constant between atoms i and j sit-

uated in unit cell n, and rn
k is the position of atom k in unit

cell n, all taken with respect to a reference unit cell 0.

Using the temperature dependent effective potential

(TDEP) method,18–20 one can calculate the finite temperature

phonon spectra, which implicitly include renormalization to

all orders of anharmonicity, and thus derive the force con-

stants, which we use to obtain the elastic constants from Eq.

(2). However, this is a real space sum and can be numerically

ill-conditioned when it comes to absolute values due to finite

size effects. We do, however, know that TDEP can accu-

rately determine temperature dependence of phonon frequen-

cies,21,22 so we use the finite temperature behaviour of the

force constants to get a general expression

Cij;kl V; Tð Þ ¼ Cstat
ij;kl V; 0ð Þ

Cph
ij;kl V; Tð Þ

Cph
ij;kl V; 0ð Þ

: (3)

This enables us to calculate finite temperature elastic con-

stants at a fraction of the computational cost of ab initio mo-

lecular dynamics (AIMD) simulations in which the cell is

distorted; we can also use the same data to compute free

energies at no additional expense. Moreover, within this

scheme, the origin of the thermal behaviour of the elastic

constants can be easily elucidated, whether it is from thermal

expansion or intrinsic anharmonicity. The accuracy and reli-

ability of the scheme is demonstrated below.

Finite temperature simulations were performed using

ab initio molecular dynamics in the canonical (NVT) en-

semble on a grid of compositions, temperatures, and vol-

umes. Forces were computed at the DFT level using the

projector-augmented wave (PAW) method23 as imple-

mented in VASP,24–27 with the electronic contribution to

the entropy given by the Mermin functional.28 The temper-

ature was controlled by a Nos�e thermostat.29,30 The plane

wave energy cutoff was set to 600 eV and the electronic

exchange-correlation energy computed using the Perdew-

Burke-Ernzerhof functional.31 The configurational entropy

was estimated using the mean-field approximation.32 To

simulate a random alloy with B1 symmetry, we used a spe-

cial quasirandom structure (SQS) approach.33 A 128 atom

SQS (4� 4� 4) was constructed, in which 64 atoms were

metal and 64 nitrogen. For T¼ 0 K, elastic constants, and

total energies, the Brillouin zone (BZ) was sampled with a

6� 6� 6 Monkhorst-Pack grid of k-points.34 For each vol-

ume, temperature and concentration BOMD was performed

for about 10 000 time steps of 1 fs after equilibration, using

only the C-point for BZ integration. A set of 200 uncorre-

lated snapshots was selected, and the energies were recom-

puted with a 3� 3� 3 k-point mesh to ensure convergence.

From these simulations, we extracted the effective intera-

tomic force constants by means of TDEP, which were used

to calculate the phonon density of states and the vibrational

contribution to Helmholtz free energy. Using p ¼ �dF=dV,

the volume-temperature-concentration space was trans-

formed to a pressure-temperature-concentration space. The

irreducible components of the force constants were interpo-

lated along the P¼ 0 isobar, and substituted into (3) to

obtain the elastic constants as a function of temperature.

The elastic constants �C11; �C12; and �C44 for alloys were cal-

culated as an average of 9 elastic tensor elements.35

The temperature dependence of the lattice parameters

contributes substantially to the temperature dependence of

the elastic constants and is easier to measure and compare

with our theoretical results. We therefore experimentally

determined the lattice parameters as a function of tempera-

ture for Ti1�xAlxN alloys (TiN, Ti75Al25N, Ti50Al50N, and

Ti33Al67N), by in situ high temperature x-ray diffraction

(HT-XRD) during annealing. Ti1�xAlxN coatings were

grown by arc evaporation and removed from their substrates

to obtain powder samples. The experiments were performed

at beamline P07B, Petra III using a 53.7 keV x-ray beam.

The details on sample preparation and experimental setup

are available in Ref. 36. The samples were annealed under

vacuum, and two-dimensional diffraction patterns were col-

lected in transmission geometry. The powder samples were

first annealed for 2 h at 873 K to annihilate point defects.

Subsequently, the temperature was reduced in steps of 75 K,

and the sample was held for 15 min at each temperature

before the diffraction pattern was recorded. The plane spac-

ing was determined for each temperature and the correspond-

ing thermal expansion coefficient was extracted for each

crystallographic direction (111, 200, 220, 311, and 222)

using a linear fit to the data. For each sample, an average

thermal expansion coefficient was calculated from the differ-

ent crystallographic directions. The relative theoretical and

experimental thermal expansions are compared in Fig. 1 for

different compositions of the Ti1�xAlxN alloy, showing a

good agreement. The experimental and theoretical thermal

expansions for Ti1�xAlxN alloys behave linearly within the

experimental range of temperatures in Fig. 1 and deviate at

higher temperatures due to strong temperature-induced

anharmonicity.

Fig. 1 demonstrates that the lattice parameter of

Ti1�xAlxN increases by 2%–2.5% at 2000 K, depending on

the Al content. Using Eq. (1) and the elastic constants calcu-

lated using the established method of distorting the cell at

zero temperature,37 we see a strong volume dependence in

C11 and weaker dependences in C12 and C44 (Fig. 2). The

volume dependence of C11 is so strong that the (usually neg-

ligible) effect of zero point motion on the lattice parameter

decreases C11 by 6% at zero temperature, from 609 to

577 GPa, and this is from a mere 0.3% change in lattice pa-

rameter. We conclude that the quantum mechanical zero-

point motion cannot be ignored below the Debye tempera-

ture. We now turn to the effect of temperature on elastic con-

stants. In the quasiharmonic approximation (including

thermal expansion but not anharmonicity), the elastic con-

stants have a significant concentration (x) dependence. C11

softens by �22% in TiN, compared with �27% in cubic

AlN. In absolute terms, C11 decreases by �127 GPa in TiN

compared with �87 GPa in AlN.

Moving to a higher level of theory and considering

intrinsic anharmonic effects as described by Eq. (3), we see

that the change in elastic constants due to anharmonicity is

similar in magnitude to the change due to thermal expansion,

as illustrated in Fig. 2. These results are in line with previous

studies for TiN,38 with a significant softening of all elastic

231901-2 Shulumba et al. Appl. Phys. Lett. 107, 231901 (2015)
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constants. For TiN, our results agree well with the values

obtained by full AIMD simulations by Steneteg et al.38 We

view this as a strong justification for the reliability and accu-

racy of the scheme based on the use of Eqs. (2) and (3). The

divergence of the static calculations including thermal

expansion demonstrates that first, such an approach is unreli-

able in general, since there are different trends for different

compositions and elastic constants, and second that it is not

possible to decouple the effects of thermal expansion and

intrinsic anharmonicity. We note, however, that there is

some disagreement between the two computational schemes

below the Debye temperature (636 K for TiN). This can be

explained with the fact that in Ref. 38, the simulations were

based on classical equations of motions for atoms, whereas

this work includes quantum effects on the vibrational free

energy.

The temperature-induced softening of elastic constants

is not uniform between tensorial components. This is quanti-

fied by the Zener anisotropy ratio Az ¼ 2C44=ðC11 � C12Þ.39

Fig. 3 shows a contour plot of the Zener anisotropy as a func-

tion of temperature and concentration, and it demonstrates

that Az increases non-linearly with temperature and Al con-

tent. In the quasiharmonic approximation, the composition at

which isotropy (Az¼ 1) occurs changes more rapidly with

temperature compared with our method, which includes

intrinsic anharmonicity. As a result, the quasiharmonic

approximation underestimates the Al concentration at which

isotropy occurs.

This anisotropy has a substantial impact on the micro-

structure evolution and the correlated age hardening of the

thin films. Johansson J€oesaar et al.6 showed that low Al con-

tent in Ti1�xAlxN coatings (Ti0.69Al0.31N) demonstrates a

low age hardening effect in comparison to the coatings with

a high Al content (Ti0.34Al0.66N). This is explained by the

evolving microstructure during spinodal decomposition,

where the higher anisotropy in the high Al content coatings

results in more elongated Al- and Ti-enriched domains. This

is believed to improve the hardness.7

In summary, we investigated thermal properties of

Ti1�xAlxN alloys by means of ab initio theoretical simulations

and experiment. The calculated thermal expansion of

Ti1�xAlxN alloys is in good agreement with HT-XRD meas-

urements. We calculated the elastic constants of a random

FIG. 1. Behaviour of the lattice parameter a as expressed by the ratio ða� a0Þ=a0 as a function of temperature, for different compositions of a Ti1�xAlxN alloy.

The reference lattice parameter a0 is taken at 300 K for both experimental and theoretical cases. The experimental results were obtained with HTXRD.

FIG. 2. Elastic constants as a function of temperature and composition for disordered Ti1�xAlxN. The dotted lines represent static elastic constants including

thermal expansion, calculated using Eq. (1). The solid lines correspond to elastic constants calculated using our new method, as expressed in Eq. (3), including

anharmonicity and thermal expansion. For the disordered alloy, �C indicates symmetry averaged elastic constants.

FIG. 3. Contour plot showing the Zener anisotropy as a function of tempera-

ture and Al content. The solid lines are contours of Az, calculated with

anharmonic temperature dependent elastic constants. The static Az including

thermal expansion calculated using Equation (1) is shown with dashed lines,

illustrating the underestimation in Az if anharmonic effects are neglected.

231901-3 Shulumba et al. Appl. Phys. Lett. 107, 231901 (2015)
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Ti1�xAlxN alloy as a function of composition over a wide

range of temperatures, demonstrating that the elastic anisot-

ropy increases with temperature. We find that anharmonic

effects and the thermal expansion are of equal importance

when determining the elasticity at finite temperatures. We

emphasize the importance of zero-point motion when elastic

constants are determined, in spite of their relatively minor

effect on the lattice constant.

The relationships between atomic structure, microstruc-

ture, and mechanical properties are complex and closely

linked to lattice dynamics. Undercooled cubic Ti1x
AlxN

alloys having isotropic elastic constants decompose into a

microstructure of domains that are notionally spherical,

whereas alloys with high elastic anisotropy have elongated

irregular shaped domains40 giving rise to an internal stress

state and domain interface structure41 that are more effective

in terms of obstructing dislocation motion, i.e., giving a

higher hardness. Building on this notion, we identify two

strategies for improving high temperature hardness of

Ti1x
AlxN alloys. The first is to use Al-rich alloys, which have

a higher elastic anisotropy, as shown in Fig. 3. The second is

to have the decomposition taking place at as high tempera-

ture as possible, which also increases the elastic anisotropy.

The upper temperature limit for the second approach is given

by the detrimental phase transformation of cubic to hexago-

nal AlN at approximately 1300 K.36 However, successful

attempts to push this transformation temperature up, e.g., by

additional alloying elements42 and multilayer structures,43

suggest that substantial performance improvements of these

alloys can be achieved by properly invoking high tempera-

ture elastic constants in the materials design.
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