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Abstract Ab initio density functional theory calculations

have been performed to evaluate the fracture toughness for

selected Ti0.75X0.25C ceramics (X = Ta, W, Mo, Nb and V).

The calculated Young’s modulus E, surface energy c and

fracture toughness KIC of pure TiC are in a good agreement

with experimental data and other theoretical calculations.

The results for Ti0.75X0.25C system show that alloying

additions increase Young’s modulus, and all but vanadium

increase surface energy. It was observed that tungsten has

the most significant effect on increasing Young’s modulus,

while tantalum on increasing surface energy of the

Ti0.75X0.25C system. Surface energy plays a dominated role

in determining the trend of fracture toughness. Overall,

tantalum and tungsten are the most effective alloying ele-

ments in increasing the fracture toughness of Ti0.75X0.25C

ceramics.

Introduction

Particulate dry erosion is one of the modes of material

degradation that can significantly impact component life

and system safety in aerospace system. To extend the

service life of aircraft engines operated in desert areas,

attempts were made to develop advanced erosion-resistant

(ER) coatings for compressor components of gas turbine

engines [1–4]. Despite these efforts, only TiN-based

coatings are currently approved for aerospace applications.

These coatings can, however, extend the service life of

compressor blades by no more than a factor of three. To

achieve better performance, new erosion materials and new

design methods need to be developed. In the early stage of

erosion coating development, material hardness was con-

sidered to be a key factor in increasing the erosion resis-

tance of protective coatings. Many of extremely hard

coating materials, such as ceramics, failed to provide an

expected performance. Erosion theories developed in the

1970s clearly demonstrated that both hardness and fracture

toughness of materials were critical properties in deter-

mining erosion resistance of brittle ceramic coatings [5, 6].

However, the existing analytical solutions due to the

complexity of the erosion process and the restrictive

assumptions used to derive these models could only give a

general direction, and have a limited value as design tools

in ER coating development. In addition, the traditional

methods of developing protective coatings through trial-

and-error experimentation are time consuming and costly.

To speed up the experimental development, extensive

modeling and simulation efforts are required. However, to

get meaningful results, the models need to be populated

with actual materials and engineering data. The latter is not

easily available for most of thin film materials. Advanced

erosion-resistant coatings are produced using either phys-

ical or chemical vapor deposition (PVD or CVD) methods.

These technologies can produce complex coatings systems

consisting of many layers of different materials, typically

nitrides or carbides of transition metals, at a nano scale.

Although coating hardness can be easily determined using

depth sensing indentation techniques, the intrinsic materi-

als properties such as fracture toughness are virtually

unknown. Therefore, developing a computational method

that could allow an evaluation of fracture toughness for
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new coating materials would benefit both experimental and

modeling efforts. To our knowledge, there are neither

theoretical calculations nor experimental measurements on

fracture toughness for the Ti0.75X0.25C systems. To this

end, we make the first attempt to evaluate fracture tough-

ness of TiC-based ceramics by performing ab initio density

functional theory (DFT) calculations.

Calculation methodology

The Vienna ab initio simulation package (VASP) [7, 8]

using projector augmented wave (PAW) method [9] based

on density functional theory with the generalized-gradient

approximation (GGA) [10] was utilized to calculate the

elastic modulus and surface energy. Figure 1 shows the

unit cell model of Ti0.75X0.25C ceramic for modulus cal-

culations. An eight-atoms cubic unit cell with B1 structure

was created. The open circles represent C atoms, the solid

black circles represent the Ti atoms, while the gray circle in

the center represents a single alloying atom X replacing

one Ti atom. Thus, the composition ratio of the model is

Ti:X:C = 0.75:0.25:1. The selected alloying elements for

this study were Ta, W, Nb, Mo and V. The integration in

the Brillion zone of ab initio calculations was done by

using Monkhorst Pack 8 · 8 · 8 k-points for moduli cal-

culations and 9 · 9 · 3 k-points for surface energy eval-

uations. The planewave cutoff energies were ~450 eV, and

the convergence of the calculations was within 1–2 meV.

The maximum strain used in the total energy fitting to

derive elastic moduli was within 1%. The unit cell model

was fully relaxed during the calculation.

The elastic properties of these alloys were determined

from the calculated total energy Etot. The bulk modulus B

can be derived directly from the second derivative of the

total energy Etot as a function of the volume V0:

B ¼ V
d2Etot

dV2
jV¼V0

ð1Þ

For cubic symmetry systems (B1), there are three

independent elastic coefficients, C11, C12 and C44. The

bulk modulus B is related to these two elastic coefficients

C11 and C12 by:

B ¼ C11 þ 2C12

3
ð2Þ

In this study, C11, C12 and C44 were determined by

employing suitable lattice distortions represented by a

strain tensor e, such that a new lattice vector r0 in the

distorted lattice yields r0 ¼ ðI þ eÞr; where I is the unit

matrix. Furthermore, the total energy per unit cell volume

and the lattice distortion e can be connected by a strain

energy density U(e). The tetragonal shear modulus

C¢ = 1/2(C11–C12) can be determined by a tetragonal

distortion represented by e in the [001] direction. The

strain energy density Utetr(e) for a tetragonal distortion is

defined and calculated as:

UtetrðeÞ ¼
3

4
e2ðC11 � C12Þ ð3Þ

The second derivative of Utetr(e) relative to e can then be

derived as follows:

o2Utetr

oe2
¼ 3

2
ðC11 � C12Þ ð4Þ

Utetr can be obtained from the total energy calculations per

unit cell as a function of the distortion e. Combining Eqs. 1

and 4, the elastic constants C11 and C12 were determined.

Similarly, the trigonal shear constant C44 was calculated

from a trigonal distortion. The strain energy density Utri for

the trigonal distortion is given by

Utri ¼ 2e2C44 ð5Þ

The value of C44 is obtained from the second derivative of

Utri relative to e

o2Utri

oe2
¼ 4C44 ð6Þ

Since C11, C12 and C44 comprise a complete set of elastic

constants for a cubic system, the shear modulus G, Young’s

modulus E can be calculated from the following relations:

Fig. 1 The unit cell of Ti0.75X0.25C for elastic modulus calculations.

The open circles represent C atoms, while solid black circles Ti

atoms, and the gray circle indicates alloying atom X (= Ta, W, Nb,

Mo and V)

9714 J Mater Sci (2007) 42:9713–9716

123



G ¼ 3C44 þ C11 � C12

5
ð7Þ

E ¼ 9BG

3Bþ G
ð8Þ

To calculate surface energy c, a series of slab models

with different thickness were generated, Fig. 2. It is

observed that the calculated surface energy will converge

to a stable value if the slab thickness in the model reaches a

critical value. In present calculations, the critical thickness

of 11 layers is enough to achieve the convergence and

stable surface energy. The surface energies for the TiC and

Ti0.75X0.25C ceramics are defined and calculated using

Boettger formula [11] for (001) orientation after the

relaxations

c ¼ ðEN
slab � NDEÞ=2 ð9Þ

where EN
slab is the total energy of an N-layer slab, and DE

the incremental energy determined by ðEN
slab � EN�2

slab Þ=2: In

order to prevent the interactions between the slab and its

periodic images, a vacuum region at least 10 Å was

included in the supercell, Fig. 2. Fracture toughness KIC is

the intrinsic material property, interpreted as a critical

stress intensity factor that can be calculated from the

following formula [12]:

KIC ¼
ffiffiffiffiffiffiffiffi

4cE
p

ð10Þ

where the surface energy c and Young’s modulus E are

obtained from ab initio calculations described previously.

Results and discussions

Table 1 lists the calculated Young’s modulus E, surface

energy c and fracture toughness KIC for pure TiC together

with experimental measurements and other density func-

tional theory calculations. It is found that the calculated E,

c and KIC values for pure TiC are in a good agreement with

experimental observations [13–15] and other DFT calcu-

lations [16–18]. Table 2 presents the calculated Young’s

modulus E, surface energy c and fracture toughness KIC for

Ti0.75X0.25C systems. Figure 3 indicates that alloying

additions increase Young’s moduli E, with W achieving the

best effect by ~16%. It was suggested that there is a cor-

relation between hardness H and Young’s modulus E, i.e.,

the larger the Young’s modulus, the higher the hardness of

material [19]. As the high hardness is one key property

required to achieve better performance for erosion-resistant

coatings, alloying additions that increase the Young’s

modulus, such as, W and Mo, will be considered as

potential candidates for coating applications. In addition,

(a)(a)  (b)  (b) 

Fig. 2 Schematic diagram of a slab geometry model for surface

energy calculations for TiC-based ceramics. (a) Slab model with

vacuum regions before relaxation; (b) the same slab model after

relaxation

Table 1 The calculated and experimental data of Young’s modulus

E, (001) surface energy c and fracture toughness KIC for TiC

TiC Present DFT

calculations

Other

DFT data

Experimental

data

E (GPa) 429 415 [16] 448 [15]

c (J/m2) 1.69 1.71 [17] –

1.67 [18]

KIC (MPa m1/2) 1.71 – 1.70 [14]

1.55 [13]

Table 2 Calculated Young’s modulus E, (001) surface energy c and

fracture toughness KIC for Ti0.75X0.25C

Ti0.75X0.25C TiC X = Ta X = W X = Nb X = Mo X = V

E (GPa) 429 477 499 466 482 463

c (J/m2) 1.69 2.55 2.43 2.13 1.93 1.67

KIC (MPa m1/2) 1.71 2.2 2.2 2.01 1.93 1.76
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the calculated fracture toughness KIC from Eq. 10 together

with the surface energy c are plotted in Fig. 4. According

to Fig. 4, all alloying additions except for vanadium

increase surface energy c, with tantalum achieving the best

effect by ~50%. It is also observed that both tantalum and

tungsten increase the fracture toughness by ~29% com-

pared to pure TiC. In addition, Fig. 4 also shows the trends

of the calculated c and KIC for TiC and Ti0.75X0.25C. It is

interesting to note that KIC fellows a similar trend as that of

c, indicating that surface energy c plays a dominating role

in determining the fracture toughness of these materials. In

present calculations, only the (001) surface orientation was

considered. However, in practical applications, the orien-

tation of the coating surface may be different from the

(001) direction. Therefore, DFT calculations for the case of

(110) and (111) surface orientations are underway for

Ti0.75X0.25C.

Conclusions

Young’s modulus E and surface energy c that determine

the fracture toughness KIC of TiC and Ti0.75X0.25C

ceramics (X = Ta, W, Mo, Nb and V) were calculated

using ab initio density functional theory calculations.

Among alloying additions, tungsten achieves the best effect

in increasing Young’s modulus (~16%), while tantalum is

the most effective in increasing the surface energy (~50%)

of the Ti0.75X0.25C system. Both Ta and W were the most

effective in enhancing the fracture toughness KIC of the

TiC by ~29%. Therefore, compared to pure TiC, both

Ti0.75Ta0.25C and Ti0.75W0.25C may be better candidates for

erosion-resistance coating applications.
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