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tudy on the effects of N and Al
doping on the mechanical properties and
electronic structures of TiC†

Zhinan Cao,a Na Jin, *a Jinwen Ye, a Xu Dua and Ying Liuab

First-principles calculations are carried out by DFT within the CASTEP plane wave code to investigate the

mechanical properties and electronic structure of N and Al doped TiC. The results show that the co-

doping of nitrogen and aluminum narrows the lattice constant and nitrogen could enhance the stability

of TiC, however, aluminum makes the compound unstable. The calculated elastic constants and elastic

moduli reveal that aluminum reduces the elastic constants, bulk modulus B, shear modulus G and

Young's modulus E, but nitrogen can enhance them. The results of B/G and C12–C44 indicate that

aluminum could significantly increase the ductility of TiC. Meanwhile, the electronic structure

calculations reveal that strong p–d covalent bonds exist among C-p, N-p, Ti-d and Al-p states and Al-

doping causes DOS peak transfer to a higher energy level and increases the DOS above the Fermi level.

The hardness is estimated by a semi-empirical model that is based on the Mulliken overlap population

and bond length. The addition of Al sharply reduces the hardness of the TiC-based alloys due to the

weakest bond taking a determinative role in the hardness of materials, which is the C–Al bond in those

compounds.
Introduction

Titanium carbide, a typical transition metal carbide, has been
applied in cutting tools,1 hard coatings,2,3 grain inhibitors4 as
well as a catalyst5–7 for years. It is not only due to its desirable
physical properties such as high hardness, high melting points,
low density and corrosion resistance but also the chemical
stability and low thermal expansion coefficient draw huge
attention in manufacturing industries. However, it is still
limited to niche applications due to its intrinsic brittleness.8,9

Thus, many researchers have been making efforts to improve
the toughness of TiC, for instance by doping some other
elements like N, W, Mo, Ta.10–14 In recent years, some research
has focused on improving the mechanical properties of TiC by
Al-doping. Several experimental studies investigated the
microstructure, physical properties of Al-doped TiC and testi-
ed that Al is an ideal dopant for TiC-based compounds, which
was applied on coatings.15–19 Moreover, since 1970s Kieffer and
Ettmayer introduced N into TiC-based cermets, N doping
enhanced the toughness of cermets signicantly, resulting in
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the Ti(C,N)-based cermets gradually replaced WC–Co hardme-
tals in machining process, especially those related to high-
speed cutting. Based on the consideration of cooperation
between N and Al, some works tried adding AlN or Al into
Ti(C,N)-based cermets, which was proved to be able to enhance
the fracture toughness and hardness by strengthening the rim
phase and binder phase.20,21

First-principles calculations with density functional theory
(DFT) is an effective way to model and bridge the gap between
crystal structure and properties for many materials.22 Although
many experimental studies on cermets proved that Al doping
provides a remarkable enhancement in TiC-based or Ti(C,N)-
based compounds, the fundamental researches of them based
on DFT methods are still rare. Chen and Zhao23 investigated the
elastic properties and electronic structures of Ti0.75X0.25C (X
¼ W, Mo, Ta, V, Al, etc.) by using ab initio DFT calculations and
found that aluminum could signicantly promote the ductility
and slightly reduce the hardness. However, it still lacks
comparable works on how the Al and N effects comprehensive
properties of these compounds.

In this work, TiC0.75N0.25, Ti0.75Al0.25C and Ti0.75Al0.25C0.75-
N0.25 were chosen to investigate the effects of addition of N and
Al on the lattice parameters, elastic properties, density of states
(DOS) and Mulliken population and hardness of TiC-based
carbonitrides using DFT methods with generalized gradient
approximation (GGA) exchange potential. Additionally, proper-
ties of TiC, TiN were also calculated for clarifying the effects of N
and Al doping.
RSC Adv., 2020, 10, 36295–36302 | 36295

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra06630c&domain=pdf&date_stamp=2020-10-01
http://orcid.org/0000-0003-4417-7118
http://orcid.org/0000-0002-0409-250X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06630c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010060


Fig. 1 Crystal structures of (a) TiC, (b) TiC0.75N0.25, (c) TiN, (d) Ti0.75Al0.25C, (e) Ti0.75Al0.25C0.75N0.25.
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Methods of calculation

In this study, the calculation was carried out by the DFT within
the Cambridge Serial Total Energy Package (CASTEP) plane
wave code.24–26 The interaction between ionic core and valance
was treated by ultraso pseudopotentials.27 The GGA of Perdew–
Burke–Ernzerhof functional was utilized to investigate the
exchange and correlation terms.28,29 The status of valence elec-
trons in this study were considered as 3s23p63d24s2 for Ti,
3s23p1 for Al, 2s22p2 for C and 2s22p3 for N. In order to assure
the convergence of total energy and elastic moduli of our work,
different cut-off energy (450 eV, 600 eV) and Monkhorst–Pack
~k-point meshes30 (6 � 6 � 6, 10 � 10 � 10, 14 � 14 � 14) were
carefully checked. Finally, the cut-off energy was set as 700 eV
and Brillouin-zone integration was chosen 14 � 14 � 14 as
~k-points parameters. During the calculation process, all calcu-
lations were considered converged when the maximum force on
atom below 0.01 eV �A�1, the maximum stress was below
0.02 GPa, the maximum displacement between cycles was below
0.0005�A and the energy difference was less than 5� 10�6 eV per
atom.

In the calculations, the unit cell of all models was based on
NaCl-type face centered cubic with Fm�3m space group (no.
36296 | RSC Adv., 2020, 10, 36295–36302
225).31–33 TiC and TiN contain four Ti atoms and four C(N)
atoms. The structures of TiC0.75N0.25, Ti0.75Al0.25C, Ti0.75Al0.25-
C0.75N0.25 was replaced one C atom by N atom, one Ti atom by Al
atom and then one C atom by N atom, respectively. All struc-
tures are shown in Fig. 1.
Results and discussion
Crystal structures

In order to get the most stable structure, it is necessary to
conduct the geometry optimizations for TiC, TiC0.75N0.25, TiN,
Ti0.75Al0.25C, Ti0.75Al0.25C0.75N0.25. Table 1 presents the opti-
mized lattices parameters along with other experimental and
theoretical results. According to Table 1, the calculations results
are in a good agreement with other experimental and theoret-
ical results. In this work, the lattice constants of all structures
present a trend as following: TiN < Ti0.75Al0.25C0.75N0.25 <
TiC0.75N0.25 < Ti0.75Al0.25C < TiC. This reveals that the doping of
aluminum shrink the crystal lattice of TiC and the nitrogen
plays the same role. It could be explained by that the covalent
radius of Al atom (1.26�A) is smaller than Ti atom (1.36�A) and N
atom (0.71 �A) is smaller than C atom (0.75 �A). Moreover, the
presented lattice constant of Ti0.75Al0.25C 4.322 �A is perfectly
This journal is © The Royal Society of Chemistry 2020
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Table 1 Optimized lattice constants of TiC, TiC0.75N0.25, TiN, Ti0.75Al0.25C, Ti0.75Al0.25C0.75N0.25 along with available experimental and theoretical
values for comparison

Lattice constant a (�A)

Present Experiment Calculation

TiC 4.331 4.33a, 4.328b 4.3311c, 4.3428d, 4.33e, 4.3317f,
4.31g

TiC0.75N0.25 4.307 4.306h 4.307i

TiN 4.246 4.24j, 4.238k 4.246c, 4.2468f, 4.266l

Ti0.75Al0.25C 4.322 4.322m 4.3313n

Ti0.75Al0.25C0.75N0.25 4.292 — —

a Ref. 34. b Ref. 35. c Ref. 36. d Ref. 23. e Ref. 37. f Ref. 38. g Ref. 39. h Ref. 40. i Ref. 31. j Ref. 41. k Ref. 42. l Ref. 43. m Ref. 44. n Ref. 23.
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matched the experiment data from P. S. Mukherjee,44 indicating
the calculation results in this work are accurate.
Table 2 Calculated results of cohesive energy Ecoh and formation
energy DEf of TiC, TiN, TiC, TiN, TiC0.75N0.25, Ti0.75Al0.25C,
Ti0.75Al0.25C0.75N0.25

Alloy Ecoh (eV per atom) DEf (eV per atom)

TiC �8.63 (�8.6b) �0.891 (�0.89a,
�0.888c)

TiN �9.09 �1.953 (�1.96a,
�1.971c)

TiC0.75N0.25 �8.78 �1.189 (�1.194c)
Ti0.75Al0.25C �7.87 �0.484
Ti0.75Al0.25C0.75N0.25 �8.05 �0.81

a Ref. 36. b Ref. 37. c Ref. 31.
Cohesive energy and formation energy

To investigate the relative stability of the solid solutions, the
cohesive and formation energy of TiC, TiN, TiC0.75N0.25,
Ti0.75Al0.25C, Ti0.75Al0.25C0.75N0.25 have been interpreted in this
section. The cohesive and formation energy for TikAllCmNn can
be presented by the following formulae:

EcohðTikAllCmNnÞ ¼

EtotðTikAllCmNnÞ � kEisoðTiÞ � lEisoðAlÞ �mEisoðCÞ � nEisoðNÞ
k þ l þmþ n

;

(1)

DEfðTikAllCmNnÞ ¼

EtotðTikAllCmNnÞ � kEtotðTiÞ � lEtotðAlÞ �mEtotðCÞ � nEtotðNÞ
k þ l þmþ n

:

(2)

where, Ecoh(TikAllCmNn) and DEf(TikAllCmNn) are the cohesive
and formation energies of TikAllCmNn compounds, respectively.
Etot(TikAllCmNn) is the total energy of TikAllCmNn compounds.
Eiso(Ti), Eiso(Al), Eiso(C), and Eiso(N) are the total energy of
a single atom of Ti, Al, C, and N (i.e., one atom at the center of
a xed cubic lattice), respectively. Etot(Ti), Etot(Al), Etot(C), and
Etot(N) are the total energy per atom of Ti, Al, C, and N, for Ti
with bulk crystal (P63/mmc), Al with bulk crystal (Fm�3m), C with
diamond structure (Fd�3m) and N with gaseous N2 structure (one
N2 molecule in the center of a xed cubic lattice).

The calculated results of cohesive and formation energies of
this work are presented in Table 2 and the negative values of
energies demonstrate the relative stability of compounds. From
Table 2, it could be found that the results of this work match
well with the values of other literatures. In the perspective of
cohesive energy, nitrogen could enhance the stability of TiC,
however, aluminum plays an opposite role, which could be
demonstrated by comparing the absolute value of cohesive
energy of TiC (8.63 eV per atom) and TiC0.75N0.25 (8.78 eV per
atom) between the one of Ti0.75Al0.25C (7.87 eV per atom) and
Ti0.75Al0.25C0.75N0.25 (8.05 eV per atom), it could be seen that
This journal is © The Royal Society of Chemistry 2020
both Al-doped compounds are more unstable than Al free
compounds. From the point of view of formation energy which
is more determinative on stability of compounds, it could be
found that the formation energy values of TiC, TiN, TiC0.75N0.25,
Ti0.75Al0.25C, Ti0.75Al0.25C0.75N0.25 are �0.891 eV per atom,
�1.961 eV per atom, �1.191 eV per atom, �0.484 eV per atom,
�0.812 eV per atom, respectively, which are consistent with the
results of cohesive energy, indicating that Al-doping makes the
compound unstable.
Elastic properties

For cubic symmetry system, there are three independent elastic
constants (C11, C12, C44) determine the elastic behavior of
crystals.45 Thus, in order to investigate the elastic behavior of
TiC, TiN, TiC0.75N0.25, Ti0.75Al0.25C, Ti0.75Al0.25C0.75N0.25, the
elastic constants were calculated by applying external stress and
strain forces on the optimized crystal structures of these
compounds based on the generalized Hooke's law.46 Otherwise,
the mechanical stability could be conrmed by C11 > 0, C44 > 0,
C11–C12 > 0 and C11 + 2C12 > 0 (ref. 47 and 48) and all
compounds in this work were proved mechanically stable. The
bulk modulus B, isotropic shear modulus G, Young's modulus E
and Poisson's ratio v are vital parameters to describe elastic
behaviors. The bulk modulus is the inverse of the compress-
ibility and measures the resistance of the material to a uniform
hydrostatic pressure and can be derived from the elastic
constants by the following equation:
RSC Adv., 2020, 10, 36295–36302 | 36297
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Table 3 Calculated results of elastic constants, bulk modulus B, shear modulus G, Yong's modulus E, B/G, Poisson's ratio v and anisotropy
constant A0 of TiC, TiC0.75N0.25, TiN, Ti0.75Al0.25C, Ti0.75Al0.25C0.75N0.25

Alloy C11 C12 C44 B G E v B/G C12–C44 A0

TiC Present 518 120 174 253 184 443 0.207 1.38 �54.0 0.87
Cal. (ref. 33) 517 117 174 251 184 443 0.205 1.36 �56.3 0.87
Cal. (ref. 31) 518 115 183 249 190 455 0.197 1.31 �67.4 0.91
Cal. (ref. 37) 523 116 207 251 206 481 0.181 1.22 — —
Exp. (ref. 50) 513 106 178
Exp. (ref. 51) 500 113 175 242 182 437 0.199 — — 0.91
Exp. (ref. 52) 233 184 436 0.187

TiN Present 590 122 161 278 187 458 0.225 1.49 �38.7 0.69
Cal. (ref. 33) 588 121 161 277 187 457 0.225 1.48 �39.5 0.69
Cal. (ref. 31) 578 128 180 278 196 477 0.182 1.42 �51.2 0.80
Cal. (ref. 36) 579 129 180 279 197 477 0.21 1.42 �51
Exp. (ref. 50) 625 165 163
Exp. (ref. 53) 507 96 163 233 179 427 0.19

TiC0.75N0.25 Present 532 122 191 259 196 470 0.197 1.32 �68.2 0.93
Cal. (ref. 33) 532 123 191 259 196 471 0.198 1.32 �68.2 0.93
Cal. (ref. 54) 533 112 184

Ti0.75Al0.25C Present 456 118 132 230 146 361 0.239 1.58 �14.5 0.78
Ti0.75Al0.25C0.75N0.25 Present 460 133 174 242 170 413 0.215 1.42 �41.7 1.06
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B ¼ C11 þ 2C12

3
: (3)

Otherwise, the isotropic shear modulus G, Young's modulus
E and Poisson's ratio v are bridged by bulk modulus to evaluate
the elasticity properties of materials. In this work they are pre-
sented by following equations, where we assume the shear
modulus by the average of Voigt and Reuss bounds, which
offers the best mechanical properties estimation of poly-
crystalline materials from known elastic constants.49

G ¼ 1

2

�
C11 � C12 þ 3C44

5
þ 5C44ðC11 þ C12Þ

4C44 þ 3ðC11 � C12Þ
�
; (4)

E ¼ 9BG

3Bþ G
; (5)

v ¼ E � 2G

2G
: (6)

The calculated elastic constants, elastic constants, bulk
modulus, shear modulus, Young's modulus of this work are
listed in Table 3. The calculated results for TiC, TiN and
TiC0.75N0.25 are matched well with other DFT predicted
values31,33,36,36,54 and experimental results.50–53 In addition, the
mechanical stability of this work was examined by eqn (3) which
is satised by calculated elastic constants of each compound in
this work. It means all presented compounds are mechanically
stable.

It is well known that the relationships between hardness and
modulus are not identical for different materials.55,56 Therefore,
in this section, only elastic modulus is discussed. The hardness
of compounds will be analyzed independently in Section 3.5. In
this work, the bulk modulus B experiences a substantial
increase from 250 to 279 with addition of nitrogen. However, Al-
36298 | RSC Adv., 2020, 10, 36295–36302
doping decreases the bulk modulus comparing with non-
doping, the bulk modulus of co-doping Al and N (i.e. (Ti0.75,-
Al0.25)(C0.75,N0.25)) is still less than non-doped compound. It is
known that the bulk modulus could be utilized to describe the
average atomic bonding strength as a measure, which is due to
the strong correlation with the cohesive energy or binding
energy of atoms in crystals.57 Therefore, Al could dramatically
decrease the atomic bonding strength of TiC-based compounds
and N plays an adverse role, which could be explained by the
weak carbide-forming ability of Al.15 TiN have the largest shear
modulus (G) value and the largest Young's modulus (E) value.

Poisson's ratio reects the volume change of crystal during
uniaxial deformation, the lower Poisson's ratio (v), the larger
volume change occurs when the elastic deformation of crystal
happens and if v ¼ 0.5 means no volume changes. In this work,
the v of TiC0.75N0.25 is smaller than the v of TiC, which means N-
doping increases the volume change of TiC during uniaxial
deformation. The v of Ti0.75Al0.25C0.75N0.25 is larger than that of
TiC0.75N0.25, indicating that Al-doping could decrease the
volume change of TiC0.75N0.25 during uniaxial deformation.
Moreover, Poisson's ratio has been proved associated with the
central-force solids,58 the upper limit of which is v ¼ 0.5 and
lower limit is v ¼ 0.25, which corresponds to innite elastic
anisotropy.59 The calculation results of this work suggest that
the interatomic forces for TiC, Ti0.75Al0.25C, Ti0.75Al0.25C0.75-
N0.25, TiC0.75N0.25 and TiN are non-central.

Pugh60 proposed an empirical criterion associated the ratio
of B/G of compounds with malleability and brittleness to
analyze ductile (brittle) behavior of materials. It is worthy to
note that a high B/G value presents a ductile manner of mate-
rials and a low value predicates the reverse. Many studies for
metallic compounds of cubic and hexagonal symmetry reveals
a critical value as 1.75 to separate ductility and brittleness. If B/
G < 1.75, the material presents brittleness.61–63 As shown in
This journal is © The Royal Society of Chemistry 2020
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Table 3, the B/G value of compounds in this work could be
classied as brittle. The B/G for Ti0.75Al0.25C, Ti0.75Al0.25C0.75-
N0.25 are both higher than TiC0.75N0.25 which indicates that the
Al-doping could improve the ductility of Ti(C,N). Otherwise,
TiC0.75N0.25 and Ti0.75Al0.25C0.75N0.25 have lower B/G value than
TiC and Ti0.75Al0.25C, which means the addition of nitrogen
presents a contrary effect.

Additionally, Cauchy pressure C12–C44 could also be
considered as a parameter to appraise ductility and brittleness.
Cauchy pressure describes the angular characteristics of atomic
bonds in materials and compounds.64 A positive Cauchy pres-
sure reveals the bonding is metallic characteristic and a nega-
tive Cauchy pressure suggests an angular or directional
character in bonding. Moreover, the bonds are less mobile and
more directional with the more negative Cauchy pressure. As
shown in Table 3, it could be observed a similar trend for
Cauchy pressure as found in B/G, Cauchy pressure increases
monotonously following the order TiC0.75N0.25, TiC, Ti0.75-
Al0.25C0.75N0.25, and Ti0.75Al0.25C, indicating that Al-doping
improves the ductility while nitrogen plays the adverse role.

The Zener anisotropy ratios (A0) were also calculated and
presented in Table 3. This parameter could reveal the deviation
from elastic isotropy in cubic crystals. The more Zener anisot-
ropy ratio differs from 1, the more elastically anisotropic the
crystalline structure is. The A0 of TiC0.75N0.25 is 7.95% higher
than TiC, and that of Ti0.75Al0.25C is 6.82% lower than TiC, both
of which presents a small change on elastic anisotropy
comparing with TiC. However, the A0 of Ti0.75Al0.25C0.75N0.25 is
15.91% higher than that of TiC and close to 1, indicating the co-
doping of Al and N leads to elastic isotropy.
Electronic structure

In order to get a comprehensive understanding of the studied
compounds, it is necessary to investigate the electronic origin of
the composition effects on elastic behavior of the studied
compounds. The total and partial density of states of TiC, TiN,
TiC0.75N0.25, Ti0.75Al0.25C and Ti0.75Al0.25C0.75N0.25 were calcu-
lated and presented in Fig. 2. For highlighting the DOS near the
Fermi level, a dash line was plotted on the Fermi level (0 eV).

From Fig. 2, it could be noted that the distribution of DOS of
the studied crystals are very similar. They could be divided into
three main energy regions. The rst region starts at �18 eV and
ends up with �9 eV, it contains nonmetal C(N)-s states with
a small contribution of Ti-d and Al-p states, representing the
core electronic structure. A strongly hybridizing between C(N)-p,
Ti-d and Al-p is introduced in region II, from�9 eV to the Fermi
level (0 eV). These states demonstrate the strong covalent
bonding. Region III (above the Fermi level) predominately
consists of Ti-d with a small fraction of p orbitals of Al and C(N).
These states contribute to metal–metal bonds between next-
nearest-neighbor metal atoms.

In region I, the addition of N introduces two separate N-s and
C-s peaks to TiC0.75N0.25 and Ti0.75Al0.25C0.75N0.25, since the long
distance peak location between N-s for TiN and C-s for TiC. The
locations of the peaks of C-s and N-s are �10.06 eV, �14.69 eV
for TiC0.75N0.25 and �9.56 eV, �14.58 eV for
This journal is © The Royal Society of Chemistry 2020
Ti0.75Al0.25C0.75N0.25, respectively. Moreover, the peaks of C-s
state of TiC and Ti0.75Al0.25C are located in �9.50 eV and
�9.20 eV, respectively. This suggests the Al-doping leads the C-
2s orbitals moving towards to a higher energy.

For DOS in region II, it was mainly composed by C-p, N-p, Ti-
d and Al-p states, which can form the p–d covalent bonds.
Comparing with TiC, the DOS in region II for Ti0.75Al0.25C
becomes broader and separates to two peaks which may
contribute negatively to the hardness of materials.23,65 The
addition of Al causes the DOS peaks transfer to a higher energy
level in this region. Additionally, region III mainly consists
metal–metal bonding, and addition of Al expands the area of
DOS in region III which may bring negative effects to the
hardness of material. Meanwhile, a minimum shape of the DOS
exists at 0 eV (nearby the Fermi level) for TiC which indicates the
bands are full lled with eight valence electrons. For
TiC0.75N0.25, the minimum transfers to the lower energy.
However, the minimum DOS of Ti0.75Al0.25C and Ti0.75Al0.25-
C0.75N0.25 moves towards the higher energy and that of
Ti0.75Al0.25C locates at higher energy than that of Ti0.75Al0.25-
C0.75N0.25. This demonstrates that Al-doping increases the DOS
near Fermi level by introducing more p-electrons. This may
improve the elastic properties of TiC.21
Hardness

In this work, to investigate the hardness information of the
presented alloys, the linear combination of atomic orbitals
basis sets was used to obtain the Mulliken population which is
broadly applied to analyze the electronic structure and to assess
the covalent or ionic nature of a bond with providing an
objective criterion for bonding between atoms.66,67 A low value
of the bond population suggests an ionic interaction while
a high one implies a covalent bond. According to the data in
Table 4, it can be found that there are 12 C(N)–Ti(Al) bonds in
each studied cell of TiC, TiN, TiC0.75N0.25, Ti0.75Al0.25C and
Ti0.75Al0.25C0.75N0.25. The number of bonds is proportional to
the atom fraction in each cell. As shown in Table 4, the C–Ti
bonds are more covalent than N–Ti bonds for TiC0.75N0.25 and
Ti0.75Al0.25C0.75N0.25, and the C–Ti bonds are more covalent than
C–Al bonds for Ti0.75Al0.25C0.75N0.25. It may indicate that C–Ti
bonds are stronger than N–Ti and C–Al bonds. But the C–Ti1
bonds for Ti0.75Al0.25C is weaker than that for TiC0.75N0.25, it
could be the effect of Al addition.

Based on the previous works of Gao,68 the hardness could be
characterized by the strength of bonding and the number of
bonds per unit area. So the hardness of TiC, TiN, TiC0.75N0.25,
Ti0.75Al0.25C and Ti0.75Al0.25C0.75N0.25 was evaluated and the
calculation formula could be expressed as follows:

HvðGPaÞ ¼ 740Pm
�
n
m
b

��5
3; (7)

n
m
b ¼ ðdmÞ3

,X
n

h
ðdnÞ3Nn

b

i
: (8)

where Pm is the Mulliken population of a m-type bond, nmb is the
volume of a m-type bond, dm is the length of m-type bond, and
RSC Adv., 2020, 10, 36295–36302 | 36299
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Fig. 2 Total and partial density of states (DOS) for TiC, TiN, TiC0.75N0.25, Ti0.75Al0.25C, Ti0.75Al0.25C0.75N0.25. 0 eV is the Fermi level (dash line).
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Nn
b is the number of n-type bond per unit volume. The hardness

of metal-to-metal bonds and non-metal-to-non-metal bonds are
not considered here. As shown in Table 4, the theoretical
hardness of TiC, TiN agreed well with other researches. There
are three different hardness results for TiC0.75N0.25,
Ti0.75Al0.25C, and Ti0.75Al0.25C0.75N0.25 due to the different Mul-
liken populations of the bonds in each other. It is worthy to note
that the strength of bonding reects anisotropic hardness.
Different population results in various values of hardness.
According to the theory of Gao,70 the weakest bond is the
36300 | RSC Adv., 2020, 10, 36295–36302
determinative role in the hardness behavior of the materials.
Therefore, the hardness for TiC0.75N0.25, Ti0.75Al0.25C, and
Ti0.75Ta0.25C0.75N0.25 are 22.6 GPa, 22.5 GPa, and 20.5 GPa,
respectively. Meanwhile, the C(N)–Ti(Al) bond lengths in them
are identical because of the symmetry of cubic cell. This implies
the population of m-type bond is the key to the hardness. From
Table 4, the population of N–Ti bond is smaller than that of C–
Ti bonds, which means the addition of N decrease the hardness
of present compounds. For Ti0.75Al0.25C and Ti0.75Al0.25C0.75-
N0.25, the population of C–Al bond is smaller than that of C–Ti
This journal is © The Royal Society of Chemistry 2020
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Table 4 Population and predicted hardness of TiC, TiC0.75N0.25, TiN, Ti0.75Al0.25C, Ti0.75Al0.25C0.75N0.25

Alloy Bond Population Length (�A) nmb (Å3) Hv cal

TiC C–Ti(12) 0.82 2.17 6.72 25.4 (24.8a, 25.03b, 24.7c, 25.0d)
TiN N–Ti(12) 0.70 2.12 6.35 23.8 (23.6a,b)
TiC0.75N0.25 C–Ti1(3) 0.77 2.15 6.66 24.2

C–Ti2(6) 0.84 26.4
N–Ti(3) 0.72 22.6

Ti0.75Al0.25C C–Al(3) 0.82 2.16 6.73 25.3
C–Ti1(3) 0.73 22.5
C–Ti2(6) 1.04 32.4

Ti0.75Al0.25C0.75N0.25 C–Al(3) 0.79 2.15 6.59 25.2
C–Ti2(6) 1.13 36.1
N–Ti(3) 0.64 20.5

a Ref. 31. b Ref. 33. c Ref. 69. d Ref. 37.
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bonds in TiC and the addition of Al reduces the population of
C–Ti1 and N–Ti bonds. Although the population of C–Ti2 bond
improves, according to the rule that weakest bonds determines
the hardness of materials, the Al-doping could decrease the
hardness of TiC-based alloys.

Conclusion

In this work, we have performed the DFT with ultraso pseu-
dopotentials to calculate and investigate the crystal structure,
elastic properties, electronic structure and hardness of TiC,
TiC0.75N0.25, TiN, Ti0.75Al0.25C, Ti0.75Al0.25C0.75N0.25. The results
show that doping nitrogen reduces the lattice constant and
enhances the stability of TiC while doping aluminum shrinks
the lattice and reduces the stability of compound. It is also
found that in the studied compounds, aluminum reduces the
bulk modulus B, shear modulus G and Young's modulus E but
nitrogen can enhance them. The results of B/G and C12–C44

indicate aluminum could signicantly increase the ductility of
TiC. Meanwhile, the electronic structure calculations reveal that
a strong p–d covalent bonds exists among C-p, N-p, Ti-d and Al-
p states and Al-doping causes the DOS peaks transfer to a higher
energy level and increases the DOS above the Fermi level, which
may bring negative effects to the hardness of material. The
Mulliken population results show C–Al bonds could weaken
C(N)–Ti bonds and the addition of Al sharply reduces the
hardness of the TiC-based material.
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F. Illas, ACS Catal., 2020, 10, 6213–6222.
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