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We report the synthesis of a polycrystalline specimen of TiC1_x under high-pressure
and high-temperature (HPHT) conditions. The carbon vacancy, crystal structure, Vicker
hardness, elastic constants, and bond features of the synthesized specimen were
investigated. Though the specimens were synthesized with stoichiometric ratio at high
pressure, a robust carbon vacancy was observed using energy dispersive and X-ray
photoelectron spectrum. TiCq_x exhibits almost the highest asymptotic Vickers hardness
in transition-metal light-element (TMLE) compounds. In this study, using Vickers hardness
characterization, the asymptotic hardness was found to be 27.1 GPa. This exceeds
the hardness of most transition metal borides with high boron concentrations. Based
on the first-principles calculation of the Mulliken population of Ti-C bonds, the intrinsic
high Vickers hardness of TiCq_yx is attributed to the combination of covalent Ti-C
bonds and the optimized eight-valence-electron structure, while the extrinsic contribution
comes from the harden effect of carbon defects. This work demonstrates that a higher
concentration of light elements or a higher-dimensional light element framework is not
the critical factor for higher hardness, and carbon vacancy is another way to strengthen
the crystal structure.

Keywords: titanium carbide, crystal structure, Vicker hardness, high pressure and high temperature, carbon
vacancy

INTRODUCTION

The development of multifunctional superhard materials to replace current B-C-N-based
superhard materials remains challenging, and it requires the consideration of scientific,
technological, and infrastructural aspects [1-5]. Transition metal carbides, borides, and
nitrides exhibit high hardness, which is attributed to the strong covalent bond between the
carbon and the transition metal, as well as the light element bonds [1, 5-7]. Furthermore,
the transition-metal light-element compounds (TMLEs) exhibit electrical conductivity,
superconductivity, and ferromagnetic as well as catalytic properties, which are useful in
areas where multifunctional properties are highly desired. According to recent reports, there
are many general approaches to design higher hardness materials, such as (a) having a
high density of valence electrons, (b) using a high content of light element, and (c) using
insulator or semiconductor materials [8, 9]. It is generally believed that higher light-element
content will lead to superhard materials because of the high percentage of covalent bonds.
Using the design approaches mentioned above, many high hardness TMLEs have been
designed and synthesized, including FeBs, WB4, MnBy, MoBy, ZrBj, [10-14]. Though these
synthesized compounds exhibit very high hardness, their hardness values are still below the
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threshold of superhardness. Consequently, there is some doubt
about whether transition-metal light-element compounds can be
candidates for superhardness, or whether hybridization between
TMs and LEs takes place [15]. However, recent investigation
shows that some transition metal-rich counterparts, such as
Wo.5Tag 5B, exhibit extremely high hardness [16]. This suggests
that there may be some strong hybridization between transition
metals and p-block light elements and there will be other new
mechanisms to enhance hardness.

In the majority of transition-metal light-element compounds,
TM-TM, TM-LE, and LEs-LEs bonds co-exist in the crystal
structure [9, 17]. It is difficult to determine the effect of the
TM-LE bonds on hardness. Fortunately, the rock-salt structure
characteristic of transition metal mono-carbides, borides, and
nitrides only contain the TM-LE bonds. This is an ideal system
to investigate the hybridization of TM-LE bonds in TMLEs.
If higher hardness can be realized in these structures, strong
hybridization can be demonstrated to exist. Binary transition
metal carbides are prone to the cubic crystalline structure if
the Hagg’s rule (Rc/Rtm < 0.59) is satisfied, where R refers
to the atomic radius of carbon and Ry denotes the atomic
radius of the transition metal atom. The ratio of carbon’s
atomic radius to titanium’s atomic radius is 0.38. According
to previous report [18, 19], titanium carbide usually exhibits
excellent mechanical properties, and it has been widely used
in cutting and protecting applications. Thus, rock-salt structure
TiC is an ideal system to investigate the hybridization between
transition metal-d orbitals and C-2p orbitals. In addition, the use
of other extrinsic strengthening effects may further enhance the
hardness of titanium carbide.

In this work, the synthesis of a highly crystalline TiC
polycrystalline specimen was performed under high pressure
and high temperature conditions. The carbon concentration
in this structure was researched by X-ray diffraction, energy
dispersive spectroscopy, and X-ray photoelectron spectroscopy.
The crystal structure, Vickers hardness, and electronic structure
were characterized to determine the mechanical property. To
determine the cause of its high hardness, the features of the TiC
bonds were thoroughly investigated by both experiment and first
principle calculation. The high hardness of the TiC specimen
was attributed to the strong orbital hybridization between Ti-
3d orbitals and C-2p orbitals, and to its carbon vacancies. Our
results show that the higher content of the light element is not the
critical factor for high hardness, and carbon vacancies are also an
effective way to enhance hardness.

EXPERIMENT

Cubic polycrystalline TiC;_x was prepared from titanium metal
powder (99.9% in purity) and graphite powder (99.99% in
purity). The raw powders were mixed in a ratio of Ti:C = 1:1-
x, where x = 0.5, 0.4, 0.3, 0.2, 0.1, 0. An agate mortar and
a pestle were used to obtain homogenous mixtures. For each
mixture, the raw material was cold-pressed into cylindrical pellets
(4 mm in diameter, 2.5 mm in height) and sealed in a hexagonal-
BN capsule used to prevent the sample from reacting with

the graphite heater. The high-pressure and high-temperature
synthesis experiments were conducted on an SPD 6x600 T cubic
multi-anvil press. The powder mixture was heated to the target
temperature (1,400-2,300 K) and soaked for 15 min at an elevated
pressure of 5.0 GPa. Subsequently, the sample was cooled to
room temperature (300K) by turning off the power supply
before decompression.

The as-synthesized polycrystalline samples were crushed to
powder and their structure was characterized by X-ray diffraction
with monochromatic Cu K, radiation (1.5418 A wavelength,
with voltage and current of 40 KV and 30 mA, respectively).
The microscope morphology and the element composition of
the as-obtained polycrystalline specimens were investigated by
using a scanning electron microscope (Magellan 400 SEM)
equipped with an energy dispersive spectrum (EDS). The crystal
structure of TiC;_x was investigated by selected area electron
diffraction (SAED) and high-resolution transition electron
microscopy (HRTEM) in a transmission electron microscope,
JEM-2200FS. The as-prepared polycrystalline specimens were
first polished by using silicon carbide paper and then diamond
powder to achieve a mirror surface. Then, to obtain the
average Vickers hardness, at least five indentations were made
on the polished sample surface at different applied loads
with a dwell time of 15s. Prior to the measurement of
the binding energy of titanium and carbon, the surfaces of
the polycrystalline specimens were bombarded by Ar™ ions
for 600s. XPS measurements were conducted with an X-ray
source equipped with a Mg anode (hv = 1253.6eV) at a base
pressure of 107!0 mbar achieved using an ultrahigh vacuum
(UHV) chamber.

To investigate the electronic structure of TiC, we performed
first-principles calculation using a Vienna ab initio Simulation
Package (VASP) [20]. The Perdew-Burk-Ernzerhof (PBE)
exchange-correlation was used in the generalized gradient
approximation GGA [21]. An energy cutoff of 500.0eV and
a dense Monkhorst-pack grid were selected to guarantee
that the energy difference would be <1.0 meV/atom. The
mechanical properties were calculated based on CASTEP code
with a 2 x 2 Xx 2 supercell, in which 300.0eV and 27 X
0.03 A=! were chosen as the energy cutoff and k-mesh value,
respectively [20, 22, 23].

RESULTS AND DISCUSSION

The polycrystalline specimens of TiC;_ were synthesized at the
high pressure of 5.0 GPa and a temperature between 1,900 and
2,300 K, with a duration time of 15 min. Titanium metal powders
start to react with graphite powder at temperatures above
1,600 K, and pure cubic polycrystalline TiC;_yx was synthesized
at the temperature above 1,900 K. The room-temperature X-
ray diffraction profiles of different quenched polycrystalline
specimens of TiC;_y are shown in Figure 1a. The major peaks
of TiCy; X-ray diffractions are well-characterized by the cubic
rock-salt structure possessing parameters a = b = ¢ = 4.3254
A, which is in fairly good agreement with the previous report
[18]. X-ray diffraction (XRD) shows a tiny peak at 26.8°
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which is corresponding to the graphite phase, and this can
be detected in the expanded XRD profiles. The tiny peak of
graphite suggests that a certain amount of graphite is excluded
from TiC lattice. Therefore, it is likely that carbon vacancies
are present in the TiC;_x structure. Because the tiny graphite
peaks did not provide detailed structural information for TiC;_y,
we could not confirm the relative number of carbon atoms
that were excluded from the TiC cubic structure. To investigate
carbon atom exclusion, we compared specimens with different
starting material ratios of Ti:C = 1:1-x. Figure 1b shows the
diffraction peaks change with the increasing of x. They first
move to the left, which suggests that the lattice parameters
become smaller. When x reaches 0.3, it is difficult to see any
graphite diffraction peaks, and we tentatively determine the
amount of carbon vacancy to be ~30%. Though the raw material
mixes were stoichiometric and the compounds were synthesized
under high pressure and high temperature, the appearance of
graphite diffraction peaks indicates that the carbon vacancies are
extremely robust. When x is larger than 0.5, X-ray diffraction
shows additional peaks of other-phase. The appearance of other
phases probably indicates that the x limit for synthesizing
TiCi—x is 0.5.

Further SEM observations revealed that the synthesized TiCo 7
specimens were free of visible micro-cracks and pores, with
a high relative density of ~97%. Figures 1c,d shows typical
field scanning electron microscope images of fracture section at
different arbitrary locations. From Figure 1c, we can see that the
as-synthesized specimens exhibit highly crystalline grains. The
size of the grain is determined to be 20-40 pum. Besides, laminar
morphology also can be seen in the Figure 1d, which originates
from the crack of the specimen. The elemental composition
and ratio in the synthesized specimen were confirmed by EDS
to be about TiCpy, suggesting that the synthesized specimen
is non-stoichiometric. This is in agreement with the ab initio
composition of this specimen. The SAED patterns revealed that
the diffraction spots are in good order and determine it to
be a cubic structure, as shown in Figure le. It is difficult to
detect any satellite spots around the main spots, thereby ruling
out the possibility that carbon vacancies form a superstructure
in the host lattice [24]. The specimen was also studied using
high-resolution transmission electron microscope (HRTEM).
As can be seen from Figure 1f, the inter-planar spacing was
found to be 2.58A, which corresponds to the (111) facet of
TiC. Although there is 30% carbon vacancy, the specimen still
exhibits a highly crystalline nature, as can be seen from the
HRTEM images.

Considering that the number of carbon vacancies does not
vary significantly with variations in starting compositions when
x is larger than 0.3, we concluded that the influence of residual
graphite precursor on the hardness can be ignored for TiCy .
If the specimen exhibits high hardness, there will be a strong
orbital hybridization between the transition metal-d orbital and
the C-2p orbital, which has been proposed to be beneficial for
high hardness. Measurement of the hardness of TiCo 7 specimen
was conducted on the polished mirror surface using the Vickers
hardness scale with a pyramid diamond indenter. The loading
force exerted on the specimens ranged from 25 to 1,000 g until

a converged Vickers hardness was obtained. The micro Vickers
hardness value was confirmed according to Equation (1):

H, = 1.8544% (1)

in which d is the length of the two diagonals of the indentations
and P is the applied force with a duration time of 15s. At least
five indentations were made on the surface of the sample to
acquire accurate hardness data. The average Vickers hardness
value of a polycrystalline TiCp 7 specimen at different loading
forces is given in the inset of Figure 2A. The hardness decreases
with the increase in loading force. With increasing of loading
force, Vickers hardness gradually converged to an asymptotic
Vickers hardness value of 27.1 GPa. Compared with the previous
results of 24.7 GPa, the measured asymptotic Vickers hardness
of samples fabricated under HPHT conditions is slightly higher.
The higher Vickers hardness specimen obtained by HPHT
synthesis is not a surprise because the measured hardness is
closely related to the quality of the sample. Because the pores
filling effect will contribute to the size of hardness indentation,
a higher relative density of sample suggests that the obtained
hardness value will be closer to the value of a certain material. The
HPHT method is demonstrated to be effective in the preparation
of high-relative-density specimens.

Figure 2B shows the Vickers hardness values of different
transition metal borides with high boron concentration, widely-
used transition metal carbides, and our titanium carbide
specimen. We can see that the asymptotic Vickers hardness
is even greater than that of ReB,, WB3, ReBy, MnBy, ZrB),,
and even FeBy, which was previously believed to be superhard
[2, 11, 12, 25]. When it is compared with other widely used
transition metal carbides (WC, WC-8%Co, TaC, and Mo3C,),
TiCy exhibit higher hardness. The low light element content also
induces higher hardness in TiC [26-29]. This fact indicates that
high light-element content or higher-dimensional light-element
frameworks may not be the critical criterion for designing
superhard materials.

Bulk modulus (B) denotes the ability of a material to resist
volume change under hydrostatic pressure. Superhard materials
usually possess a high bulk modulus value, though the inverse
may not always be true [30]. The unit cell of TiC crystallizes in
a cubic structure with lattice parameter a = 4.32 A, yielding a
unit cell volume of 80.62 A3, Thus, the molecular volume is 20.16
A3. The valence electron shell composition of Ti is 3d%4s? or Z =
4, and that of C is 2s?p? with Z of 4. Thus, the total number of
valence electrons in one unit cell is eight and the valence electron
density (VED) is 0.4 electrons/A3. Diamond has the reported
highest bulk modulus of 442.0 GPa and a VED of 0.7 electron/A?,
and the most in-compressible metal, Os, has a bulk modulus
of 411.0 GPa and a VED of 0.57 electrons/A3 [8]. Relatively
low VED cannot guarantee an exceptionally high bulk modulus
structure to TiC. Consequently, the calculated bulk modulus of
TiC from first-principles calculation is only 252.4 GPa, which is
far lower than that of diamond, Os, and the osmium di-borides.
However, according to recent reports of S. H. Jhi and Y. C.
Liang, a valence electron number of eight will result in the most

Frontiers in Physics | www.frontiersin.org

September 2020 | Volume 8 | Article 364


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Lietal

Vacancies Enhanced TiC Hardness

obtained specimen.
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FIGURE 1 | (a) X-ray powder diffraction profiles of TiC4_x specimens (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) synthesized at 2,000K, 5.0 GPa, 15min. (b) Enlarged X-ray
diffraction peak position of (200) plane with decreasing carbon content. (c,d) Typical field scanning electron microscope (SEM) photographs of TiCq 7 at different
regions. (e) Bright field images of the synthesized specimen. The selected electron area diffraction patterns are given in the inset. (f) High-resolution TEM image of the
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reasonable electronic structure, and thus higher hardness [31-
34]. The valence electron of TiC is about eight electrons, and this
may be one of the reasons for its exceptionally high hardness.
Recent investigations of the microscopic level have revealed
that hardness of a solid is dependent on the bond density, bond
length, bond strength, and bond electro-negativity. According to
previous results, the predominant bond in the rock-salt structure
of transition metal mono-carbides is TM-C bonds formed by
the hybridization between transition-metal-d orbitals and C-2p
orbitals. It is necessary to study this bond characteristic and the
electronic configurations of TiC because the feature of chemical

bonds is critical for the mechanical properties. One of the
most promising means for doing this would be through the
combination of the interrelationships between the first-principles
calculation and the binding-energy measurements. Figure 3B
shows the XPS spectrum of C-1s with binding energy from 283.0
to 292.0eV. As can be seen from the spectrum, there are two
peaks at the binding energy of 284.7 and 287.5eV. The binding
energy of graphite 1s peak usually locates at 284.5 eV. Therefore,
the peak at the binding energy of 284.7 eV belongs to the residual
graphite extracted from the TiC host matrix. The appearance of
the graphite peak confirms that there are some carbon vacancies
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FIGURE 2 | (A) Vickers hardness value obtained as a function of the applied load of TiC 7. The corresponding indentation images at different applied loads are
presented above each data point. (B) Vickers hardness values of high boron concentration transition metal borides and titanium carbide.
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in the synthesized polycrystalline specimens. Another peak at the
higher binding energy of 287.5eV can be assigned to TiC. The
fact that binding energy is higher than that of graphite suggests
an electron transfer from titanium to carbon atoms. Figure 3A
presents the Ti-2p*/2 and 2p'/? spectra from the binding energy
of 455 to 468 eV. There are two pairs of binding energy peaks in
the Ti 2p XPS spectra. The two main peaks at 457.7 and 463.7 eV
are attributed to the highly crystalline TiC, and the pair of small
peaks at 458.7 and 464.6 eV is assigned to the defect structure.
Comparing the peak area of two pair peaks of TiC, the carbon
vacancies, x can be confirmed to be about 0.37 to 0.38, which
is approximately the same as the previous EDS result of TiCy ;.
The C-1s binding energy of TiC is higher than that of graphite,
which means that some electrons are transformed from titanium
atoms to carbon atoms. The charge transform between carbon
and titanium suggests that there is some ionic characteristic in
the Ti-C bond.

The hardness of TiC was also calculated with Chen’s model
with the following Equation,

Hv _ 2(k2G)0.585 —3 (2)

[35]. The calculated bulk modulus and shear modulus are 252.4
and 176.1 GPa, respectively. Based on the above theoretical
modulus, the simulated Vickers hardness is about 24.0 GPa,
which agrees with the experimental asymptotic hardness value.
To further investigate the electronic properties and the bond
characteristic of TiC, first-principles calculations were performed
by using the CASTEP code.According to the crystal structure
and the electron location function (ELF) of rock salt TiC,
as shown in Figure 4A,B, only one type of Ti-C bond exists
in the TiC structure. Figure 4C presents the total and partial
density of states of TiC. One can observe a peculiar bonding
configuration from the density of state, indicating that there is
high degree of matching between the Ti-3d orbitals and C-2p

T ¥ T ¥ T T T ¥ T 5 T ¥
456 458 460 462 464 466 468
Binding energy (eV)

w

Intensity (a.u.)

286 288 290
Binding energy (eV)

FIGURE 3 | Obtained high-resolution XPS spectra of titanium carbide, TiCo 7,
synthesized at high pressure and high temperature and previously bombarded
by Art sputtering for 600s. (A) The Ti-2p%/? and 2p'/? spectrum and (B) C-1s
spectrum.

orbitals from —3 to —1eV. The match of the partial density
of states (PDOS) suggests that the Ti-C bond in the crystal
lattice is also of some strong covalent feature. The non-zero
electron density of state at the Fermi level indicates a metallic
feature of the TiC crystal structure, which is consistent with the
electrical conductive resistivity of 3.56 x 1077 Q-m. To further
quantitatively describe the bonding nature of TiC, we conducted
the Mulliken population analysis. A high overlap between
the electron configuration or the higher Mulliken population
corresponds to a strong covalent bond, whereas a value close
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FIGURE 4 | (A,B) ELF and CDD slices of (110) plane of TiC. (C) Calculated density of states of TiC. The Fermi energy level (Er) is shown by a vertical dashed line.

to zero indicates weak interactions between two atoms. The
calculation results confirmed our previous assumption on the
bonding. Compared with the Mulliken population of C-C
bonds in diamond, Pv = 0.75, Re-B in ReB,, Pv = 0.73 and
B1-B1 in WBy4, one can draw the conclusion that the Ti-
C bond, Pv = 0.81, has the characteristic of covalent bond
[36]. Moreover, the calculation of the Mulliken population
also reveals that charge transfer definitely occurred between Ti
and C atoms in the Ti-C bond. The atomic average Mulliken
charges are 0.84 and —0.84 for C and Ti. The electron transfer
from titanium atoms to carbon atoms is inconsistent with the
conclusion of XPS. The Mulliken population analysis results
also confirmed that the Ti-C bond possesses ionic characteristics
at the same time. This is consistent with the results of XPS.
Thus, the bonds of TiC have a combination of covalent metallic
and ionic characteristics. However, ionic and metallic bonds
are detrimental to hardness according to previous reports.
Consequently, it is advisable to keep away from metallic and ionic
bonds in transition metal carbide when synthesizing superhard
materials. However, compared with the TiC specimens fabricated
by other methods, the synthesized TiC;_x specimen exhibited
higher hardness value. This tentatively comes from extrinsic
factor. Because defects act as pinning centers, defects can hinder

the motion of dislocation and thus enhance the mechanical
strength. In addition, the emergence of carbon vacancies alters
the electronic number in the crystal structure and result in the
optimized electronic structure [33, 34]. Consequently, TiC;_
specimens exhibit extraordinary higher hardness than other
fabrication methods.

CONCLUSIONS

In summary, carbon-deficient TiCi_x specimens were
synthesized under conditions of high temperature and
high pressure. The synthesized specimens exhibit relatively
high hardness, higher than many high-boron-concentration
compounds. Based on the result of a first-principles calculation,
we conclude that the higher hardness of TiC can be attributed
to the strong Ti-C bonds and the optimized electronic structure.
In addition, the carbon vacancies also play an important
role in enhancing hardness by extrinsic harden method.
Although the carbon vacancy is good for high hardness, carbon
vacancies in these specimens tend to be robust even under
HPHT synthesis conditions. Further investigation of critical
synthesis conditions may be required to adjust the carbon
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vacancies issue and achieve the higher hardness expected for
stoichiometric TiC.
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