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A B S T R A C T

In this paper we report the preparation of double carbide (Ti,Cr)C with a chromium content of 10 ÷ 30 at% by
electrothermal explosive synthesis (ETE). This method allows synthesis to be carried out at high temperature
with minimal holding time. The ETE method is favourable for the formation of dense carbide ceramics. The
synthesized samples were characterized by X-ray diffraction and scanning electron microscopy. It was found
experimentally that the unit cell parameter of the double carbide decreases linearly with increasing chromium
content. The DFT calculations also confirmed the dependence of the unit cell parameter (Ti,Cr)C on the chro-
mium content according to Vegard’s law and show changes in the cell shape and distance between Cr–Cr layers
with increasing chromium content. The pDOS diagram shows that an increase in chromium content leads to an
excess of d* electrons on the π* orbitals, which has a destabilizing effect on the double carbide structure.
Crystal Orbital Hamiltonian (COHP) analysis of the electronic structure of the double carbide, partitioning the

energy of the band structure into bonding, non-bonding and anti-bonding energy regions, showed the influence
of chromium content on its stability.

1. Introduction

Refractory transition metal carbides such as titanium carbide are
valuable materials for high temperature applications due to their
excellent properties. The addition of alloying elements to form solid
solutions such as (Ti,M)C can improve the strength and properties of the
material. The alloying element M acts as a strengthening element,
improving the double carbides (Ti,W)C, (Ti,V)C, (Ti,Zr)C and (Ti,Cr)C
[1–4] and their overall performance. This strategy has been successfully
demonstrated with different carbide combinations. The viscosity and
toughness of the cemented carbide can be improved, extending its po-
tential applications in high stress environments.

The use of chromium as an alloying element can increase the
strength and hardness of an alloy, making it more suitable for applica-
tions where durability and wear resistance are required [5]. It can also
improve the impact strength of the alloy, which is important in appli-
cations where materials are subjected to sudden or intense loads. In
addition, Cr can improve the corrosion resistance of the alloy by forming
a protective oxide layer on the surface, which helps to prevent rust and
other forms of corrosion. Control of the synthesis conditions is essential
to achieve the desired Cr content in double carbide materials.

The range of chromium content in double carbide under equilibrium
conditions is typically between 5 % and 15% [6–8], with the exact value
being strongly influenced by the specific synthesis conditions, in
particular the temperature and duration of the heat treatment. Varia-
tions in these parameters can result in significant differences in the
chromium content incorporated into a double carbide structure. The
formation of double carbides under non-equilibrium conditions offers a
wide range of interesting properties and applications.

Widely used synthesis methods such as spark plasma sintering (SPS)
[1], self-propagating high-temperature synthesis (SHS) [9] and elec-
trothermal explosion (ETE) [10,11] are all advanced techniques that
allow the synthesis of materials with unique properties.

The ETEmethod is a promising technique for the synthesis of ceramic
materials and the study of the formation mechanism of heterogeneous
condensed systems under extreme conditions. It allows the investigation
of structural features in materials such as cemented carbides at high
temperatures (2500K) and short reaction times (1min). Compared to SPS
and SHS, the ETE method provides extreme experimental conditions to
produce dense ceramics in a single stage. Overall, manipulation of
chromium content and synthesis conditions can play an important role
in tailoring the properties of alloys for specific applications.
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Thus this work contributes to the fundamental understanding of (Ti,
Cr)C double carbides and provides valuable information for optimizing
their properties for specific applications in the field of materials science
and engineering.

2. Experimental

2.1. Materials

The starting materials were prepared from a mixture of commercial
powders of chromium (brand PX-1М, 99.35 % pure, particle size <70
μm), titanium (brand PTS, 99.0 % pure, particle size 30–45 μm) and
carbon (brand P803T, 99.0 % pure, particle size <1 μm). The compo-
sition of the mixture was chosen to obtain the ratios between the re-
agents as indicated in Table 1. The powders were mixed in a ball mill for
1 h. The powder mixtures were pressed into cylindrical samples (weight
5 g, diameter 12 mm, height 17 mm) with a relative density of 0.6.

2.2. Electrothermal explosion (ETE)

The synthesis of the (Ti,Cr)C double carbides was carried out using
the ETE method. ETE is a one-step method for the preparation of
compact high-temperature ceramics. The synthesis scheme and experi-
mental setup are described in detail in Refs. [11–13].

The essence of the method is the heating of the reaction sample by
direct passage of electric current. Rapid heating causes exothermic
interaction of the reagents, resulting in ignition of the entire sample. The
high synthesis temperature ensures a short sintering time for the reac-
tion product. A required condition for an ETE is high electrical con-
ductivity and mechanical strength of the sample, pressed from a reacting
mixture of powders, to ensure rapid heating and prevent fracture due to
impurity gases released during the exothermic reaction. Uniform heat-
ing of samples at extremely high rates (up to 105 s− 1) is achieved.

The experimental facility (Fig. 1) consists of a reaction press mould
(35 mm in diameter and 100 mm in height), a current transformer, a
power controller and a system for determining the electrical and thermal
parameters of the ETE, including a measurement bus and an analogue-
to-digital converter. A cylindrical sample is placed between a punch
electrode and a mould base. A cylindrical sample is placed between a

punch electrode and a mould base. A TiC powder is applied to the top
and bottom of the sample to provide a galvanic connection to the punch
electrode and mould base and to protect them from high temperatures.
The space between the cylindrical surface of the sample and the wall of
the press mould is filled with SiO2 powder with a particle size of
200–300 μm. The dielectric dispersion medium ensures quasi-static
compression of the sample and removal of the impurity gas released
during the exothermic reaction. The reaction press mould containing the
sample is placed on the worktable of a pneumatic press and connected to

Table 1
Green mixture composition.

Sample Content, at.% Formula

Ti Cr C

1 40 10 50 Ti0⋅4Cr0⋅1C
2 30 20 50 Ti0⋅3Cr0⋅2C
3 20 30 50 Ti0⋅2Cr0⋅3C
4 10 40 50 Ti0⋅1Cr0⋅4C

Fig. 1. Schematic diagram of the experimental setup.

Fig. 2. XRD patterns (1–4) of the synthesized samples with different Cr content
(X = 10–40 at.%). (0) – reference pattern of TiC (PDF2 #01-073-0472).
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the current transformer. After applying an axial load, the electrical
voltage is applied and the sample is heated to ignition.

The effectiveness of the ETE method is highly dependent on the two
main synthesis parameters - the electrical voltage applied to the sample
and the pressure applied to the punch electrode. The choice of the
synthesis parameters was based on our experimental data for samples
with close electrical resistivity and dimensions. Based on the results of
our previous work on the synthesis of carbide ceramics [11–13] and the
results of preliminary experiments, the optimum synthesis parameters
were determined - voltage 10 V, punch load 0.1 bar. The synthesis
process can be divided into two stages. In the first stage, the sample was
heated at a rate of 50 K/s until ignition. As the reaction progressed, the
electrical resistance of the sample decreased and the electrical current
increased from 100 to 2000 A. The maximum temperature of the ther-
mal explosion was about 2500 K. In the second stage, the sample was
sintered for 1 min while the electrical parameters remained practically
unchanged.

2.3. Scanning electron microscopy

The morphology of the samples after ETE was examined using a Zeiss
Ultra plus field emission scanning electron microscope based on the
Ultra 55 (Carl Zeiss AG, Germany) equipped with an INCA 300 energy
dispersive X-ray (EDX) analysis attachment. Electron micrographs were
taken at electron beam acceleration voltages of 20 kV. EDX analysis for
the carbide phase (TiCr)C was performed on 10 points and the results
were averaged.

2.4. X-ray diffraction

After ETE, (Ti,Cr)C samples with different Cr contents were charac-
terized by XRD (X-ray diffraction) using a diffractometer (DRON-3M,
Bourevestnik, Russia) with CuKα radiation (λ = 1.54187 Å). The XRD
patterns were scanned from 25◦ to 80◦ (2Ѳ) in a step scan mode with a
scan increment of 0.02◦ and an exposure time of 10 s. To improve the
accuracy of the unit cell parameter determination, the internal standard
method was used with Si (NIST SRM 640b). Fitting the XRD patterns by
the Rietveld refinement was made with Jana2006 [14] software using
asymmetric pseudo-Voigt functions. The background, zero shift, profile
parameters of the diffraction maxima, unit cell parameters, and phase
content were refined. The structural parameters (site occupancy, atomic
coordinates and thermal factors) of the phases were not refined. The
(Ti1-xCrx)C, Cr3C2 and Cr7C3 carbides were assumed to be carbides with
stoichiometric C content. Profile decomposition of the (220) and (311)
(Ti1-xCrx)C diffraction maxima was performed using the LIPRAS pro-
gram [15].

2.5. Quantum chemical calculations

DFT calculations (VASP 6.3.0 software [16]) were performed with a
plane-wave energy cutoff of 540 eV and a force-convergence tolerance
of 0.01 eV/Å. Formation energies were calculated using the r2 SCAN
metaGGA function, which improves the accuracy of reported thermo-
dynamic data [17]. The self-consistent field was converged to at least
10-6 eV using an 8 × 8 × 8 k grid. The energies of the mixed carbides
were calculated using a special quasirandom structure (SQS) supercell of
40 atoms [18].

Crystal Orbital Hamiltonian (COHP) analysis was performed using
LOBSTER software [19,20], which partitioned the band structure energy
(in terms of orbital pair contributions) into bonding, non-bonding and
anti-bonding energy regions within a given energy range.

3. Results and discussion

3.1. XRD study

Fig. 2 shows the room temperature XRD patterns of the samples 1–4
with different Cr contents. The XRD pattern of TiC (PDF2 #01-073-
0472) is shown for comparison. The XRD results indicate the presence of
several phases, including (TiCr)C, Cr7C3, and Cr3C2. The results of a
quantitative phase analysis using Rietveld refinement are shown in
Table 2.

The main phase of samples 1–3 is the double carbide phase (Ti1-xCrx)
C (Fm-3m), whose diffraction peaks are shifted with respect to those of
TiC. As the Cr content increases, an increase in the content of the
chromium carbide Cr3C2 is observed. At the maximum Cr content
(sample 4), the synthesis leads to the formation of mainly Cr3C2 chro-
mium carbide and the content of the double carbide (Ti1-xCrx)C de-
creases significantly.

A noticeable shift of (Ti1-xCrx)C peaks towards larger angles (Fig. 2)
indicates a decrease in unit cell parameters, which is associated with an
increase in Cr content in the crystal structure of (Ti1-xCrx)C. The atomic
radius of Cr (1.249 Å) [21] is significantly smaller than that of Ti (1.462

Table 2
Phase composition (wt %) of samples after ETE synthesis.

N◦ Cr content in the green mixture
X at. %

Double carbide phase Cr7C3
Pnma

Cr3C2 C
P63mmc

Rwt/GOF
%

(TiCr)C1
Fm-3m

(TiCr)C2
Fm-3m

Pnma Cmcm

1 10 41.8 (5) 51.1 (2) 1.8 (2) 0 2.1 (2) 3.2 (2) 8.9/1.7
2 20 25.8 (4) 66.5 (4) 0 0 5.2 (2) 2.5 (1) 9.0/1.4
3 30 37.9 (2) 49.2 (3) 0 0 12.8 (2) 0 7.8/1.3
4 40 17.7 (3) 28.8 (7) 0 16.7 (5) 36.8 (3) 0 9.2/1.5

Fig. 3. Displacement of (Ti1-xCrx)C the (220) peak depending on the Cr content.
To assess the sample composition (x = 40 %) scaled (I*10) values of Cr3C2
peaks in the spectrum was used.

I.I. Chuev et al. Journal of Solid State Chemistry 341 (2025) 125050 

3 



Å) and the unit cell parameter decreases when Ti atoms are replaced. At
the maximum Cr content in the green mixture (40 at.%), the intensity of
the (220) peak decreases significantly and its position shifts towards
higher angles, indicating that the synthesized sample (4) is saturated
with Cr atoms (Fig. 3).

3.2. Electron microscopy

Micrographs of samples (1–3) show the presence of two structural
components - rounded grains of double carbide (Ti1-xCrx)C (dark areas)
and chromium carbides (light areas) (Fig. 4). According to the EDX
analysis data, the chromium content in the double carbide increases
with increasing chromium content in the green mixture (Table 3). The
results of the EDX measurements represent an integral evaluation of the
chromium content in the (TiCr)C 1 and (TiCr)C 2 phases. The Cr content
values obtained from the EDX measurements are close to the chromium
content in the (Ti,Cr)C 1 and (TiCr)C 2 phases calculated using Vegard’s
law. In the double carbide the carbon content is close to stoichiometric
(Fig. 4).

According to Ref. [8] the wavelength-dispersive spectroscopy anal-
ysis confirms the stoichiometry of carbon at the equilibrium concen-
tration of Cr in the range of 5–15 %. Comparison of the straight lines
plotted according to Vegard’s law shows a complete agreement of the
data between the Haglöf plotted lines the points based on DFT calcula-
tions (red circle dots) and on the experimental data (blue star dots)

Fig. 4. SEM micrographs for samples 1–3 with different Cr content (X = 10–30 at. %) and EDX analysis for sample 1 (X = 10 at. %).

Table 3
Cr content (at.%) in double carbide (Ti1-xCrx)C from EDX and XRD analysis.

Analysis Cr content in the green mixture, X at.%

10 20 30

EDX 10.2 ± 1.4 16.8 ± 1.6 23.8 ± 3.2
XRDa (TiCr)C

1
(TiCr)C
2

(TiCr)C
1

(TiCr)C
2

(TiCr)C
1

(TiCr)C
2

8.9 11.5 16.5 20.0 23.3 28.9

a The chromium content in the (TiCr)C 1 and (TiCr)C 2 phases was calculated
using the Vegard’s law, equation (1).

Fig. 5. Dependence of Cr content vs unit cell parameters.
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(Fig. 5). Considering that the carbon concentration affects the lattice
parameter [22], it is possible to make a statement about the stoichi-
ometry of carbon in double carbide.

3.3. Profile of the double carbide peaks. Quantum chemical clarification
Vegard’s law

The shape of the profile of the double carbide (Ti1-xCrx)C peaks in-
dicates their asymmetry and the possibility of representing the profile as
two pseudo-Voigt peaks. Peaks (220) and (311) were selected for profile
analysis. They were located at the far angles, with minimal overlap
between the double carbide peaks and the chromium carbide peaks
(Fig. 6). The profiles for the (311) peaks are not shown as they are
similar to the (220) peaks. According to the data obtained, the mixture
consists of two double carbide phases with different chromium contents.
In Fig. 6, Tables 3 and 5 these phases are labelled as (TiCr)C 1 and (TiCr)
C 2. Additional peaks at ~61◦ and 63◦ (Fig. 6, X = 40 %) correspond to
chromium carbide Cr3C2.

Based on the data in Tables 3 and 5, the relationship between the
weighted average of the (Ti1-xCrx)C unit cell parameters and the mean
value of the chromium content obtained from the EDX analysis was
plotted (Fig. 5). In the graph, these experimental data are represented by
the star dots ( ). The results for the (TiCr)C carbide, as reported by
Haglöf et al. [8], are represented by the circle dot ( ).

The experimental data obtained are in good agreement with
Vegard’s law, which allows us to establish a correspondence between
the unit cell parameters and the chromium content in the double carbide
(Ti1-xCrx)C. By approximating the experimental data of unit cell
parameter (a) vs. Cr content (at. % Cr) with a linear function, the
following equations are obtained:

%Cr = 851(3) - 196.5(7)⋅a(Å) (1)

Statistical analysis of the experimental points in Fig. 5, when
described by a linear function, gives a value of R2 = 0.99996. The value
of the statistical parameter for Vegard’s law indicates a high degree of
agreement with the linear dependence.

DFT calculations were carried out for structures with a given Cr
content to clarify the data from Vegard’s law. A straight line is used to
illustrate the calculated dependence of the chromium content in double
carbide on the unit cell parameters (□) (Fig. 5). The calculated values
are in good agreement with our experimental data.

3.4. Quantum chemical study of double carbide stability

DFT calculations of the crystal structure without symmetry restric-
tion show changes in the shape and distance between the Cr–Cr layers of
the unit cell as the chromium content increases (Fig. 7).

The stability of double carbide is determined by the ability of the
compound to relax under impact while maintaining the crystal structure
unchanged. DFT calculations showed that dense layers of chromium
atoms form in the crystal structure of the double carbide.

The distance between adjacent layers in Cr–Cr stacks is given in
Table 4. Changes in the chromium content are associated with non-
monotonic changes in the shape of the crystal and consequently with
a change in the distance between Cr–Cr layers. Thus, increasing the
chromium concentration till 25 % leads to an increase in the Cr–Cr
distance between the atoms in the stacks and consequently to an in-
crease in their mobility. At Cr contents of 10 and 20 %, the small dis-
tances can be relaxed by the displacement of the double carbides of the
plane parallel to the stacks, which favours the mobility of the chromium
atoms.

The enthalpy of double carbide formation was calculated using the
DFTmethod as a function of chromium content. The results are shown in
Fig. 8. The lower enthalpy of formation at higher chromium concen-
trations in double carbides indicates that the presence of chromium
destabilizes the (Ti,Cr)C crystal structure.

From Fig. 9 it can be seen that the Fermi level and the partial density
diagram (pDOS) intersect at a point and its value depends on the chro-
mium content in the double carbide. Increasing the chromium content
results in an excess of d-electrons. These additional d-electrons occupy
the unfilled chromium (Cr) orbitals and can affect the electronic struc-
ture and properties of the material. pCOHP analysis of the Ti–Cr and

Fig. 6. Profile of (220) (Ti1-xCrx)C diffraction maximum for different Cr contents. The profiles are shown as two pseudo-Voigt peaks. The solid lines are numbered
constituent peaks. The positions of the peaks for Cu Kα2 radiation are indicated by dots.
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Cr–Cr bonds is shown in Fig. 10.
The pDOS diagram shows that an increase in chromium content leads

to an excess of d* electrons on the π* orbitals (Fig. 9). This has a
destabilizing effect on the double carbide structure. The repulsive

interaction between Cr(π)-Cr leads to destabilization of the double car-
bide crystal structure.

Let’s consider the Ti–Cr bond. At Cr contents up to 25 %, Ti–Cr d-
electrons appear in the bonding region, strengthening the Ti–Cr bond.
Further increase in Cr content >30 % leads to the population of the d-
antibonding orbital, weakening the Ti–Cr interaction.

As for the Cr–Cr bond, binding interactions of Cr–Cr occur at Cr
contents of less than 10 %. A subsequent increase in Cr content (>25 %)
leads to an insignificant population of the d-antibonding orbital. A
further increase in Cr content (30 %) leads to a significant

Fig. 7. Cell shape of double carbide (Ti,Cr)C with different chromium content obtained from DFT calculations. Mark atoms with circles (Cr is dark blue, Ti is light
blue, carbon is black) Vesta software [23].

Table 4
Changes in the distance between the Cr–Cr layers and the cell shape of the
double carbide (Ti,Cr)C with increasing chromium content.

Cr at.% γa, deg. Distance between Cr–Cr layers, Åb Density, g/cm2

10 80.4 5.309 5.03
17.5 72.5 6.849 5.09
20 89.9 5.17 5.15
22.5 90 6.126 5.18
25 72.4 6.66 5.17
30 95 5.081 5.22

a γ - is the angle between axes c and b. The axis a is perpendicular to the plane
of the figure.
b Distance between Cr–Cr layers - shortest distance between symmetrically

connected chromium atoms.

Table 5
Unit cell parameters of (Ti1-xCrx)C.

Double carbide phase Cr content in the green mixture, X at. %

10 20 30 40

(TiCr)C 1 4.2965 (2) 4.2578 (1) 4.2228 (5) 4.2234 (3)
(TiCr)C 2 4.2834 (9) 4.2396 (2) 4.1946 (3) 4.1954 (4)
Weighted average value 4.2860 (1) 4.2442 (3) 4.2070 (1) 4.2059 (1)
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destabilization of the double carbide. Thus, the chromium content plays
an important role in the stability of the double carbide (Ti1-xCrx)C. Joint
pCOHP analysis of the Cr–Cr and Ti–Cr bonds provides an opportunity to
evaluate the chromium content (25 at.%), allowing a distinction to be
made between a stable carbide and an unstable one.

4. Conclusion

1. The double carbide with a chromium content of 10÷ 30 at% (Ti,Cr)C
was prepared by electrothermal explosive synthesis. The ETE tech-
nique makes it possible to obtain dense carbide ceramics in a single
technological step with minimum dwell time at high temperature.
The essence of the ETE method is the heating of the reaction sample
by direct passage of electric current. Rapid heating causes

exothermic interaction of the reagents, resulting in ignition of the
entire sample.

2. The unit cell parameter of the double carbide (Ti,Cr)C decreases
linearly with increasing chromium content. The experimental data
are in good agreement with Vegard’s law and by approximating the
data with a linear function, the following equations are obtained:

%Cr = 851(3) - 196.5(7)⋅a(Å)

The DFT calculations also confirmed the linear dependence of the
unit cell parameter (Ti,Cr)C on the Cr content and show changes in the
cell shape and the distance between the Cr–Cr layers of the unit cell with
increasing chromium content.

3. The pDOS diagram shows that an increase in chromium content leads
to an excess of d* electrons on the π* orbitals, which has a destabi-
lizing effect on the double carbide structure.

The pCOHP analysis also showed that the occupancy of d-electrons
near the Fermi level, including the Cr (d*) antibonding orbitals, affects
the stability of the double carbide structure.

The weakening of the Ti–Cr and Cr–Cr bonds in the double carbide
sublattice within the (Ti, Cr)C compound can lead to the breakdown of
the Ti and Cr framework.
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