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Abstract 

In the present manuscript the authors have systematically investigated the 

composition and microstructure of a series of ternary nitrides (TixV1-xNy) (0.0 ≤ x ≤ 1.0) 

prepared by mechanosynthesis, using XRD, SEM, EELS, XAS and TGA. The ternary 

titanium-vanadium nitride (TixV1-xNy) has been obtained in all range of compositions by 

the mechanical treatment of the two metals under nitrogen pressure in a planetary mill 

with a maximum milling time of 3 h and without any post-heating treatment. The 

materials’ microhardnesses were measured after sinterisation and compared to those 

reported in literature for these types of materials. When compared with the previously 

reported data for bulk samples, these values are similar or higher for compositions 

within the range x = 0.5 to x= 0.77 (TixV1-xN).  

 

1. Introduction 

Traditional applications of metal nitrides include cutting tools, structural materials 

[1,2] magnetic and electric components [3], superconducting devices [4,5] and 

industrial catalysts [6,7]. Ternary transition metal nitrides exhibit similar, and 

sometimes improved, properties to those of binary nitrides when used as electrode 

materials for supercapacitors and catalysts. Structural and compositional control of 

these materials may exert a crucial influence on their overall performance, and the 

formation of ternary metal nitrides may widely expand the properties of this class of 

materials. Despite many years of intensive effort by several research groups, the number 

of known ternary nitrides is trivial if compared with the known ternary oxides or 

sulphides. This difference is clearly due to the difficult synthesis of ternary nitrides and 

also to their instability with respect to that of oxides. However, after several decades of 

dedicated research, advances in inorganic nitride chemistry have accelerated 
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dramatically over the past 5–10 years, and novel synthetic strategies have been 

developed. The traditional synthetic methods for generating these types of compounds 

include the amonolysis of ternary oxides [8,9] and metal alloys [10-12]; solid state 

reactions using chlorides, nitrates, and pre-structured oxides [13-19]; and deposition 

methods [20-25]. Information in the literature concerning titanium-vanadium nitride has 

shown the superior performance of such coated ternary compounds to those of both pure 

TiN and VN, with respect to their hardnesses and tribological environments [26-38]. A 

small addition of vanadium to titanium nitride improved the supercapacitor properties of 

TiN [39]. Traditionally, titanium and vanadium nitrides have been synthesised as thin 

films using different deposition methods, such as cathodic arc deposition [31], cathodic 

magnetron sputtering [32], reactive magnetron sputtering [33-35], or chemical vapour 

deposition, [36-38,40,41] or by the direct nitridation of metal alloys [42-45]. To our 

knowledge, only two works have reported the preparation of TixV1-xNy in bulk. Fischer 

et al. [46] obtained this compound by infiltrating a mixture containing the two precursor 

metals into mesoporous carbon nitride, heating and then decomposing the carbon 

nitride. In that study, mesoporous graphitic carbon nitride was used as both a 

nanoreactor and a reactant for the synthesis of ternary metal nitride nanoparticles. 

Moreover, we have previously demonstrated that this material could be obtained from 

the carbothermal reduction of oxide mixtures under a nitrogen atmosphere [47].
 

In the present study, we synthesised pure titanium-vanadium nitride by 

mechanically treating the two metals under nitrogen pressure, in a planetary mill and 

with a milling time of 3 h; no post-heating treatment was applied. The final products 

obtained from this method were characterised and compared with the final products 

obtained using a thermal procedure.  

  

2. Experimental  

2.1. Materials:   

 Vanadium (V) [262935, 99.5 %, < 325 mesh, Aldrich], Titanium (Ti) [93-2267, 99 

%, < 325 mesh, Strem Chemicals] and nitrogen gas (N2) [pure, H2O ≤ 3 ppm, O2 ≤ 2 

ppm, y CnHm ≤ 0.5 ppm, Air Liquide] were used as precursors. 

2.2.Methods:  

 V and Ti powders were milled under the pressure of high purity N2 at 11 bars using 

a modified planetary ball mill (Fritsch, model Pulverisette 7). A steel vial of 45 cm
3
 was 

used with 6 steel balls and 5 g of metal mixture. The diameter and the weight of the 
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balls were 15 mm and 13.85 g, respectively, and the powder-to-ball mass ratio was 

1:16. The vial was purged with N2 several times, and the desired N2 pressure was then 

adjusted prior to milling. The vial and the gas cylinder were connected through a rotary 

valve and a flexible polyamide tube, which allowed working pressures up to 27 bars. 

The rotary valve can operate up to 25000 rpm under pressures ranging from vacuum to 

70 bars. As such, the vial is permanently connected to the gas cylinder that supplies gas 

at its desired pressure throughout the entire process. A rotation rate of 700 rpm was 

always employed for the supporting disc and the superimposed vial in the opposite 

direction.  

 Characterization of the final products (ternary nitrides) was performed using the 

following techniques:  

2.2.1. X-ray powder diffraction (XRD). Patterns were collected with a Siemens D501 

instrument equipped with a scintillation counter using Cu Kα radiation and a 

primary graphite monochromator. The goniometer scanning rate was of 0.4 

ºmin
-1

. The average diameter of the coherently diffraction domain was 

calculated with the Scherrer method [48] using the (200) diffraction peak of 

TixV1-xNy. The lattice parameter refinement corresponding to the final product 

was also calculated from the entire set of XRD peaks using the Lapods computer 

program [49] and assuming a cubic symmetry for TixV1-xNy. 

2.2.2. The iron content contamination of the milling samples was analysed by 

permanganimetry.  

2.2.3. The composition analysis was performed with a high-resolution transmission 

electron microscope (HRTEM, Philips CM200, Eindhoven) with a super twin 

objective lens and working at 200 kV with a LaB6 filament. The instrument is 

equipped with a parallel electron energy loss spectrometer (EELS, Model 766-

2K, Gatan, München, Germany). For its observation, the sample was embedded 

in a resin, then a film of 100 nm was cut and the sample was supported on a 

holey carbon grid. The N, Ti and V core-loss edges were recorded in the 

diffraction mode with a camera length of 470 mm using a 2-mm spectrometer. 

The entrance aperture yielded an energy resolution at a zero-loss peak of 1.4 eV. 

The spectra were recorded for dark current and channel-to-channel gain 

variation. After subtracting the background using a standard power-law function, 

the spectra were deconvoluted for plural scattering applying the Fourier-ratio 



Page 4 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 4 

method and normalised to the jump. All of these treatments were performed 

within the EL/P program (Gatan). 

2.2.4. The X-ray absorption spectra (XAS) at Ti-K (E = 4965 eV) and V-K (E = 5465 

eV) edges for the sample Ti0.5V0.5N0.94 were recorded at the synchrotron 

radiation source ESRF in Grenoble, France, at station BM29. The ring energy 

was 6 GeV, and the maximum stored current was 200 mA. A double crystal Si 

(311) monochromator was used. Higher harmonic rejection was performed by 

detuning both crystals by 50 % of the intensity of the first harmonic. 

Measurements were conducted at room temperature in the transmission 

detection mode using detectors with 45-cm ionisation chambers that were filled 

with the appropriate gas mixtures. The amount of sample used was calculated to 

attain the optimal absorption of x = 2.5. Because the required amount of 

sample was rather small (a few milligrams), it was mixed with BN to reach the 

minimum size to construct a self-supporting pellet. 

2.2.5. Microstructural observations were conducted using scanning electron 

microscopy (SEM, model JSM 5400 Jeol). The images were recorded at 30 kV. 

The sample powders were dispersed in ethanol and supported on a metallic grid. 

2.2.6. Vickers microhardness measurements (FM-700, Future-Tech, Hardness tester) 

were conducted on the pellet cross-sections under a load of 1 kgf for 15 s. The 

average microhardness was calculated from 20 indents per specimen. 

 

3. Results and discussion 

 

A range of ternary titanium vanadium nitride (TixV1-xNy) composites have been 

prepared by milling a mixture of these metals for different time periods under nitrogen 

pressure (11 bars). Figure 1 shows the XRD pattern of the Ti0.50V0.50N0.94 sample at 

different grinding times and the pattern corresponding to the starting metals as well. The 

XRD patterns indicated that titanium vanadium nitride was formed from the mixture of 

the two metals by milling under nitrogen. XRD diagrams that represent 0 to 165 min of 

milling time showed Ti and V peak broadening that increased with milling time due to 

the refinement of the crystallite size and the formation of defects and microstrains. 

Moreover, the grinding between 120 and 165 min showed emergent diffraction peaks at 

2= 37 and 43 that correspond to a ternary nitride (JCPDF-89-5212). When grinding 

time was increased in 15 min, thus reaching 180 min, the XRD patterns evidenced only 
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ternary nitride peaks. This result confirms that the reaction proceeded through a 

combustion-like process (MSR). To verify this particular, the nitrogen pressure was 

continuously monitored during the milling process by a SMC Solenoid Valve (model 

EVT307-5DO-01FQ, SMC Co.) that was connected to a data acquisition system 

ADAM-4000 series (Advantech Co. Ltd.). When the MSR occurred, the increasing 

temperature induced by the exothermic reaction produced an instantaneous increase in 

the total pressure. The ignition time of the sample (e.g., the milling time required to 

produce the combustion process) is deduced from the time–pressure record, being about 

172 min. Additional grinding causes an increase in the nitrogen content and diffraction 

peaks broaden.  

Figure 2 shows the XRD pattern of sample Ti0.75V0.25N0.96. When a grinding time of 

4 h is applied, the nitridation reaction is initiated. The reaction continues gradually but 

doesn’t get completed after 9 h of milling. This result confirms that the reaction occurs 

through a diffusion process. 

Table 1 lists the different ternary nitride compositions, process type, ignition time 

and grinding time. It was possible to obtain a wide range of composites with different 

mechanisms. 

The actual compositions were obtained by EDX using the SEM. The iron content 

contamination of the milling samples was analysed by permanganimetry, reaching a 

maximum value of 2.5 %. The iron was completely removed by rinsing the samples 

with diluted hydrochloric acid. The nitriding percentage was calculated by 

thermogravimetric analysis (TGA), an indirect method of analysis. The TGA diagrams 

for the samples were recorded from room temperature to 1500 ºC, at a heating rate of 5 

K/min, using a nitrogen flow of 150 cm
3
/min and at a pressure of 1 bar. The nitriding 

percentage was calculated from the mass gain, assuming a stoichiometric nitride as the 

final product; all results are shown in Table 2.  

The considerable broadening of the ternary nitride XRD peaks in all cases suggests 

that this phase always exhibited a very refined microstructure. The crystallite size of the 

final product was estimated using the Scherrer equation, and the values are included in 

Table 3. The solid state reactions induced by ball milling occurred during the collisions 

between balls and the powder. The reaction progressed through multiple events with 

very short reaction times. Under these conditions, crystal growth of the new phase was 

hindered, generally leading to products with a nanometre microstructure. The dimension 

of the TixV1-xNy cubic unit cell was determined from the entire set of XRD peaks 
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recorded for 2 values ranging from 10º to 90º. Least squares fitting of the XRD peaks 

was conducted with Lapods program, and the values are shown in Table 3. The lowest 

value obtained for the lattice parameters as compared with de Vegard´s results, suggests 

that a nonstoichiometric compound was obtained, and this value is in good agreement 

with the nitrogen percentage shown in Table 2. Studies for several transition metals 

with composition MNx [50-52] have reported that the a parameter is very sensitive to 

the nitridation level. 

The nitrogen content in the ternary nitride composites was also calculated using 

EELS analysis by recording core-level absorption edges at a microscopic level. Figure 3 

shows the N-K, Ti-L2-3 and V-L2–3 edges for the different samples prepared in this 

present work. The N-K edge peak is exhibited in all samples with the same shape, 

indicating that the materials share the same homogeneous structure and zones with 

similar elemental atomic ratios. The composition of the materials was determined by 

integrating the number of counts under the peaks and employing the relevant cross-

sections that were provided by Gatan EL/P software. The representative results from the 

quantitative analysis performed from Figure 3 are shown in Table 4. The EDX and TGA 

values are also listed in Table 4. These results are in good agreement, and the small 

discrepancies between the EELS and TGA values might be explained by a percentage of 

the sample undergoing amorphisation; this is possible because the mechanosynthesis 

method employed induces a high degree of amorphisation. Thus, Ti0.5V0.5N0.94 was also 

characterised by XAS analysis; this technique can analyse both crystalline and 

amorphous samples. The normalised XANES spectra for the Ti-K and V-K absorption 

edges appeared at 4966 and 5465 eV, respectively (Figure 4). The Ti-K and V-K edges 

are sensitive to the coordination environment and the oxidation states of Ti and V 

compounds. Therefore, the overall shape of this material was used as a fingerprint and 

compared with the shapes of other crystalline compounds with known structure [53]. 

The XANES data are similar to the spectrum obtained for TiN and VN compounds. The 

EXAFS oscillation intensity of the spectra is rather low, indicating that these samples 

should exhibit a high degree of amorphisation. The spectra for the starting models 

corresponded to the crystalline structures of the species Ti-bcc, V-bcc, TiN-fcc and VN-

fcc. A single free parameter a, which is the lattice parameter, was used to allow the 

coherent variation of the coordination distances for all coordination shells. The 

respective coordination numbers were fixed to those of perfect crystal structures. The 

Debye–Waller factors (σ2
) were allowed to vary independently for each coordination 



Page 7 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 7 

shell. Due to the highly distorted nature of these milled samples, the static disorder 

caused by the deformation from the ideal structure induced a coordination distance 

spread around the average values. This large disorder is due to the large number of 

defects, and a detailed explanation of the adjustment of the disorder is reported in a 

previous work [54]. This variable (D) ranges from 0, for a sample with atoms lacking 

any order even in the first coordination shell, to 1, if the sample is a perfect crystal. A 

summary of the results is given in Tables 5 and 6. These results are in good agreement 

with the results from X-ray analysis shown in Table 3.  

To complete the characterisation, a morphology study of the different samples 

was performed using SEM. Figure 5 displays SEM images illustrating the morphologies 

of three prepared samples. The microstructures of all samples were similar, being 

characterised by agglomerated grains with sizes ranging from 0.2 to 1 m, formed by 

highly dense, spherical, nanometre sized particles. 

Finally, the samples were sintered to measure their microhardness. First, green 

bodies were obtained as pellets that contained 400 mg of sample by isostatic pressing. 

The samples were then sintered at 1750 ºC for 1 h under a helium atmosphere. The 

morphology studies for the different samples are shown in Figure 5. A large 

densification, approaching full density, was observed (Table 7). The microhardness 

values of the current samples and those of samples previously reported using a thermal 

method are also shown in Table 7 [47]. These data are in good agreement with the 

microhardness-composition relationship, as demonstrated in the literature [28-32,35-

36,55-56] for these materials. The above cited authors have shown that the 

compositions between x = 0.5 and 0.77 (TixV1-xN) correspond to the materials with the 

highest microhardness and that the best microhardness results correlate to sample 

compositions with high stoichiometry. Additionally, the microhardness values for the 

ternary nitride composites were lower than those obtained by these authors (2000-4000 

Hv). However, all of these results correspond to films, and it is known that dense films 

with a high defect concentration can produce microhardness values far above those 

corresponding to bulk samples [55]. When these values are compared with some others 

previously studied for bulk samples [47], it can be seen that they are similar or higher 

for the compositions between x = 0.5 and 0.77 (TixV1-xN).  

 

4. Conclusions 
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Bulk samples of ternary nitrides ranging in different compositions were rapidly obtained 

by mechanical treatment at room temperature. The materials richest in titanium and 

vanadium were produced through a combustion process in 3 h and a diffusion process in 

9 h, respectively. Reactive milling is a good method to obtain these types of compounds 

because it is inexpensive if compared with deposition and thermal techniques. The 

employed characterisation methods indicate that the materials exhibited nanometre 

particle sizes, high sinterabilities and high microhardnesses.        
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Figure captions 

 

Figure 1. XRD patterns of sample Ti0.50V0.50 at different grinding times. 

 

Figure 2. XRD patterns of sample Ti0.25V0.75 at different grinding times. 

 

Figure 3. N-K, Ti-L2-3 and V-L2–3 edges of the differently prepared ternary nitrides.  

 

Figure 4. Normalised XANES spectra of the following absorption edges are shown: a) 

Ti-K and b)V-K. 

 

Figure 5. SEM micrographs illustrating the morphology of three powder and sintered 

samples are presented with the following composition: a) Ti0.11V0.89N0.91,b) 

Ti0.50V0.50N0.94, and  c) Ti0.86V0.14N0.92, respectively. 

 

 

Table captions 

 

Table 1. Parameters of the mechanical treatment of the Ti-V mixture under nitrogen 

atmosphere: grinding and ignition times and the mechanism. 

 

Table 2. The chemical compositions of the different ternary nitrides prepared. 

 

Table 3. The parameters obtained from the x-ray data of the prepared samples are: size 

particle, strain and lattice. 

 

Table 4. A composition comparison of the ternary nitrides obtained from different 

techniques. 

 

Table 5. The fitting EXAFS parameters of edge K-Ti for sample Ti0.5V0.5N0.94. N is the 

coordination number (fixed to crystalline values), R is the coordination distance 

(calculated from the lattice parameter), σ
2
 is the Debye–Waller factor (independent 

variable for each shell) and D is the coordination number reduction factor. 

 

Table 6. The fitting EXAFS parameters of edge K-V for sample Ti0.5V0.5N0.94. The 

variables are described in Table 5. 

 

Table 7. The densification and microhardness of the ternary nitrides studied. 
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Sample Mechanism Ignition time(min) Grinding time(min) 

Ti0.86V0.14N 

Ti0.75V0.25N 

Ti0.50V0.50N 

Ti0.25V0.75N 

Ti0.23V0.77N 

Ti0.11V0.89N 

Combustion 

Combustion 

Combustion 

Diffusion 

Diffusion 

Diffusion 

182 

164 

172 

- 

- 

- 

200 

200 

540 

540 

540 

540 
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Sample Ti/V (EDX) Composition %Fe %N 

Ti0.86V0.14N 

Ti0.75V0.25N 

Ti0.50V0.50N 

Ti0.25V0.75N 

Ti0.23V0.77N 

Ti0.11V0.89N 

6.14 

3.00 

1.00 

0.33 

0.30 

0.12 

Ti0.86V0.14N0.92 

Ti0.75V0.25N0.96 

Ti0.50V0.50N0.94 

Ti0.25V0.75N0.87 

Ti0.23V0.77N0.95 

Ti0.11V0.89N0.91 

2.5 

1.2 

2.0 

1.8 

2.3 

1.7 

92 

96 

94 

87 

95 

91 
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Sample D(nm) <e> x10
3 

a (Å) a (Å) Vegard 

TiN 

Ti0.86V0.14N0.92 

Ti0.75V0.25N0.96 

Ti0.50V0.50N0.94 

Ti0.25V0.75N0.87 

Ti0.23V0.77N0.95 

Ti0.11V0.89N0.91 

VN 

- 

5.7 

5.3 

5.0 

5.5 

5.4 

5.6 

- 

- 

0.951 

0.987 

1.432 

1.276 

0.832 

0.765 

- 

- 

4.207 

4.217 

4.168 

4.137 

4.128 

4.120 

- 

4.242 

4.227 

4.215 

4.190 

4.165 

4.154 

4.150 

4.140 
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Sample Ti/V EDX Ti/V EELS Ti/N TG Ti/N EELS 

Ti0.84V0.16N0,92 

Ti0.75V0.25N0,96 

Ti0.50V0.50N0,94 

Ti0.25V0.75N0,87 

Ti0.23V0.77N0,95 

Ti0.11V0.89N0,91 

6.14 

3.00 

1.00 

0.27 

0.30 

0.12 

6.00 

3.03 

1.02 

0.33 

0.30 

0.13 

0.93 

0.78 

0.53 

0.29 

0.24 

0.12 

0.89 

0.73 

0.57 

0.28 

0.19 

0.09 
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Sample TiN-fcc (90%) Ti Metal-fcc (10%) 

D 0.56 0.99 

Lattice parameter 4.17 4.27 

shell 
1ª 

(N) 

2ª 

(Ti) 

3ª 

(N) 

4ª 

(Ti) 

1ª 

 

2ª 

 

N 6 12 8 6 12 6 

R (Å) 2.09 2.95 3.61 4.17 3.02 4.27 

σ (Å
2
) 0.0037 0.014 0.020 0.023 0.003 0.007 
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Sample VN-fcc (75%) V Metal-bcc (25%) 

D 0.73 0.99 

Lattice parameter 4.17 3.17 

Shell 
1ª 

(N) 

2ª 

(V) 

3ª 

(N) 

4ª 

(V) 

1ª 

 

2ª 

 

N 6 12 8 6 8 6 

R (Å) 2.09 2.95 3.61 4.17 3.02 3.17 
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Sample Densificación (%) Microhardness (Hv) Microhardness (Hv). ref. 47 
Ti0.86V0.14N0.92 96 1336 1355 

Ti0.75V0.25N0.96 94 1425 1300 

Ti0.50V0.50N0.94 96 1376 1100 

Ti0.25V0.75N0.87 98 1166 1141 

Ti0.23V0.77N0.95 97 1157 1140 

Ti0.11 V0.89N0.91 96 1277 1262 

 

 

Table


