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The influence of the pressure of a mixed gaseous atmosphere (80%C2H2+20%N2) and the supply of a high-

voltage negative potential in a pulsed form on the elemental and phase composition, structure and physico-

mechanical characteristics of the vacuum-arc molybdenum-based coatings. It is shown that in the temperature 

deposition range 400…550 °С as a result of plasma-chemical reactions, the maximum nitrogen atoms content in the 

coating does not exceed 1.5 at.%. It is found, that at the maximum pressure of РC
2

H
2

+N
2
= 2.3∙10

-1 
Pа when the γ-MoC 

phase is formed, an superhard state of 50.5 GPa (at a constant potential -200 V, without additional high-voltage 

pulse action) and 51.1 GPa (at a constant potential -200 V, with additional high-voltage pulse action) is reached.  

 
INTRODUCTION 

Structural engineering is in recent years the main 

method for obtaining coating materials with unique 

structural states [1, 2] and functional properties [3–5]. 

Non-equilibrium conditions for the coatings formation 

allow stabilizing high-temperature phases [6], 

nanostructured high-hard composite materials [7, 8], 

multi-element (high-entropy) materials based on simple 

crystal lattices (bcc, fcc, hcp [9]). Such materials have 

good tribological characteristics [10], high hardness and 

resistance to radiation impact [11]. 

To control the energy characteristics of the coatings 

deposition, the plasma-based deposition with ion 

implantation technology has proven itself [12, 13]. With 

this technology, the supply of a negative high voltage 

potential of 1…2 kV in a pulsed mode (with millisecond 

duration) to the substrate leads to grain refinement [13], 

stress relaxation [14] and, in many cases, to a large 

misorientation of crystal growth directions [15]. In this 

case, the use of high-voltage pulses makes it possible to 

increase the functional properties of not only single-

layer but also multilayer systems (for example, Ti/TiN 

[16], Ag/Zn [17], etc.). Also, the positive effect of the 

increase in properties under high-voltage pulse action is 

noted during the reactive deposition of TiN coatings in a 

gas mixture of 80%N2+20%H2 [18]. Considering the 

above (pulse stimulation of deposition in a gas mixture), 

however, the greatest influence of high-voltage pulse 

stimulation should be expected during the reactive 

deposition of coatings in a gas mixture containing 

nitrogen and carbon compounds. Comparative 

experiments have shown that the use of a mixture of 

gases C2H2 and N2 is most advanced for the creation of 

coatings [19]. The coatings obtained in the C2H2+N2 gas 

mixture have high performance characteristics [20], low 

friction coefficient [21], high mechanical properties [22, 

23], and also for a number of systems, it is possible to 

obtain an advanced “nitride-DLC” composition [24, 25]. 

It should be taken into account that at high 

temperatures the nitrides of most transition metals are 

less thermodynamically stable than the corresponding 

carbides. As a result, nitrides interact with carbon to 

form the corresponding carbides or carbonitrides and 

release nitrogen gas. With increasing temperature, the 

process of nitrides interaction with carbon accelerates 

and is directed towards formation of the corresponding 

carbide and gaseous nitrogen. 

Molybdenum nitrides are unstable in a carbon-

containing medium at temperatures above 800 °C 

(2Mo2N+2C = 2Mo2C+N2 reaction is realized [26]). The 

process of carbides formation can be further activated if 

the predominant formation is carried out in a carbon-and 

nitrogen-containing plasma with a high degree of 

ionization, which is achieved by using a vacuum arc 

method. In this case, the temperature of preferential 

carbide formation can be significantly reduced. 

The aim of this work is to analyze the influence of 

the pressure (from 80%C2H2+20%N2 gas mixture), as 

well as the high-voltage pulse potential on the phase 

composition, structure and physico-mechanical 

characteristics of Mo-based vacuum-arc coatings. 



 

1. EXPERIMENTAL DETAILS 

The coatings were obtained by vacuum-arc method 

on the modernized unit “Bulat-6”. The pressure of the 

working (C2H2+N2) atmosphere during deposition was 

P = (0.23…2.3)·10
-1 

Pа. The deposition rate was about 

2 nm/s. Deposition was carried out on the surface of 

samples 20x20x2 mm from steel 12Cr18Ni10Ti (analog 

of stainless steel SS  321) austenitic steel 

(Ra = 0.09 μm). 

MChVP molybdenum was used as cathode material. 

During deposition, a constant negative bias potential 

(Ub) of  -200 V was fed to the substrate. 

In a number of experiments, a pulsed mode (with a 

duration of 7 μs) was used supplying a high-voltage 

potential to the substrate with the value Uip = -2000 V to 

stimulate accelerated diffusion without significant 

surface heating. 

The gas mixture (C2H2+N2) was created using a gas 

mixture generator (GMG) (Fig. 1) and is implemented 

in two stages. At the first stage, a preliminary cyclical 

blowing of the mixing chamber by one of the gases 

included in the mixture is carried out. In the second 

stage, a direct mixture is created by sequentially gases 

supplying to the mixing chamber up to corresponding to 

a specified percentage of them in the mixture partial 

pressures.  
The main advantages of this method are: it is no 

need to ensure the equality of the inlet pressure of gases 

and their dosing in batches of equal volume [27]. 

 
 

Fig. 1. Block diagram of GMG: A, B, C – cylinders with 

gases; MC – mixing chamber; CS – control system;  

RA, RB, RС – reducers; CVA, CVВ, CVС – controlled 

valves; BV – blow down valve; Vout – the output valve;  

S – pressure sensor 
 

The phase-structure analysis was carried out by      

X-ray diffractometry in Cu-kα radiation using a  

DRON-4. To monochromatize radiation, a graphite 

monochromator was used, which was installed in a 

secondary beam (in front of the detector). The study of 

the phase composition, structure (texture, substructure) 

was carried out using traditional X-ray diffractometry 

techniques by analyzing the position, intensity, and 

shape of the diffraction reflection profiles. To identify 

the diffractograms, the tables of the international 

diffraction data center “Powder Diffraction File” were 

used. 

The substructural characteristics (microdeformation 

<ε> and the crystallite size L) were determined by the 

approximation method, i. e. varying the width of the 

diffraction reflections from several orders of reflections 

[28]. 

The hardness was measured by a microindentation 

method with a diamond indentor (Vickers pyramid) at 

50 g loads. The study was performed on a 402MVD 

microhardness testing device designed by Instron 

Wolpert Wilson Instruments. 

The elemental coating composition was studied with 

the Quanta 200 3D Electron-Ion Scanning Microscope. 

To determine the adhesive strength, a Revetest 

scratch tester (CSM Instruments) was used. Diamond 

spherical indenter “Rockwell C” with a curvature radius 

of 200 μm, were applied with a continuously increasing 

load. At the same time, the power of the acoustic 

emission (AE) signal, the friction coefficient and 

penetration depth of the indenter, as well as the 

magnitude of the normal load were recorded. 
 

2. RESULTS AND DISCUSSION 
 

An energy-dispersive analysis of the elemental 

composition of the coatings obtained in the gas mixture 

(80%C2H2+20%N2) plasma did not reveal the presence 

of nitrogen in coatings obtained at low pressure 

P = (2.3…5.3)∙10
-2

 Pа. In coatings obtained at the 

highest pressure 0.23 Pа (optimal for achieving the 

highest mechanical properties [9]), the nitrogen content 

was about 1.5%. 

It should be noted that the pulsed high-voltage 

potential supply (for stimulation of physicochemical 

reactions on the surface during deposition of coatings) 

leads to a decrease in the relative content of nitrogen 

atoms to a zero value even at high pressures of the 

working atmosphere.  

Analysis of the phase composition and structural 

state of the coatings was carried out by X-ray diffraction 

method and showed that at low pressures MoC phase 

with a cubic crystal lattice (structural type NaCl) and 

texture with the axis [111] (Fig. 2,a) is formed. The 

lattice period is a = 0.4563 nm. The average crystallite 

size of the MoC phase (in the direction of the texture 

axis [111]) is about 20 nm.  

At higher pressure and low energy (because of its 

collision loss in the inter electrode gap), a γ-MoC phase 

(PDF 45-1015) with a hexagonal crystal lattice is 

formed (see Fig. 2,a, spectra 2 and 3). At higher 

pressures (when forming a more complex type of crystal 

lattice and in the absence of texture), the crystallites 

have a smaller average size (about 9.5 nm).  
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Fig. 2. X-ray diffraction spectra of coatings obtained in a mixed 80%C2H2+20%N2 atmosphere at Ub = -200 V (a) 

and Ub = -200 V, Uip = -2000 V (b). The pressure during deposition was:  

1 – 2.3∙10
-2 

Pа; 2 – 5.3∙10
-2 

Pа; 3 – 0.23 Pа 
 

The additional use of Uip during coating deposition 

does not lead to a qualitative change in the phase 

composition (see Fig. 2,b). In this case, the Uip supply 

leads to a change in the lattice period and the average 

crystallite size. The lattice period of the MoC phase is 

0.4552 nm. This value is less than in coatings obtained 

without Uip. The reasons for this decrease in the period 

are: the relative decrease in the carbon atoms content in 

octahedral interstices and the partial relaxation of the 

compression stressed state [29]. The average crystallite 

size is 16 nm.  

At high pressures (5.2∙10
-2

…2.3∙10
-1

 Pа) a γ-MoC 

phase is formed with crystallites of medium size about 

9 nm. 

Thus, the use of Uip leads to a decrease in the 

average crystallites size. This may be due to an increase 

in the crystallites nucleation sites [29] and a decrease in 

the lattice period (i. e., formation of a denser state). 

Hardness, adhesion resistance, friction coefficient 

and acoustic emission were studied as functional 

physico-mechanical characteristics. 

The most universal mechanical characteristic of 

coatings was hardness [9]. Fig. 3 shows the generalized 

hardness dependence on P during deposition without Uip 

(curve 1) and when using Uip (curve 2). As can be seen, 

the greatest hardness is achieved at the highest pressure 

0.23 Pа. According to the XRD-data, this corresponds to 

the formation of a single-phase (γ-MoC phase with a 

hexagonal lattice) state. In this case, nanometer-sized 

crystallites are formed (about 9.5 nm (without Uip) and 

9 nm (with Uip)).  
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Fig. 3. Dependence of the coatings microhardness on 

the pressure of 80%C2H2+20%N2 gas mixture at  

Ub = -200 V (1) and Ub = -200 V, Uip = -2000 V (2) 
 

It should be noted that at low pressures hardness is 

higher in coatings obtained without Uip (see Fig. 3). 

Higher values of hardness under the action of Uip are 

achieved at the highest pressure 0.23 Pа during 

deposition. 

Adhesion strength determined by the scratch test 

method is relatively large. The critical load of coating 

(Lc5) damage is 47.2 N (without Uip) and 46.2 N (with 

Uip). At a critical load, cracks appear on the coating 

surface, which shape is shown in Fig. 4. 

 
Fig. 4. The surface crack formed in the coating after 

critical loading 

To record the acoustic emission (AE) signal and the 

friction coefficient, the tests were performed under the 

following conditions: the load on the indenter increased 

from 0.9 to 70 N, the speed of the indenter movement 

was 1 mm/min, the scratch length was 10 mm, the load 

rate was 6.91 N/min, the signal discreteness frequency 

was 60 Hz, the power of the acoustic emission signal 

was 9 dB. Fig. 5 shows the dependence of the change in 

the average values of the acoustic emission amplitude 

(see spectrum 1, Fig. 5) and the friction coefficient (see 

spectrum 2, Fig. 5) on the load on the indenter and the 

displacement length for scratch testing. 

It can be seen that the curve of the change in the 

acoustic signal power has a peak at 20 N (coating 

without Uip, Fig. 5,a) and several similar peaks for the 

second type coating (see Fig. 5,b). In this case, for the 

second coating, such peaks are less intense. The 

presence of such peaks, as is known [10], indicates the 

defects formation in the coating material (cracks). Thus, 

in the first type coatings, larger cracks are formed, but 

in a relatively smaller amount. In the second type 

coatings, smaller defects are formed, but in a larger 

amount. If we compare it with the structural data, we 

see that in the first type coatings the average grain size 

is larger than in the second type coatings. Thus, if the 

appearance and propagation of a crack occurs at 

weakened places near the grain-crystallite boundary, 

then such a mechanism is in good agreement with the 

results obtained during the study of acoustic emission.    

 
a 

 
b 

Fig. 5. Change in averaged values of the acoustic 

emission amplitude (spectrum 1), and the friction 

coefficient (spectrum 2) during scratch testing of 

coatings obtained at Ub = -200 V (a) and Ub = -200 V, 

Uip = -2000 V (b) (P = 0.23 Pа) 
 

It can be seen that the friction coefficient varies with 

the formation of such cracks. This is determined by the 

peaks (along with the cracks formed according to 

acoustic emission data) appearing from the friction 



 

dependence on the displacement length during scratch 

testing. 

The friction coefficient in the initial section (before 

the first cracks are formed) at a load of about 10 N is 

0.14 (for the first type coatings) and 0.13 (for the second 

type coatings). In areas close to the coatings damage (at 

a load of more than 30 N), the friction coefficient for 

coatings of both types is about 0.4. 
 

CONCLUSIONS 
 

It is determined that molybdenum carbide is formed 

in the temperature range of 400…550 °C during 

deposition as a result of plasma chemical reactions in 

the coating formed in the C2H2+N2 gas mixture. Thus, 

carbide-based coatings are more effective for high-

temperature applications, when nitrides are less stable 

than carbides.   

When the gaseous atmospheric composition is 

80%C2H2+20%N2, the maximum content of nitrogen 

atoms in the coating does not exceed 1.5 at.%. The 

supply of a pulsed high-voltage potential (for 

stimulation of physicochemical reactions on the surface 

during deposition of coatings) leads to a decrease in the 

relative content of nitrogen atoms in the coating. 

At a low pressure P = 2.3∙10
- 1 

Pа, a MoC phase is 

formed with a cubic (structural type NaCl) crystal lattice 

and texture with the axis [111]. 

At a higher pressure P = 5.2∙10
-2 

…2.3∙10
-1

 Pа, a      

γ-MoC phase is formed with a hexagonal lattice. The 

supply of a high-voltage potential in a pulsed form leads 

to a decrease in the average size of the crystallites, an 

increase in their misorientation and stress relaxation.  

It is found, that at the maximum pressure 

РC
2

H
2
+N

2
=2.3∙10

-1
 Pа when the γ-MoC phase is formed, 

an superhard state of 50.5 GPa (at a constant potential 

of -200 V, without additional high-voltage pulse action) 

and 51.1 GPa (at a constant potential -200 V, with 

additional high-voltage pulse action) is reached.  
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Для вакуумно-дуговых покрытий на основе молибдена изучено влияние давления смешанной газовой 

атмосферы (80%C2H2+20%N2) и высоковольтного отрицательного потенциала (подаваемого на подложку в 

импульсной форме) на элементный и фазовый состав, структуру и физико-механические характеристики 

формируемого материала. Показано, что в температурном интервале подложки при осаждении 400…550 °С 

в результате плазмохимических реакций максимальное содержание атомов азота в покрытии не превышает 

1,5 ат.%. Выявлено, что при наибольшем давлении РC
2

H
2
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= 2,3∙10

-1 
Па, когда формируется фаза γ-MoC, 

достигается сверхтвердое состояние 50,5 ГПа (при постоянном потенциале -200 В, без дополнительного 

высоковольтного импульсного потенциала) и 51,1 ГПа (при постоянном потенциале -200 В, с 

дополнительным высоковольтным импульсным потенциалом).   
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Для вакуумно-дугових покриттів на основі молібдену досліджено вплив тиску змішаної газової 

атмосфери (80%C2H2+20%N2) і високовольтного негативного потенціалу (подається на підкладку в 

імпульсної формі) на елементний і фазовий склад, структуру і фізико-механічні характеристики 

формованого матеріалу. Показано, що в температурному інтервалі підкладки при осадженні 400…550 °С в 

результаті плазмохімічних реакцій максимальний вміст атомів азоту в покритті не перевищує 1,5 ат.%.       

Виявлено, що при найбільшому тиску РC
2
H

2
+N

2
 = 2,3∙10
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 Па, коли формується фаза γ-MoC, досягається 

надтверде стан 50,5 ГПа (при постійному потенціалі -200 В, без додаткового високовольтного імпульсного 

потенціалу) і 51,1 ГПа (при постійному потенціалі -200 В, з додатковим високовольтним імпульсним 

потенціалом). 
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