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The influence of the pressure of a mixed gaseous atmosphere (80%C,H,+20%N,) 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 °C 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 Pe i m,= 2.3-10" Pa when the y-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, hep [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%N,+20%H, [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
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experiments have shown that the use of a mixture of
gases C,H, and N, is most advanced for the creation of
coatings [19]. The coatings obtained in the C,H,+N, 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
(2Mo,N+2C = 2M0,C+Nj, 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%C,H,+20%N, 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 (C,H,+N,) atmosphere during deposition was
P = (0.23...2.3)-10™ Pa. The deposition rate was about
2 nm/s. Deposition was carried out on the surface of
samples 20x20x2 mm from steel 12Cr18Nil0Ti (analog
of stainless steel SS 321) austenitic  steel
(Ra=10.09 um).

MChVP molybdenum was used as cathode material.
During deposition, a constant negative bias potential
(Up) of -200 V was fed to the substrate.

In a number of experiments, a pulsed mode (with a
duration of 7 ps) was used supplying a high-voltage
potential to the substrate with the value U;, = -2000 V to
stimulate accelerated diffusion without significant
surface heating.

The gas mixture (C,H»+N,) 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].
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Fig. 1. Block diagram of GMG: A, B, C — cylinders with
gases; MC — mixing chamber; CS — control system;
Ra, Rg, Rc— reducers; CV,, CV;, CV — controlled
valves; BV — blow down valve; V,— the output valve;
S — pressure sensor

The phase-structure analysis was carried out by
X-ray diffractometry in Cu-ka 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
<g> 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-lon 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 pum, 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%C,H,+20%N,) plasma did not reveal the presence
of nitrogen in coatings obtained at low pressure
P=(2.3...5.3):10% Pa. In coatings obtained at the
highest pressure 0.23 Pa (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 y-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%C,H,+20%N, atmosphere at U, =-200 V (a)
and U, = -200 V, U;, = -2000 V (b). The pressure during deposition was:
1-2.3:10%Pg; 2-5.3:10°Pa; 3-0.23 Pa

The additional use of Uj, during coating deposition
does not lead to a qualitative change in the phase
composition (see Fig. 2,b). In this case, the U, 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 Uj,. 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%...2.3-10" Pa) a y-MoC
phase is formed with crystallites of medium size about
9 nm.

Thus, the use of Ui, 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 U;,
(curve 1) and when using Uj, (curve 2). As can be seen,
the greatest hardness is achieved at the highest pressure
0.23 Pa. According to the XRD-data, this corresponds to
the formation of a single-phase (y-MoC phase with a
hexagonal lattice) state. In this case, nanometer-sized
crystallites are formed (about 9.5 nm (without Ujp) and
9 nm (with Up)).
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Fig. 3. Dependence of the coatings microhardness on
the pressure of 80%C,H,+20%N, gas mixture at
U, =-200 V (1) and U, = -200 V, Uj, = -2000 V (2)

It should be noted that at low pressures hardness is
higher in coatings obtained without U;, (see Fig. 3).
Higher values of hardness under the action of Uj, are
achieved at the highest pressure 0.23 Pa during
deposition.

Adhesion strength determined by the scratch test
method is relatively large. The critical load of coating
(L.5) damage is 47.2 N (without U;p) 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 Uy, 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.

n A%
0,80~ 100
0.72 [ oo
0,64 [ 50
0,56 L70
0,48 2 60
0,32 s

0,24 L0

30

000N 581 1072 1563 20,54 2545 3038 3527 40,18 45,00 50,63
"0 480 600 720 841 961 1081 1201
a

u Al %
0,80 - 100
F90

+ 80
k70

F 60
+50

- 40
L30
k20
F10

0,00 ; . 0
TUSON 581 1072 1563 20,54 2545 3036 3527 4018 45.09 50.00

T T T T T T T 1
360 480 600 720 840 961 1081 12,01

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 U, = -200 V (a) and U, =-200 V,
Ui, =-2000 V (b) (P = 0.23 Pa)

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
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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 C,H,+N, 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%C,H,+20%N,, 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" ' Pa, 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% ...2.3-10" Pa, a
v-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
PCszNz:Z.:’le'1 Pa when the y-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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HCHOJb30BAHUE TEXHOJIOI'MA KOHAEHCALIMU T1PHA HMOHHOH BOMBAPJINPOBKE
JJIS1 HOJIYYHEHUSA CBEPXTBEPABIX IIOKPBITUU HA OCHOBE MOJIMB/IEHA
B CMEIIAHHOM (C;H;+N;) ATMOC®EPE

O.B. Co6onv, A.A. Auopees, P.Il. Muzywienko, B.M. bepecnes, A.A. Meiinexos, A.A. Ilocmenvnux,
C.A. Kpasuenko, Taha A. Tabaza, Safwan M. Al-Qawabah, Ubeidulla F. Al-Qawabeha, B.4. Cmonéosoii,
HU.B. Cepowk, /I.A. Konecnukos, M.I'. Kosanesa

Jl1s BakyyMHO-IIyTOBBIX TOKPBITHM Ha OCHOBE MOJHOJEHA M3Yy4YCHO BIMSHHE JABICHUS CMELIAHHOW ra30BOM
atmocepsr (80%C,H,+20%N,) 1 BBICOKOBOJIBTHOTO OTPHIATENHLHOTO MOTEHIHaIa (II0aBaeMOro Ha TOIJI0XKKY B
UMITyJIbCHOW (opMe) Ha dIeMEeHTHbIH U (Da30BbIi COCTaB, CTPYKTYPY M (M3MKO-MEXaHHYECKUE XapPAKTEPUCTHUKU
dhopmupyemoro marepuana. [loka3aHo, 4TO B TEMIIEPATYPHOM HHTEpBajie MOTOKKH npu ocaxaerun 400...550 °C
B pe3yJIbTare TIa3MOXUMHYIECKIX PEaKIiii MAaKCHMAIFHOE COMCPIKaHNE aTOMOB a30Ta B MIOKPBITHH HE MPEBBIIIACT
1,5 ar.%. BeisiBieHo, 4To npu HaHGOIBIIEM JABICHHH P N, = 2,3-10™ Ila, xoraa dopmupyercs hasa y-MoC,

JocturaeTes cBepxTtBepoe coctosuue 50,5 I'Tla (mpu mocrostHHoM moteHimane -200 B, 6e3 q0mMoJHUTEIBHOTO
BBICOKOBOJIBTHOTO MMITyJibcHOro rmorteHuumana) u 51,1 TTla (nmpu mnocrosuHoMm mnotenuuane -200B, ¢
JOMOJIHUTCIIbHBIM BBICOKOBOJIBTHBIM UMITYJIbCHBIM HOTCHHI/IaHOM).

BUKOPUCTAHHS TEXHOJIOT'TI KOHAEHCAIIIL ITPM IOHHOMY BOMBAP/YBAHHI
JJIs1 OTPUMAHHSA HAATBEPAUX IIOKPUTTIB HA OCHOBI MOJIIBAEHY
B 3MIIIAHIM (C;H,+N,) ATMOC®EPI

O.B. Cobons, A.O. Anopecs, P.I1. Micywienko, B.M. bepecnes, A.O. Meiinexos, I'.O. IlocmenvHik,
C.0. Kpasuenxo, Taha A. Tabaza, Safwan M. Al-Qawabah, Ubeidulla F. Al-Qawabeha, B.A. Cmonéosoii,
LB. Cepowk, /I.A. Konecnixoe, M.I'. Kosanesa

[ BakyyMHO-AYTOBHX IIOKPUTTIB Ha OCHOBI MOJIIOJEHY MOCIHI/KEHO BIUIMB THCKY 3MilIaHoi ra3oBoi
atmochepu (80%C,H,+20%N;) 1 BHCOKOBOJIBTHOTO HETAaTHBHOTO IOTEHINany (MOAe€ThCS HA WIiAKIAAKY B
immynscHOi (opmi) Ha eneMeHTHHH 1 azoBuii ckian, CTPYKTYpy 1 (i3MKO-MEXaHIYHI XapaKTepUCTHUKH
(dhopmoBanoro matepiany. ITokasaHo, 1110 B TeMIIepaTypHOMY iHTepBaji migkimaaku mpu ocamkenni 400...550 °C B
pe3ynbTaTi IUTa3MOXIMIYHHAX peakiliii MakCHMaJIbHHN BMICT aTOMIB a30Ty B HOKPHUTTI He mepeBumye 1,5 aT.%.
Busisneno, mo mpu HaWOiIBIIOMY THCKY Pc,yn, = 2,3-10" Tla, xomn dopmyersest dasa y-MoC, mocsraeThes

Haareepae crad 50,5 I'Tla (mpu nocriiHomy moteHtiani -200 B, 6e3 101aTKOBOTO BHCOKOBOJIETHOTO IMITYJIBCHOTO
norenuiany) 1 51,1 I'Tlla (nmpu mocriiHoMy notenuiani -200 B, 3 nomaTkoBUM BHCOKOBOJIBTHHM IMITYJIBCHUM
HOTEHLIAIOM).
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