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Hocaioxceno npouec 2azopasnozo ocadscenns Mo
i Mo-C nokpummie wnaxom mepminnozo po3xaiadan-
Ha e2excaxapOonina moni6oeny. Bueuena rxinemuxa
pocmy nokpummie 6 dianazoni 480-540 °C ma mucky
6 peaxuiitnomy 06’emi 6i0 9 Ila do 16 Ila. Bcmanosneni
3auexcHocmi WeuoKocmi pocmy noKpummie, eeauuu-
Hu ix mikpomeepoocmi 6i0 napamempie ompumanns, a
maxoxc 3MiHu MOpPonoeii noeepxHi NOKpUmMmis, wop-
cmiocmi ma cmpyxmypu. Jlocaioxceni mpubonoziumni
8JIACMUGOCMI OMPUMAHUX NOKPUMMIE 8 NAPi 3 GPOH3010
bp.Cy3H3C20D0,2 na mawuni mepmsa 2070 CMT-1 3a
CXeMO10 <KYOUK — poauK»> 6 inmepeani HA6aAHMANCeHb
0,2-1,4 xH. 3mawysanna npu euznauenni xoeqi-
uienmie mepms 30ilUCHIOBANOCA MeMOOOM 3AHYPEHHA
PYyxomo20 Kowmpmina 6 eannouxy 3 naaueom TC-1,
T'OCT 10227-86. Ilposedenns maxux 0ocaioxncev 6yno
00YM06J1eH0 HedoCmamHnicmio 0aHUx 3 NPue’a3Kor0 00
KOHKpemnozo obaadnanms ma ocooausocmeii 06’exma,
HA AKUU HAHOCUMbCS NOKPUMMSL.

IIpu pospobui npouecy namecenns noxkpummie Ha
KOHKpemni demaJi 6i0npayb06ani npuiiomMu ma 3aco-
Ou, wo 3abesneuyromv pisHomipnicmo nazpisy demaeu
ma nodauy npexypcopy 0o ix nosepxui. B peaysomami
nposedenux 0ocaiodicenv eusHAUeHo obaacmi napame-
mpie OMpuUMaHHs NOKPUMMI6 3 Pi3HOI0 CMPYKMYpPOoro,
weuoxicmio, meepdicmio, a Maxoic 3aKoHOMipHoCcmi
3MIHU YUX XAPAKMEPUCMUK NPU 3MIHI OCHOBHUX napa-
Mempis npouecy ompumanns maxux noxpummie. B
3aeacHoCmi 8i0 YMO8 HAHECEHHS NOKPUMMSL MONCYMb
Mamu meepdicmo 6i0 ~11000 MIla do 18 000 MIla npu
weudxocmi pocmy 6i0 50 mxm/200 00170 mxm/200.
Ycepeoneni snauenns xoeiuiecnma mepms nokpummie
3 pi3noto MiKpocmpyxmypoio i mikpomeepdicmio cma-
nosunu 0,101 npu nasanmascenni 0,2 xkH i 0,077 npu
nasanmascenni 1,4 kH.

Ha 6a3i npogedenux oocnidxcenv 6ionpaubosanuti
npouec namecenns memasesux u meman-kapoionux CVD
nokpummie Ha 0cH06i MoNiGOeny cmocoeno demaJei
azpezamo- i 06uzynoOYOYEaANHS, AKUIL MOJNCE CIYHCUMU
0CHOB010 0151 PO3POOKU NPOMUCTOBUX MEXHON02IT

Kntouosi cnoea: CVD npouecu, moni6oenogi, mo-
ni60en-kap6ioni noxpumms, 6aacCMuU6OCmi noKpun-
mie, mpubonoziuni xapaxmepucmuxu, po3poéxa mex-
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1. Introduction

— the Avinit M unit to apply a coating using magnetron

The development of technology and its high-tech direc-
tions, such as aviation, put forward increasing requirements for
products and coatings materials, which often cannot be real-
ized within the application of any single method and demand
the combined use of various methods. This approach to the
solution of the problems of development of new materials and
coatings served as the basis for the creation of multifunctional
cluster Avinit at the joint-stock company “FED” (JSC “FED”).

The cluster includes:

— the Avinit C unit to apply hard and superhard mul-
tilayer and nanolayer functional coatings by the method of

modernized vacuum-arc deposition;

spraying method;

— the Avinit N unit for ion-plasma treatment;

—the Avinit E unit for the processes of ion etching and
cleaning;

— the Avinit V unit to apply coatings using the chemical
vapor deposition (CVD) and plasma chemical vapor deposi-
tion (PECVD) methods.

The first four positions implement the group of plasma
vacuum physical methods of surface treatment and coating
application (PVD-methods), which are widely used in ma-
chine building and other industries. Based on these methods,
more than 30 modern plasma vacuum technologies were
developed and put into mass production at the JSV “FED”




to enhance reliability and operation resource friction couples
in the assembly production.

The Chemical Vapor Deposition (CVD) methods have
been widely used in microelectronics in the production of
high-purity materials, toolmaking, and some other areas [1-3].
In machine building, these methods have not yet acquired
such widespread use. This is due, partly, to the fact that the
period of development of the chemical vapor method of ob-
taining materials and coatings coincided with no less rapid
period of development of plasma-vacuum physical vapor
deposition methods (PVD-methods). Due to various causes,
the PVD-methods of coating application saw a more dynamic
spread at that time. However, CVD-methods have great op-
portunities in obtaining materials with a variety of properties:
from superhard, such as diamond, cubic boron pyronitride, to
supersoft, they make it possible to obtain on complex-profile
surfaces with blind holes, canals, carvings, etc. the porous
surfaces of the thickness from unities of nanometers to sev-
eralmm from different metals and compounds, including
dielectrics [2, 4]. Therefore, the existence of the unit of coat-
ing application by the chemical vapor deposition method as
part of the Avinit cluster makes it possible to use to the full
the advantages and capabilities of each of the methods when
creating new coatings and technologies for their obtaining.

In paper [5], it is noted that the limited use of the chem-
ical vapor deposition methods in engineering is mainly asso-
ciated with the lack of affordable specialized equipment for
the implementation of these methods. The existence of such
equipment at the JSC “FED” makes it possible to work in
the direction of the creation of new technologies of chemical
vapor coating application with regard to components of the
assembly and engine construction. Despite a large amount
of research in the field of chemical vapor deposition of coat-
ings of different composition, the development of specific
technologies requires additional studies, taking into con-
sideration both the features of the equipment and covered
products. The relevance of this kind of work is beyond doubt.

2. Literature review and problem statement

Review of the publications on the use of chemical vapor
coating methods for the last decade proves that, as before,
these methods in most cases are used in microelectronics,
tool making, and tool producing industry [6-10]. Thus,
paper [6] explores the issue of the properties and the use
of TiN/TiCN/Al,O3 coatings. Such coatings are applied
using the chemical vapor deposition method from chlorides
of corresponding metals at temperatures of ~800 °C. This
limits the range of materials, on which coatings can be ap-
plied at such temperature, only with the use of hard-alloy
tools. Paper [7] explores obtaining the coatings based on
molybdenum and tungsten from various precursors with
regard to microelectronics using the chemical vapor depo-
sition method. The emphasis is placed on the formation of
thin and ultra-thin coatings of different compositions, which
have special properties from the standpoint of application
in quantum electronics systems. The formation of such
coatings requires the simultaneous use of several precur-
sors, which have different temperatures of sublimation and
chemical interaction. This creates difficulties for obtaining
coatings from compounds with the necessary properties. The
issue of deposition of thin films and nanostructures is also
considered in article [8]. The complexity and insufficient

exploration of the physical-chemical processes occurring
during deposition from the gas phase lead to the fact that
the development of new technological processes of chemi-
cal vapor deposition faces significant practical difficulties.
Most of them concern the optimization of the technology
for obtaining coatings with assigned physical and chemical
properties. The authors of this article offer their approach to
solve these problems based on the application of technology
of micro-reactor deposition from the gas phase. Paper [9] is
devoted to the plasma-activated synthesis of carbon-based
coatings for biomedical products. This is an example of a fair-
ly new area of application of gas-phase methods with specific
requirements for coating properties. They primarily concern
the need to have biocompatibility, high elasticity, and other
properties, which differ significantly from the requirements
for the coatings that are applied in mechanical engineering.

The use of chemical vapor deposition methods of coating
is examined in review [10]. In it, the authors reach the con-
clusion that technologies based on the use of the methods
of activated plasma chemical vapor deposition (APCVD)
are economically reasonable for use in the manufacture of
lithium batteries and supercapacitors. Some separate papers
are devoted to the development of chemical vapor deposition
methods to be used in other industries. Paper [11] deals with
the process of manufacturing with the use of the chemical
vapor method of a molybdenum pipe for the use as a nuclear
fuel shell by means of hydrogen reduction of molybdenum
pentachloride at the temperature 750 °C. In addition, in
article [12], the process of manufacturing a pipe from SiC at
the temperature of 1,100-1,200 °C was developed to be used
as a nuclear fuel shell. Compound CH3SiHCl, was used as a
precursor. The results of technological developments in these
recent papers cannot be used to apply coatings on the parts
of components and mechanisms in mechanical engineering
because of excessively high temperatures. It should be noted
that there are many papers focusing on obtaining molybde-
num disulfide coatings with the use of the chemical vapor
deposition method, but they have not yet reached the level of
possible practical application in the industry [13, 14]. There
are very few references to the use of chemical vapor deposi-
tion methods for coating application directly in the field of
mechanical engineering.

A successful example of the development of industrial
technology and equipment is the coating application using the
chemical vapor deposition method based on the W-C system
for various functional purposes (Hardide-T coating) [15].
Their thickness can reach 100 um and can be used as
wear-resistant, protective coatings or the coatings for other
purposes on both internal and complex-profile surfaces (a
pump cavity, a turbine rotor). However, the paper does not
contain either the data on the specific method and conditions
of coating application, or the references to the conduction of
such works before. A whole range of papers of the group of
authors [5, 16, 17] focuses on the development of equipment
and technologies for applying chromium gas-phase coatings
to restore and strengthen agricultural machinery parts. In
this paper, chromium carbonyl is used as a precursor for ob-
taining chromium coatings. The results of research into the
development of gas-phase chromium-carbide coatings for the
use in aircraft construction are given in papers [18, 19]. In
these papers, the metalorganic substance “Barhos” is used as
a precursor for coating application. However, the application
of chromium and its compounds in production is undesirable
from environmental considerations. The common thing for



the above papers is that the motivation for the use of chemi-
cal vapor deposition methods in technologies is their ability
to provide high-quality coating both on complex external
and internal surfaces.

Research [20, 21] revealed that the Mo coatings, ob-
tained from molybdenum hexacarbonyl Mo(CO)g by means
of chemical vapor deposition, have good tribological prop-
erties in the couples with hard and very hard coatings. The
conducted studies have shown that gas-phase coatings based
on Mo with high wear resistance and low friction coefficient
have prospects for being used in precision nodes of aviation
assembly construction.

When choosing a particular method of coating application,
the properties of coatings and conditions of their application,
taking into consideration the features of the object, on which
the coating is applied, are essential. Expansion of both nomen-
clature of materials of coatings, and the methods of their appli-
cation, are natural for the development of coating application
technologies and spheres of their use. That is why the studies
of the chemical vapor deposition method of Mo coating appli-
cation are appropriate in terms of obtaining additional infor-
mation that is necessary for the development of new industrial
technologies and a more detailed clarification of the properties
of coatings and the possible area of their application.

3. The aim and objectives of the study

The aim of this study is to develop the chemical vapor
deposition process of obtaining molybdenum and molybde-
num-carbide coatings for the parts of aviation assembly and
engine construction of a complex shape.

To achieve the aim, the following tasks were set:

— to determine the dependence of the growth rate, struc-
ture, hardness, tribotechnical characteristics of coatings on
conditions of their obtaining;

—to develop the process of application of Mo-MoC
coatings and techniques that ensure obtaining the coatings
with high thickness and hardness uniformity on the parts of
assembly construction of a complex shape.

4. Equipment, materials, and procedure for studying
the obtaining of molybdenum coatings and their
properties

The Avinit V unit (Fig. 1) is a separate element of the
cluster, which was designed and manufactured to implement
the processes of chemical vapor deposition of coatings from
carbonyls of the group of metals, including Cr, Mo, W.

Main features of the Avinit V unit are:

— dimensions of the vacuum chamber (reaction volume)
- 3300 mm, L=600 mm;

— previous dilution in reaction volume is not less than
1.3-10"2 Pa;

— operating pressure is 2—20 Pa;

— method of heating is the inductive method by an HF
generator with the capacity of 20 kW;

— coating application rate is 10—-170 pm/h depending on
the area of the surface of the covered products;

— the highest electrical power consumed by the plant, kW,
is not more than 25.

The plant has a closed system of heating and cooling of a
vacuum chamber, the system of maintaining at the specified

level of the temperature of an evaporator with the metal-con-
taining connection and steam pipeline to transport it to the
reaction volume. Feeding of precursor and working gases
to the reaction volume is controlled and maintained at an
assigned level by the controller.

Fig. 1. The Avinit V unit (JSC “FED”)

The operation of the systems, registration, and manage-
ment of the basic parameters of the process are controlled by
the automatic control system. Fig. 2 shows the photograph
of the board of the system of the process parameters control
and recording.

Molybdenum carbonyl Mo(CO)g is used as a precursor
when applying molybdenum coatings. Molybdenum coatings
were applied to the samples in the temperature range of
480-540 °C and pressure in the chamber from 9 Pa to 16 Pa.
The samples’ temperature was determined using the pyrome-
ter of the spectral ratio of DPR-1 with the precision of +5 °C.
The pressure in the chamber was changed by changing the
temperature of the container with molybdenum carbonyl, on
which the amount of precursor, which entered the reaction
volume, depended. The time of coating application was cho-
sen so that the coating thickness should be in the range from
~40 pm to ~60 um. The cubes of 10x10x10 mm® made of
steel X12F1 with a hardness of 56...61 HRC and roughness
of Ra=0.05+0.063 pm were used as the samples for coating
application. The experimental processes of coating applica-
tion were tested using actual details applied in designs of
assemblies of the JSC “FED”.

The properties of the coatings were studied with the
use of the methods of metallographic and X-ray structural
analysis. The structure and the morphology of the surface of
coatings were studied using an optical microscope Altami
MET-1C with a digital camera (manufactured in Russia). The
roughness of coatings was determined by means of a profilo-
meter-profilograph JENOPTIK nanoscan 855, (produced in
Germany); microhardness was determined with the help of the
hardness meter QNESS Q60M (produced in Austria) with the
load of 0.2 kg. The X-ray structural studies were conducted
on the diffractometer DRON-2.0 (manufactured in Russia)
in filtered radiation Cu-K,. Diffractograms for phase analysis
were made in the scanning scheme 6-26 with focusing by
Bragg-Brentano in the angles interval from 10 to 110 degrees.
After diffractograms were processes, the angular position of
the diffraction maxima was determined and phases were iden-
tified using the Wolf-Bragg formula, the interplane distance
dpp for crystallographic planes (Ald) was calculated. The value
of lattice parameter a was determined from the ratio:

a=d N +E+1.
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Fig. 2. The board of the automatic system of control and recording of process parameters with the mnemo-scheme of the plant

The tribological properties of coatings were determined
on the friction machine 2070 SMT-1 by the “cube — roller”
scheme, which is similar to the “unit-on-ring” scheme in accor-
dance with standard ASTM G77-17. Testing took place in the
interval of loads of 0.2—1.4 kN at the step load by 0.2 kN ac-
cording to the procedures described in [5, 6]. The testing time
at each stage of loading was 120 seconds. The counter body
during testing was the samples of bronze Br.Su3N3C20F0.2
(BB23HTs) in the form of rollers of 50 mm in diameter. The
lubrication during determining the friction coefficients was
carried out by immersion of the movable counter body into
a bath with fuel TC-1, GOST 10227-86. The sliding speed
during testing was 1.3 m/s. In the process of tribological tests,
the value of friction force Frp, normal load N, contact pressure
P were recorded, by the magnitudes of which we judged about
mechanical losses in a tribosystem. Friction coefficients were
determined as f=Frp/N.

Before conducting tribological studies, the samples with
Mo coating were subjected to tumbling in a tumbling plant
OTEC CF 2x18 in the mode of rough treatment with ce-
ramics DZS 6x6 for 60 min and in the mode of finishing
treatment with ceramics ZSP 2/2+DZP2 for the same period
of time. This treatment in case of unsatisfactory adhesion
of coatings led to their peeling and rejecting such samples;
it also made it possible to smoothen the surface microrelief,
which contributed to the reduction of time of alignment of
friction surfaces.

To determine the wear resistance of the coatings, we
conducted the testing by feeding an abrasive to the contact
area. Quartz sand of Starovirivsky deposit of the fraction
of 0.25—0.4 mm was used as an abrasive. The tests were per-
formed according to the Brinell-Howard scheme at the load
of 0.05 kN on the friction path of 60 m at a slipping speed
of 0.78 m/s. A “disk” from polytetrafluoroethylene (Fluoro-
plast-4) with a diameter of 50 mm served as a counter body.
The magnitude of wear resistance was determined using the
weight method with a precision of 1x10°4 degrees. The fric-
tion path and the material of the “disk” were chosen on con-
dition that the influence of the substrate on wear resistance
of the coating should be prevented.

The experimental processes of the application of molyb-
denum and molybdenum-carbide coatings were tested on the

parts of the nomenclature, which is applied in the assemblies
made by JSC “FED”.

5. Results of studying the process of application of
molybdenum coatings in relation to the parts of assembly
and engine construction

5. 1. Dependence of growth rate, structure, hardness,
tribotechnical characteristics of chemical vapor deposi-
tion Mo-MoC coatings on conditions of their obtaining

The studies of the process of chemical vapor deposition
of molybdenum coatings in the range of temperatures of
350—450 °C and of the pressure of 5-11 Pa were carried out
in research [20]. In this paper, the range of temperatures
and pressures during the study was expanded into the area
of higher values of these parameters. The selected range of
conditions of molybdenum coating deposition, according to
the data in the literature, corresponds to the so-called diffu-
sion region, in which the coating growth rate is controlled by
diffusion processes of transferring the reagent to the reaction
surface and withdrawal of products of its decomposition [22].
Implementation of the processes of decomposition of molyb-
denum carbonyl in this region makes it possible to obtain
the coating with maximum density and growth rate. Fig. 3
shows the results of research into the dependence of the
growth rate of molybdenum coatings on the temperature at
different values of pressure in the reaction volume.

The absolute values of growth rate in each specific case
depend not only on the temperature of the substrate and
the pressure of the reagents in the reaction volume. Its
magnitude is influenced by several other factors, such as
geometry, dimensions of the chamber and samples, the rate
of gas pumping from the chamber and other features of the
apparatus-based process of coating deposition.

In this case, it is possible to state that the growth rate of
the molybdenum coating had rather high absolute values and
could vary widely from ~40 pm/h to ~170 um/hour, depend-
ing on the conditions of conducting the experiment.

One of the important characteristics of coatings in as-
sessing their use in various spheres, in particular, in friction
couples, is their hardness. Fig. 4 shows the results of deter-



mining the microhardness of the coatings obtained under
different modes. The hardness of coatings has a fairly explicit
character of a change, depending on deposition temperature
and pressure in reaction volume, specifically, the hardness of
molybdenum coating increases at an increase in pressure in
the reaction volume and a decrease in the temperature of its
obtaining. Accordingly, the coatings, obtained at the tem-
perature of 480 °C and pressure of 16 Pa had the maximum
values of microhardness HV 0.2 at the level of 17,950 MPa,
and the coatings, obtained at the temperature of 540 °C and
the pressure of 9 Pa, had the minimum values at the level of
10,850 MPa.
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Fig. 3. Dependence of growth rate of Mo coating on
substrate temperature at different values of pressure in
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Fig. 4. Dependence of microhardness of coatings on pressure
in the chamber at different temperatures of growth

The study of the morphology of the surface of molybde-
num coatings showed that depending on the temperature
and pressure in the chamber can vary significantly during
their deposition. At deposition temperature of 480 °C, it
had a globular structure for all values of pressure from 9 Pa
to 16 Pa. At the temperature of 510 °C, the coating surface
had a globular structure only at the pressure of 16 Pa. At
other values of pressure and deposition temperatures, the
structure of the coating surface looked like a totality of
crystallites of the irregular shape of different sizes. Fig. 5
presented the types of surface of the structure of coatings,
obtained under different conditions.

Similar structures of the coating surface at a change in
their deposition conditions are typical for the CVD method,
including the case of deposition of molybdenum coatings
from molybdenum hexacarbonyl [23].

The range of temperature and pressure, in which various
structures of molybdenum coatings are observed, may have
different values, depending on the reactor design, mass flow
of molybdenum carbonyl, and other factors.

o

Fig. 5. Morphology of the surface of Mo coatings obtained at
a deposition temperature of 510 °C and different pressures
in the chamber: a — 9 Pa; b— 11 Pa; ¢ — 14 Pa; d — 16 Pa

The structure of coatings, except for the coatings with
the globular morphology, had a columnar character and
differed mainly in the dimensions of crystallites, which
correlated with the dimensions of the structural elements
of the surface of this coating. The coating with the globular
morphology of the surface had a layered structure with the
cones of growth, representing a totality of micro crystallites
within each layer.

Measurement of the roughness of the coatings revealed
that its magnitude Ra depended on the temperature and
pressure in the chamber and was within the range from
Ra 0.12+0.13 to Ra 0.63+0.65. With a decrease in deposition
temperature and an increase in pressure, the roughness of
coatings decreased, while it increased at the reverse change
in these parameters.

Fig. 6. Characteristic structures of coatings with
a different type of surface morphology:
a — globular; b — microcrystalline

The tumbling of coatings led to a noticeable reduction in
the roughness of the coatings. The magnitude of roughness
after tumbling changed most of all for the coatings with min-
imum values of hardness. Fig. 7 shows the microphotographs
of the surface of coatings with different structures and
Ra values before and after tumbling.

The studies of surface morphology, coating structure
in the explored range of conditions of their obtaining re-
vealed that it is possible to separate the coatings that are
qualitatively different by these characteristics, specifically:
the coating with the layered structure and globular surface



morphology and the coatings with the columnar structure
and microcrystalline surface structure. If we compare these
coatings by the magnitude of microhardness, the former
from the above group of coatings had the highest values of
microhardness. In this regard, for more additional informa-
tion about the features of such coatings, they were studied
with the involvement of the X-ray structural methods.

Fig. 7. Microphotographs of the surface of coatings and their roughness
Ra: a— Ra0.63; b — Ra0.17; ¢ — Ra 0.13 before tumbling; d — Ra 0.37;
e — Ra0.12; f — Ra 0.07 after tumbling

The samples that had the coatings with various struc-
tures and microhardness were studied. The coatings of
sample 1, which were obtained at the temperature of 480 °C
and the pressure of 16 Pa, had a globular morphology and
microhardness of 18,220 MPa. The coatings of sample 2,
obtained at the temperature of 540 °C and pressure of 16 Pa
had the microcrystalline surface structure and microhard-
ness of 12,770 MPa.

The diffractograms of the samples contained the dis-
plays of Mo with the body centered structure. There were
no other lines or sections in the form of blurred maxima
from the carbide or other phases. Information about the
existence of a certain texture is given by the calculation
of textural coefficients. The results of calculating the tex-
tural coefficients are shown in Table 1. It is seen that ori-
entation (200) prevails in sample 1 and orientation (211)
prevails in sample 2.

Table 1
Textural coefficients for displays of Mo
Ti10 Ta00 Tory Ta0 Ts10
Sample 1 0.1 2.7 0.4 0.3 1.5
Sample 2 0.6 0.6 2.3 0.9 0.6

Table 2 shows the results of the numerical processing
of diffractograms: angular position, interplane (interpla-
nar) distance, integral intensity, and semi-width for the
first five diffraction lines, existing in the diffractograms.
It follows from the data shown in Table 2 that the crys-
talline lattice parameter for sample 1 is 3.1604 A, and for
sample 2 — 3.1563 A, which in both cases is noticeably
above the tabular value of 3.1472 A. An increase in the
crystalline lattice parameter can be associated with the
existence of implementation impurities in the coating and,
above all, with a carbon impurity.

It is known that the content of carbon impurity decreases
at an increase in temperature of decomposition of molyb-
denum carbonyl and a decrease in pressure in the reaction
volume [22, 23]. Higher values of the lattice parameter for
sample 1, in this case, can be attributed to the high con-
tent of carbon impurity due to the lower temperature of its
obtaining in comparison with sample 2. The difference in
temperature of coatings deposition for samples 1
and 2 explains the difference in the magnitude of
the DKR of these coatings, which, respectively,
was 22 um and 25 pm.

It is possible to explain the course of depen-
dences of the hardness of molybdenum coatings
on temperature and pressure in the reactive vol-
ume, shown in Fig. 4, in the same way, namely, by
different content of carbon impurity.

To determine the tribological properties
of molybdenum coatings coupled with bronze
BB23HTs, the samples, obtained under different
modes, with microhardness from 11,000 MPa
to 18,000 MPa and a different structure were
selected.

The performed tests revealed that at an increase
in load, the friction coefficient of all the samples
without exception decreased up to the maximum
load. This indicates the ability of the tested friction
couples to operate without forming any bursaries
on tangent surfaces up to the load of 1.4kN. A
comparison of the obtained values of friction coefficients for
molybdenum coatings with such characteristics as hardness,
structure (surface morphology), and roughness did not re-
veal any particular relationship. The values of the friction
coefficient averaged for six samples at the load of 0.2 kN
made the magnitude of 0.101 at a minimum value of 0.077
and a maximum value of 0.11. At the load of 1.4 kN, the mean
value of the friction coefficient was the magnitude of 0.0698
at a minimum value of 0.056 and a maximum value of 0.074.

Table 2
Results of numerical processing of diffractograms
il | B | o | 2 iﬁiiﬂ?ﬁ;
egree | 107! pm . 107! um .
unit | gree regions, um
Sample 1
110 40.22 2.2400 24 0.50
200 58.33 1.5807 91 1.02
211 73.15 1.2927 23 117 | 3.1604 22
220 86.96 1.1194 2 1.20
310 | 100.84 | 0.9994 45 1.76
Sample 2
110 40.35 2.2333 64 0.40
200 58.49 1.5765 10 0.71
211 73.31 1.2902 74 0.95 | 3.1563 25
220 87.15 1.1174 9 0.97
310 | 101.02 | 0.9981 15 1.34

Tests for wear resistance showed that molybdenum
coating with a layered structure, which were characterized
by the highest values of microhardness, had the wear of
0.4—0.9 mg. The coatings with mean values of microhard-
ness at the level of 13,000-16,000 MPa and a columnar mi-
crocrystalline structure had the wear from 2.4 mg to 5.3 mg.



The coatings with lower hardness and larger columnar struc-
ture had the largest wear up to 9 mg.

In abrasive wear of fragile materials, along with
normal mechanical wear of the contact surfaces, surface
microcracks, followed by brittle destruction of local areas
of the surface layer, can be formed. In layered structures,
crack propagation from the surface can be localized with-
in the same layer or be inhibited during further spreading
inside the coating, thereby reducing the magnitude and
the number of microchips on the friction surface. For
columnar structures, cracks within the grains can freely
reach the substrate, leading to chipping of large fragments
of the coating up to chipping of separate grains. This can
explain how big the difference between the magnitude of
wear of the studied coatings with a layered and a colum-
nar structure is.

To compare with the results of tribological studies of
molybdenum coatings, the tribological characteristics of
the friction couples of bronze BB23HTs with solid chromi-
um coating, which is widely used in mechanical engineer-
ing, were determined in the same way. The chromium coat-
ing was applied by the electrolytic method according to the
plant technology and had microhardness of 10,020 MPa
and surface roughness after machining Ra 0.11+0.2. The
testing of the coating from solid chromium showed that the
friction coefficient at the load of 0.2 kN was equal to 0.1. At
an increase in load, as in the case of tests of molybdenum
coatings, friction coefficient decreased and at the load of
1.4 kN was equal to 0.07. The wear of chromium coating
during the wear resistance tests was 3.9 mg. A comparison
of the results obtained for molybdenum and chromium
coatings showed that molybdenum coatings are not inferior
to chromium coatings by the coefficient of friction with
bronze WB23NC and may have even lower values. As for
wear resistance, they may surpass chromium coatings by
up to 10 times.

5. 2. Testing the chemical vapor deposition process of
obtaining molybdenum and molybdenum-carbide coat-
ings for parts of aviation assembly and engine construc-
tion of complex shape

In the development of the process of applying molybde-
num by means of deposition from the gas phase on a par-
ticular product, it would be ideal to ensure the uniformity
of the temperature of the product surfaces to be covered
and the adequate delivery conditions and the precursor
mass exchange conditions along with the entire covered
surface, which is required to achieve uniformity on coating
thickness and its properties on the surface of the product.
The solution to these issues has a complex nature and in
most cases requires finding a compromise in searching
for a solution between the ideal and really possible way of
meeting the above conditions for specific products, taking
into consideration their shape, geometric dimensions, and
other possible features. This requires appropriate testing
of the design of the inductor structure, the mode of heating
to assigned temperature, and the development of the neces-
sary equipment.

As a result of the conducted studies, the geometry and
dimensions of inductors for different experimental parts,
which ensured uniform heating of the covered surfaces, were
worked out.

It was most difficult to solve the problem of meeting the
necessary delivery conditions and precursor mass exchange

conditions along the entire surface of the piston (Fig.8)
to obtain a homogeneous coating thickness on the product
surface.

Fig. 8. Photograph of the piston

This problem was solved by developing the structure
of the gas-distributing tract with the possibility of using
various types of nozzles and various precursor flow resis-
tance, as well as the possibility of moving the nozzles along
the surface of the product. The position of the nozzles, their
configuration, and cross-section of nozzle openings, which
ensured obtaining sufficiently uniform thickness of coatings
on pistons, were selected experimentally. Fig. 9 shows the
photograph of the gas-distributing tract, used during the
application of the coating on the piston, and Fig. 10 shows
a schematic representation of the reaction chamber with a
steam pipeline and gas-distributing nozzles to feed vapors of
molybdenum carbonyl to the surface of the product.

Fig. 9. Photograph of the gas-distributing tract used for
the application of the coating on the piston

Fig. 10. Schematic representation of the reaction chamber
with steam pipeline and gas-distributing nozzles to feed
molybdenum carbonyl on the surface of the product to be
covered: 1 — reaction chamber; 2 — steam pipeline; 3 — gas-
distributing nozzles; 4 — product to be covered (piston);
5 — opening for withdrawal of products of decomposition of
molybdenum carbonyl from the reaction chamber

When choosing the conditions for coating application
and their optimizing, we followed the requirements for



the characteristics of the coating on the studied parts. Ac-
cording to these requirements, the uniformity of coating
thickness and microhardness should not exceed 10 %. In
terms of the magnitude of microhardness, it should ensure
wear resistance, comparable to wear resistance of coating
from solid chromium. The magnitude of microhardness of
molybdenum coatings, in this case, should correspond to the
value within the 13,000-16,000 MPa. The studies of the
characteristics of the Mo coating, obtained on the piston
in the optimized conditions of the process, showed that the
coating thickness on the entire controlled surface did not go
beyond 10 % of the mean value of 66 um, and microhardness
was 15,545 MPa with a deviation of around 5 %.

When applying molybdenum coatings on the working
surface of a part with simple enough geometry, such as a
rod (Fig. 11), even more uniformity was achieved of both
the thickness and magnitude of microhardness. Thus, the
deviation from the mean value of 40 um of the coating
thickness did not exceed 2 %, and microhardness was
14,810 MPa with a deviation of up to 2.5 % from this value.

- =T

Fig. 11. Photograph of the rod

High uniformity of coatings makes it possible to apply
them with minimum tolerances for further machining in
size or surface grinding and polishing to the roughness of
Ra=0.08. The coatings have sufficient adhesion and can
withstand the tumbling and grinding treatment without
violating the integrity or peeling, ensuring the necessary
purity of treatment of coated surfaces. The obtained results
on the development of the process of the Mo-C coating
application are fundamental for the development of exper-
imental-industrial technological processes of application
of such coatings on specific products for aviation technical
purposes.

6. Discussion of results of studying the process of
obtaining molybdenum coatings on the components of
assembly and engine construction

The obtained dependences of the growth rate of Mo
coatings on temperature and pressure in the reaction vol-
ume is typical for the processes of thermal decomposition
of molybdenum carbonyl under conditions when the growth
rate of coatings is controlled by diffusion processes (Fig. 3).
This distinguishes the results of this paper from the results
presented in research [20], in which the growth rate of
coatings depended primarily on temperature. The differ-
ence in the temperature range of coatings, which in pa-
per [21] was 350-450 °C, affected structural and other
characteristics of the coatings obtained in this research.
The studies of microhardness of the samples (Fig. 4)
showed a very clear dependence of this magnitude on the
conditions of deposition of coatings, which makes it possi-
ble to obtain the coating with pre-assigned values of hard-
ness. Depending on the conditions of coatings growth, it

could have the values from ~11,000 MPa to ~18,000 MPa.
For comparison, the hardness of coatings Hardide-T based
on W [15] does not exceed 16,000 M Pa, the chromium-car-
bide coatings from “Barhos” have the same level of hardness,
according to the data of research [18,19]. Hardness is a
very important magnitude for coatings when considered
from the position of their application as strengthening or
wear-resistant coatings. It can be proved by the results of
testing of molybdenum coatings for wear resistance, which
by 10 times exceeded the wear resistance of electrolytic
coatings from solid chromium that are widespread in the in-
dustry, the hardness of which does not exceed 11,000 MPa.
In this respect, molybdenum gas-phase coatings cannot
only compete with the electrolytic coatings from solid
chromium but also be considered as an alternative to chro-
mium coatings in the environmental aspect. It is known
that “six-valence” chromium (CrVI) is among the most
hazardous toxic substances and its use in manufacturing
a wide range of industrial products is limited by the Eu-
ropean Union directive (RoHS) [24]. On the same basis,
the method for obtaining gas-phase molybdenum coatings
has application advantages over the gas-phase methods for
obtaining chromium-based coatings.

The results of the study of the process of applying
molybdenum coatings and their properties served as the
basis during working out of the process of the application
of coatings on the components, which are used in the
assemblies of the JSV “FED” production. This refers to
both specific values during the choice of parameters of the
process of coating, and consideration of the established
patterns of the influence of parameters on the kinetics
and properties of coatings. Technology development also
requires taking into account the peculiarities of the
equipment and components, on which coatings are applied
with corresponding requirements to their characteristics.
In the case of coating application on the components with
complex geometry, as noted in paper [4], the most com-
plicated task is to ensure the uniformity of coating thick-
ness. This task was solved successfully on the example of
one of the components.

The obtained research results, methods, and means,
which were used during the process of working out of the
process of coatings application on specific details, can serve
as the basis for the development of industrial technologies in
aviation construction and other spheres.

The specific requirements for the characteristics of coat-
ings on the components will determine the range of issues,
which may be necessary to solve in the process of develop-
ment of the technology of Mo-MoC coatings application
using the chemical vapor deposition method. First of all, this
may concern the behavior of coating in various tribocouples
and conditions of their operation to determine the optimal
conditions for obtaining the necessary tribotechnical char-
acteristics of the coating. Equipment for the application of
coatings with the use of the chemical vapor deposition meth-
od may use the methods for heating components, precursor
feeding and other features affecting the kinetics of growth
and coating properties, which are different from those used
in this research. Further research in these areas will make
it possible to outline more fully the possibilities and the
benefits of using the method of chemical vapor deposition
method for Mo-MoC coating application on the components
in aviation and other fields of machine building.



7. Conclusions

1. The conducted studies revealed that it is possible to
obtain the coatings with hardness from ~11,000 MPa to
18,000 MPa using the chemical vapor deposition meth-
od in the chosen range of conditions of molybdenum
coatings from molybdenum hexacarbonyl. The ranges of
parameters of obtaining coatings with different structure,
speed, hardness, as well as the patterns of changes in
these characteristics at the change of basic parameters of
the process of obtaining such coatings, were determined.
The tests of the friction couple “molybdenum coating —
bronze BB23HTs” in the medium of fuel TC-1 in the
range of loads from 0.2 kN to the maximum load of 1.4 kN
demonstrated the operation efficiency of the experimental
friction couples without forming bursaries The magni-
tude of friction coefficient for the tested molybdenum
coatings with different structure and hardness did not
significantly differ and on average was 0.101 at the load
of 0.2kN and 0.07 at the load of 1.4 kN. The tests for
abrasive wear showed that molybdenum coatings with the
layered structure, which have the highest hardness values,
are superior to the coatings with a columnar structure in
terms of stability. Comparison of the properties of molyb-
denum coatings with the characteristics of electrolytic
coatings from solid chromium, obtained under similar

testing conditions, showed that molybdenum coatings are
not inferior to chromium coatings by the value of friction
magnitude, they can surpass them by 2 times in terms of
hardness, and by up to 10 times when it comes to resis-
tance to abrasive wear.

2. When developing the process of coating application on
specific components used in the assemblies of JSC “FED”,
the methods, and tools to ensure uniformity of heating
components and precursor feeding to their surface were
worked out. This ensures obtaining the coatings that are
uniform in thickness and properties with different surface
configurations. Thus, on the piston, which had the highest
non-uniformity of the surface geometry, the deviations
in thickness of the coating did not go beyond the limit
of 10 % of the mean value of 66 um. Microhardness was
15,545 MPa with a deviation of about 5 %. For a part
with a simpler surface geometry, the deviations from the
mean value of 40 pm on the coating thickness did not ex-
ceed 2 %. The microhardness deviation from the mean val-
ue of 14,810 MPa was not more than 2.5 %. The developed
process, methods, and means, which were used in coating
application on the components, can be used as the basis for
the development of technologies of molybdenum coating
application regarding the components of the assembly
and engine construction using the chemical vapor depo-
sition method.
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