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The design and operating principle of a pulsed vacuum-arc plasma source for
obtaining multicomponent coatings are presented. The proposed composite
cathode assembly of this plasma source has a base made of a metal with high
thermal conductivity, shaped like a cylinder with end surfaces, one of which
is cooled. The cathode base has through holes arranged uniformly concentri-
cally around the axis of the base, into which cylindrical inserts made of met-
als included in the coating composition are vacuum-sealed. The inserts are
made in the form of sleeves with an insulator containing an igniting electrode
tightly fitted inside each insert. In the case when the base material is part of
the coating composition, instead of at least one hole for the insert, the cylin-
drical base has holes, into which insulators with igniting electrodes are vacu-
um-sealed. The principles of operation of the pulsed plasma source with the
proposed composite cathode assembly for producing multicomponent coat-
ings of a specified composition are described. Practical tests of the developed
plasma source in the coating deposition mode (with an arc current amplitude
of 420 A, arc pulse durations of 50 us for titanium, 45 pus for molybdenum,
and 665 pus for aluminium) at varying pulse frequencies demonstrated that
the obtained multicomponent coatings closely match the specified composi-
tion, and the pulsed plasma source is characterized by reliable performance.

Key words: vacuum-arc coatings, multicomponent coatings, vacuum-arc dis-
charge, pulsed plasma source, composite cathode assembly.

Corresponding author: Kseniya Volodymyrivna Fesenko
E-mail: k.fesenko@khai.edu

Citation: Iu.O. Sysoiev, Yu. V. Shyrokyi, and K. V. Fesenko, Pulsed Vacuum-Arc
Plasma Source for Multicomponent Coatings, Metallofiz. Noveishie Tekhnol., 47,
No. 10: 1027-1042 (2025). DOI: 10.15407 /mfint.47.10.1027

© Publisher PH ‘Akademperiodyka’ of the NAS of Ukraine, 2025. This is an open access
article under the CC BY-ND license (https://creativecommons.org/licenses/by-nd/4.0)

1027


https://doi.org/10.15407/mfint.47.10.1027
https://creativecommons.org/licenses/by-nd/4.0
https://doi.org/10.15407/mfint.47.10.1027

1028 Iu. 0. SYSOIEV, Yu. V. SHYROKYTI, and K. V. FESENKO

HaBeneno KOHCTPYKIIiI0 I ONMCAHO TPUHIUN [il iMIOyJIBCHOTO BaKyyMHO-
IyTOBOIO I)KepeJia ILIasMU IJIA OfePsKaHHA 0araTOKOMIIOHEHTHUX IIOKPUTTIB.
3anpoMOHOBAHUM CKJIAJOBUI KATOMHUM BY30J TAaKOTrO AsKepeJa MJIasMU Mae
OCHOBY, BUKOHAHY 3 MeTajy, II0 Ma€ BUCOKY TEILJIONPOBiAHICTH, YV BUTJIAMLL
IMUJIiHIPA 3 TOPIEIMHU, OMWH 3 AKX OXOJOAMKYEThCSI. B OCHOBI KaToau BUKOHA-
HO HAaCKPisHi oTBOpH, AKi po3TalioBaHi piBHOMipHO IO KOHIIEHTPUUYHUX KOJIAX
BiTHOCHO Oci OCHOBM i B AKi BaKyyMHO-IIIiIbLHO BMOHTOBAHO IWJIIHAPWYHI
BCTAaBKU 3 METAaJIiB, II0 BXOAATH A0 CKJANy IIOKPUTTsS. BCTaBKM BUKOHAHO Y
¢dopMi BTYJIOK; BCepeaMHY KOXKHOI BTYJKM II[iJIbHO BMOHTOBAHO i30JIATOD 3
MiATTaTI0BAIBHOIO €JIEKTPONO0. ¥ BUIIAAKY, KOJUW MATEPisi OCHOBU BXOIUTH
IO CKJIay IOKPUTTHA, 3aMiCTh, AK MiHIMyM, OZHOTO OTBOPY [IJIf BTYJKU y IIU-
JiHAPUYHIN OCHOBI BUKOHAHO OTBOPH, B AKili BAKYYMHO-IIiJIFHO BMOHTOBAHO
i3ossiTOPU 3 MiATAMIOBATBHOIO e1eKTPoI0t0. Omcano NPUHITUIIY il iMITyIbC-
HOTO I)KepeJia IIJIa3MU i3 3aIIPONOHOBAHNM CKJIAZOBUM KATOIHUM BY3JIOM [IJIs
ofep:KaHHaA 0AaraTOKOMIOHEHTHUX IOKPUTTIB 3aaHOro ckJaany. lIpaktmuni
BUITPOOYBAHHA PO3POOJIEHOTO MKepesia IIadMU y PeKUMi HaHeCeHHA MTOKPUT-
TiB (ammiiTygHe 3HaUeHHA cTpyMy ayru — 420 A, TpuBanicTs iMoysabciB gyru
Ha Tutaui — 50 MKc, Ha MoibmeHi — 45 MKc, Ha amoMinii — 665 MKc) 3a pis-
HUX YaCTOT MPOXOMKEeHHS iMITyJIbCiB ITOKasaau, 110 oJepsKaHi 0araToKoMIIo-
HEHTHI MOKPUTTA MAalOTh CKJAaJ, OJM3LKHU JO 3aJaHOTO0, a CaMO iMIOyJIbCHE
JIKepesio IJIa3MHU XapaKTepPUs3yeThCs HaAifTHOI0 po60TOoIO.

KarouoBi ciroBa: BakyyMHO-IYTOBi TOKPUTTS, 0ATaTOKOMITOHEHTHI ITOKPUTTS,
BaKYYMHO-IYTOBUM PO3PAN, iMOYyJIbCHE MKepPeJio IJIasMu, CKJIaJZOBUN KaTOI-
HUH BY30JI.

(Received 4 November, 2024; in final version, 20 December, 2024 )

1. INTRODUCTION

The requirements for extending the service life of machine parts and
cutting tools in various industries impose special conditions on the
formation of their surface layers. One of the leading methods of ob-
taining coatings with high functional characteristics is vacuum-arc
technologies[1-3].

Recently, multicomponent coatings are increasingly used, when
creating of coatings with enhanced functional characteristics. Compo-
site cathodes (various systems of Ti—Si [4], Ti—V—-Zr—Nb—Hf [5], etc.)
and gas mixtures (reactive in various combinations with the addition
of inert gases [6, 7]) are used for this purpose. The number of types of
multicomponent coatings, including multilayer, gradient, nanostruc-
tured ones, available on the tool-making market, currently exceeds a
hundred [8, 9].

To form multielement vacuum-arc coatings, it is necessary to create
multicomponent plasma, from which their condensation occurs. There
are two main methods for generating such plasma: creating multiple
streams of metal plasma directed into the condensation zone with
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evaporating two or more monoelement cathodes, and generating mul-
tielement plasma by evaporating composite cathodes containing sever-
al elements. The first method requires the use of multiple plasma
sources with monoelement cathodes, which leads to a significant in-
crease in the equipment costs for its implementation. Therefore, in
practice, the second method of creating multielement plasma is typi-
cally used—with composite cathodes.

Materials for composite cathodes can be produced using methods of
vacuum remelting [10, 11], powder technologies [12], self-propagating
high-temperature synthesis (SHS) [13], etc. The use of cathodes made
of such materials allows for obtaining multielement coatings, but their
production is characterized by time-consuming and technologically
complex tasks, as well as high equipment costs for their implementa-
tion.

Composite (mosaic) cathodes are much simpler to manufacture.
They have a design when the base of the cathode made of one metal in-
cludes inserts made of other elements (metals). The design of one of the
first such cathodes is described in [14]. Subsequently, composite cath-
odes with a number of inserts reaching several dozen were developed
[15, 16].

Vacuum-arc plasma sources with composite cathodes allow for ob-
taining multicomponent coatings of the required composition. Howev-
er, they have two significant drawbacks. Firstly, in composite cath-
odes, uneven wear of the cathode working surface occurs due to differ-
ences in the electron transport coefficients for different metals. For
example, inserts made of aluminium or copper (which have a similar
electron transport coefficient, around 120 ng/K [17]) will wear out al-
most four times faster than inserts made of titanium or chromium
(with an electron transport coefficient of around 40 ng/K [17]) under
the same conditions.

Secondly, the design of the known composite cathode assemblies is
intended for their use in vacuum-arc plasma sources operating in sta-
tionary vacuum arc mode. Such a discharge is characterized by a sig-
nificant number of macroparticles (droplets) of cathode material in the
plasma flow, which enter the coating, reducing its quality (in the ion
cleaning mode, there are about 30% cathode material droplets in the
condensate, and in the deposition mode 20% [18]).

There are much fewer macroparticles (droplets) of cathode material
in the plasma flow generated in the pulsed mode of a vacuum arc life-
time [19], which allows for obtaining higher-quality coatings. Howev-
er, composite cathodes in their current form, as used in stationary
vacuum-arc plasma sources, cannot be used in pulsed plasma sources.
Therefore, the development of a pulsed vacuum-arc plasma source with
the composite cathode assembly to obtain high-quality multicompo-
nent coatings is a relevant task.
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2. DESIGN OF A PULSED VACUUM-ARC PLASMA SOURCE
2.1. Design Features of the Pulsed Vacuum-Arc Plasma Source

The schematic design of the developed pulsed vacuum-arc plasma
source is shown in Fig. 1. It consists of the pulsed vacuum-arc plasma
source itself 1 and its power supply circuit 2.

The pulsed vacuum-arc plasma source I comprises an anode 3 and a
cathode assembly 4. The anode and cathode assembly are enclosed by a
solenoid (not shown in Fig. 1), which generates an axisymmetric uni-
form magnetic field within the plasma source.

The cathode assembly contains a base 5 made of a highly thermally
conductive metal (aluminium was used) in the form of a cylinder (60
mm in diameter) with end surfaces, one of which is cooled (marked as 6
in Fig. 1). Cylindrical inserts 7, shaped like sleeves and made of metals
used in the coating composition, are vacuum-sealed into through holes
in the base 5.

The inserts 7 are of uniform size (outer diameter of 11 mm, inner

To IE Al To IE B| To IE C

T
Y10 | | tis 12

Fig. 1. Pulsed vacuum-arc plasma source with the composite cathode assem-
bly: 1 is vacuum-arc plasma source schematic, 2 is power supply circuit, 3 is
anode, 4 is cathode assembly, 5 is base of the cathode assembly, 6 is cooled end
surface of the composite cathode, 7 is cylindrical inserts made of metals used
in the coating composition, 8 is insulator, 9 is igniting electrode, 10, 11, 12
are igniting blocks, 13, 14, 15 are vacuum arc power supply blocks, 16 is con-
trol unit.
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diameter of 5 mm) and have a length equal to the thickness of the base
(10 mm). Inside each insert, an insulator 8 (diameter of 5 mm) with an
igniting electrode 9 (diameter of 2 mm) is tightly fitted. The working
surfaces of the inserts, insulator, and igniting electrode are flush with
the working end surface of the base, opposite to the end surface 3,
which improves the manufacturing conditions of the cathode assembly
and enhances the reliability of vacuum-arc ignition.

The operation of the pulsed vacuum-arc plasma source I is support-
ed by the power supply circuit 2. This circuit consists of igniting blocks
10, 11, 12 and pulsed vacuum arc power supply blocks 13, 14, 15,
which are connected to the control unit 16 at the control input. The
outputs of igniting block 10 are connected to the igniting electrodes 9
of the inserts made of the first metal (group of inserts A, made of tita-
nium). The outputs of igniting block 11 are connected to the igniting
electrodes 9 of the inserts made of the second metal (group of inserts B,
made of molybdenum), and the outputs of ignition block 12 are con-
nected to the igniting electrodes 9 of the inserts made of the third met-
al (group of inserts C, made of aluminium). In Figure 1, these are la-
belled ‘To IE A’, ‘To IE B’, and ‘To IE C’. The outputs of the pulsed
vacuum arc power supply blocks 13, 14, and 15 are connected to the
anode and cathode of the pulsed vacuum-arc plasma source I, where
power supply block 13 supplies the arc on the group of inserts A, block
14 supplies the arc on the group of inserts B, and block 15 supplies the
arc on the group of inserts C, ensuring the necessary arc pulse dura-
tions for each material. This circuit design provides the required fre-
quency, duration, and sequence of pulsed arc discharges on each group
of inserts to produce multicomponent coatings of the specified compo-
sition with an even distribution of components.

The cathode assembly 4 shown in Fig. 2 (view A from the anode 3 in
Fig. 1) illustrates the case when the base material of the cathode 5 is
part of the coating composition. It includes six inserts made of titani-
um (denoted by Ti, material of group A), with insulators 8 and igniting
electrodes 9 embedded in them, uniformly arranged along the concen-
tric circle 17 relative to the axis of the cathode base. Five inserts made
of molybdenum (denoted by Mo, material of group B), with embedded
insulators 8 and igniting electrodes 9, are evenly positioned along the
concentric circles 17 and 18 around the cathode base axis. Two ‘in-
serts’ made of the base material (aluminium, denoted by Al, material
of group C), with embedded insulators 8 and igniting electrodes 9, are
positioned as follows: one in the centre of the cathode base and the oth-
er along the concentric circle 17 (a design where igniting units are em-
bedded in the cathode base can be conditionally regarded as the putting
of two aluminium ‘inserts’ in the base). The cathode base wearing zone
is marked by a dashed circle 19 in Fig. 2, indicating the area where the
aluminium ‘inserts’ wear down.
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View A

Fig. 2. Cathode assembly of the pulsed vacuum-arc plasma source: 17, 18 are
circles concentric to the axis of the cathode base, 19 is wearing zone of the
cathode base material, other positions as in Fig. 1.

The selection of the insert dimensions was made based on the follow-
ing considerations. The length of the inserts was chosen to simplify the
manufacturing technology of the composite cathode and to improve
the cooling conditions of the inserts. The issue of optimal balance be-
tween the reserve of plasma-forming material in the insert and the sta-
bility of arc excitation and burning on its working surface was also
taken into account. The outer and inner diameters of the inserts were
determined as follows: the outer diameter was chosen based on the du-
ration of the arc pulses and the uniform arrangement of inserts in the
cathode base with a diameter of 60 mm, which was dictated by the de-
sign of the plasma source based on the standard plasma source of the
‘Bynar-6’ installation; the inner diameter was determined by the min-
imum possible diameter of the insulator in the arc excitation system
that ensures its reliable operation.

2.2, Ensuring the Airtightness of the Cathode Assembly

To ensure the airtightness between the working end and the cooled end
surfaces of the cathode assembly, the assembly was manufactured as
follows. First, a layer of bonding material was applied in the connec-
tion area on the metal inserts 7, insulators 8 (ceramic tubes of 22XC



PULSED VACUUM-ARC PLASMA SOURCE FOR MULTICOMPONENT COATINGS 1033

material), and igniting electrodes 9. Sodium silicate Na:SiOs-9H; was
used as the bonding material. After holding these components at room
temperature for an hour, they were assembled and then placed in a
shaft-type muffle furnace, where the temperature was gradually in-
creased to 1200°C. After holding at this temperature for 30 minutes
and then allowing the components to cool, the assemblies made up of
elements 7, 8, and 9 were complete. In the next stage, the assembled
units were press-fitted into the holes of the cathode base 5, ensuring
airtightness [24]. This completed the manufacturing process of the
composite cathode assembly.

3. PRINCIPLES OF OPERATION OF THE PULSED PLASMA
SOURCE WITH THE COMPOSITE CATHODE

3.1. Ensuring Effective Cooling of the Cathode Assembly

In the proposed cathode assembly, one of the primary functional pur-
poses of the cathode base is to cool the inserts, which is best achieved
by using a metal with high thermal conductivity. For example, the
thermal conductivity of aluminium is more than an order of magnitude
higher than that of one of the most common cathode materials, titani-
um [20]. Thus, the proposed cathode assembly offers cooling condi-
tions that are over an order of magnitude better. Furthermore, cooling
the inserts in the proposed manner (not only from the cooled end sur-
face but also along the lateral surface) is the most effective way to
maintain the inserts temperature during operation at a low level, close
to the temperature of the coolant. Additionally, the uniform arrange-
ment of the inserts (equidistant from each other) in concentric circles
relative to the base axis further contributes to their effective cooling.
This cooling regime for the inserts during the cathode assembly opera-
tion ensures its low temperature, which in turn reduces the number of
droplets in the plasma flow of the source [19, 21], leading to the pro-
duction of high-quality coatings.

3.2. Ensuring Reliable Excitation of the Pulsed Vacuum Arc

To ensure the excitation of the vacuum arc, the inserts are designed as
sleeves, inside which insulators with igniting electrodes are tightly
fitted. When a start pulse is applied to the igniting electrode, initial
plasma is generated, which leads to the formation of a cathode spot of
the pulsed arc. This solution allows sequential ignition of the vacuum
arc on each insert according to the timing algorithm needed to produce
coatings of the desired composition. This approach increases the ser-
vice life of the vacuum arc excitation system on the plasma source
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cathode assembly by a factor of N, where N is the number of ignition
units used, thereby enhancing the reliability of the plasma source with
the proposed cathode assembly by the same factor. Moreover, this
technical solution enables the plasma source to operate in the pulsed
mode with pulse durations in the microsecond range. This reduces the
number of macrodroplets in the plasma flow [19] compared to a sta-
tionary arc, thus, improving the quality of coatings applied to the sub-
strate.

In our conditions, with the presence of the axisymmetric uniform
magnetic field, there was no ‘attachment’ effect of the cathode spot to
the metal—dielectric boundary during its excitation, similar to find-
ings in Ref. [22]. This may also be attributed to the fact that current
was supplied to the inserts through the aluminium cathode base.

3.3. Determining the Duration of Arc Pulses on Inserts Made
of Different Metals

Excitation of the vacuum arc using the insulator with the ignition
electrode on the working end surface of the insert leads to the evapora-
tion of the insert metal and its penetration into the coating. Achieving
conditions when the cathode spot of the arc remains only on the work-
ing end surface of the insert (thereby, preventing any unintended con-
tribution of the composite cathode base material into the coating) is
possible exclusively in the pulsed mode of the vacuum arc with pulse
durations limited to the time required for the cathode spot to move
from its ignition point (the boundary on the working surface of the in-
sert between its inner surface and the insulator) to the boundary be-
tween its outer surface and the surface of the base. Since this distance
is small (a few millimetres) and the cathode spot movement speed can
reach several tens of meters per second or more, the vacuum arc pulse
duration cannot exceed several tens of microseconds. It is also neces-
sary to consider that the speed of the cathode spot movement depends
on the material it exists on and the strength of the magnetic field,
which is typically present in plasma sources to focus the plasma flow
onto the substrate holder. Therefore, the arc-discharge duration on
inserts made of different metals will vary to meet the condition of con-
finement only on the inserts working surface.

To determine the arc-pulse duration when the cathode spot remains
confined to the insert working surface, studies were conducted for dif-
ferent insert materials using the setup shown in Fig. 3. Cathodes were
fabricated with inserts (13 in total) made of only one of the composite
cathode materials (in this case, titanium or molybdenum) that contrib-
uted to the coating composition. After installing this cathode in the
pulsed plasma source and placing a sample on the substrate holder, the
source operated for 15 minutes in a mode when the pulsed arc was ex-
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Fig. 3. Pulsed vacuum-arc plasma source for determining arc pulse duration:
1 is anode, 2—6 are components of the composite cathode assembly, 7 is power
supply unit, C: is arc power capacitor, Cy1—Cy, are igniting capacitors, Si1, Su—
Si» are switching elements.

cited only on one insert with arc-pulse duration of 30 us (the arc-pulse
duration was controlled by the switching element S;, which activation
interrupted the arc discharge). The initial arc pulse duration was se-
lected to ensure that the arc cathode spot remained on the working sur-
face of the insert of this material.

Next, the coating composition on the obtained sample was analysed
using the energy-dispersive microanalysis system of the PEM-106
scanning electron microscope. If no base material (aluminium) was de-
tected in the coating, the process was repeated—another sample was
loaded into the vacuum chamber, and the coating was applied by the
cathode assembly operating on the next insert with an increased pulsed
arc discharge duration by 5 us (adjustments to the thyristor S; activa-
tion time were provided by its control system, not shown in Fig. 3.

This process continued until aluminium appeared in the coating on
the sample. Then, the maximum arc pulse duration for the given insert
material, when the cathode spot of the pulsed arc remained only on the
working surface of the insert, was determined as the last pulse dura-
tion when aluminium was absent in the sample coating. The conducted
studies showed that the base material did not appear in the coatings on
the samples at maximum arc pulse durations of 50 us for titanium in-
serts and 45 ps for molybdenum inserts.
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In cases when the base material (aluminium) was included in the
coating composition, certain factors should be considered. The speed of
the cathode spot movement on aluminium is nearly an order of magni-
tude lower than on titanium and molybdenum [1], and the electron-
transport coefficient is three times higher than that of these metals
[17]. Thus, achieving an equal amount of material contribution to the
coating over a given deposition time from both aluminium ‘inserts’
and inserts made of other metals can be managed by adjusting either
the arc pulse duration or arc pulse frequency on these inserts, or by
simultaneously regulating both parameters. It is essential to ensure
that the base material wear occurs within zone 19 (Fig. 2), which relia-
bly prevents the cathode spot from reaching the inserts made of other
metals when the cathode assembly design in Fig. 2 is used.

The significant difference in the movement speed of the cathode
spot on aluminium compared to other insert materials at equal vacuum
arc pulse durations will result in substantial variation in the wearing
(evaporation) zones on inserts made of these metals. For instance, with
vacuum-arc pulse duration of 50 us, the width of the wearing zone on
the titanium insert will be about 2.5 mm, whereas on the aluminium
‘insert’, this zone width will not exceed 0.15 mm. Such a small erosion
zone on the aluminium ‘insert’ will lead to its rapid wear and to the
cathode spot sinking deeper into the ‘insert’. This, in turn, will reduce
the reliability of arc excitation on it and cause arc-pulse failures on the
‘insert’. Such a process is undesirable, as it will uncontrollably de-
crease the aluminium content in the coating.

To prevent this phenomenon, it is necessary to increase the wearing
zone on materials with a low cathode spot movement speed. This can be
achieved by extending the duration of vacuum arc pulses on such ma-
terials. For example, by increasing the arc pulse duration on the alu-
minium ‘insert’ to 665 us, the wearing zone close to 2 mm can be ob-
tained, which is already acceptable.

The pulsed operation mode of the plasma source with arc-pulse dura-
tions in the tens of microseconds ensures the wear only the inserts ma-
terials with a minimal number of droplets entering the coating [19,
23]. Moreover, walls formed during insert wear act as barriers that
prevent droplets from entering the generated plasma flow [15], thus,
improving the coating quality.

3.4. Correlation between Insert Material Content in the Coating
and Other Parameters

The quantity of material m; of inserts made of the same metal that en-
ters the coating can generally be determined as follows:

My = WRN1N2lqt, (1)
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where p is the electron-transport coefficient of the insert metal, k& is
the coefficient accounting for the fraction of evaporated metal that
enters the coating (dependent on the design of the plasma source), N; is
the number of inserts made of the same material, N is the number of
vacuum-arc discharges occurring on an insert, I4 is the average current
of the vacuum-arc discharge during a pulse, and ¢ is the duration of the
vacuum arc pulse.

The area of the inserts Si;, of which one type of metal evaporates, is
determined as follows:

Shi=2nrnhN, (2)

where r, is the average radius of the insert ring, s is the width of the
ring of the insert working surface (the difference between the inner
and outer radii).

After the cathode spot of the vacuum-arc discharge appears, it be-
gins to move chaotically across the working surface of the insert. For a
chaotic movement of the cathode spot, the maximum possible dis-
placement x over a time interval ¢ can be defined as follows [24]:

r2
x*=0.51-21¢, 3)
T
where ro is the size of the cathode spot cell, t is the lifespan of an indi-
vidual cathode spot cell.

Since the displacement x cannot exceed &, the following equation
can be used to establish the relationship between the content of the in-
sert material my; in the coating and other parameters of the composite
cathode, as well as its operating mode:

2
= WS ()
2n°r. 1,
The provided dependence (4) allows only for an approximate assess-
ment of the correlation between the total working surface area of in-
serts made of the same metal and the amount of that metal in the coat-
ing. This is due to several factors: the spontaneous behaviour of the
vacuum arc cathode spot (for example, the relationship between r? and
t(rf / t) givenin Ref. [25] is estimated at around 107°~1072, indicating
an error margin of at least an order of magnitude); the electron
transport coefficients reported in the literature vary significantly;
and the speed of the cathode spot movement is influenced by factors
other than the cathode material, such as the presence and intensity of
the magnetic field, the pressure and type of the gas in the plasma
source volume, and other conditions.
It is also worth noting the following: to produce a titanium film with
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a thickness of one micrometre under similar conditions, approximately
1.5-105 activations of the pulsed vacuum-arc plasma source are needed
[26]. This indicates that, when operating in pulsed mode with pulse du-
rations of several tens of microseconds, the existence of a vacuum arc
on each material in the composite cathode enables the formation of
multicomponent coatings with high precision in composition.

4. RESULTS AND DISCUSSION

The composite cathode was fabricated according to Fig. 2 for testing
purposes. This composite cathode assembly was installed in a pulsed
vacuum-arc plasma source, which was then set up in the vacuum cham-
ber of the ‘Bynar-6’ installation. To monitor the composition of the
coating, three samples were placed in the vacuum chamber in each test
series, onto which coatings were deposited.

The vacuum chamber was evacuated to the working pressure
(2-1072 Pa), and coatings of the specified composition were deposited
onto the samples by sequentially initiating pulsed vacuum-arc dis-
charges on the working surface of the inserts through electrical break-
down across the end surface of the insulator between the igniting elec-
trode and the cathode.

These igniting discharges were initiated by applying voltage to the
igniting electrodes from one of the igniting blocks (10, 11, or 12, Fig.
1), depending on which insert material (group A, B, or C) was to be de-
posited on the sample at a given moment of plasma source operation.
The igniting blocks were managed by control unit 16, Fig.1, which
simultaneously with the igniting blocks activation signal turned on the
vacuum arc power supply blocks (13, 14, or 15, Fig. 1) to provide the
required duration of vacuum arc pulses depending on the material
group of the insert. The resulting cathode arc spot then began moving
randomly across the working end surface of the insert, generating a
plasma flow, from which the coating was deposited.

Three modes for depositing multicomponent coatings of specified
compositions were implemented. In mode 1, the target coating compo-
sition was of 33.4% titanium, 33.3% molybdenum, and 33.3% alu-
minium. In mode 2, the coating composition was set to 72.7% titani-
um, 9.1% molybdenum, and 18.2% aluminium. In mode 3, the speci-
fied coating composition was of 12.5% titanium, 62.5% molybdenum,
and 25.0% aluminium.

A specific algorithm programmed in control unit 16 managed the
appropriate mode for depositing coatings. In all modes, control unit 16
provided control pulses to igniting blocks 10, 11, 12 and corresponding
power supply blocks 13, 14, 15, ensuring sequential activation of both
groups of inserts and individual inserts within each material group.
This approach facilitated an even distribution of materials in the coat-
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ing composition.

The algorithm in control unit 16 provided the following timing pa-
rameters for each coating-depositing mode. Mode 1: on titanium in-
serts—arc-pulse frequency of 40 Hz with a duration of 50 pus, on mo-
lybdenum inserts—arc-pulse frequency of 40 Hz with a duration of 45
us, on aluminium inserts—arc-pulse frequency of 1 Hz with a duration
of 665 ps. Mode 2: on titanium inserts—arc-pulse frequency of 160 Hz
with a duration of 50 us, on molybdenum inserts—arc-pulse frequency
of 20 Hz with a duration of 45 us, on aluminium inserts—arc-pulse
frequency of 1 Hz with a duration of 665 is. Mode 3: on titanium in-
serts—arc-pulse frequency of 40 Hz with a duration of 50 pus, on mo-
lybdenum inserts—arc-pulse frequency of 200 Hz with a duration of
45 ps, on aluminium inserts—arc-pulse frequency of 2 Hz with a dura-
tion of 665 us.

In these modes, coatings were obtained on samples with deposition
duration of 20 minutes. The plasma-source operation mode in all cases
was as follows: amplitude value of the vacuum arc discharge current—
420 A, with the corresponding delay time between vacuum arc pulses
for each mode. The delay time included the time for restoring the die-
lectric strength of the cathode—anode gap after a vacuum-arc dis-
charge; the time required for the plasma of the ignition discharge to
form the necessary charged particle density in the cathode—anode gap
to initiate the main vacuume-arc discharge (approximately 40 us), and
the hold time between arc pulses to reduce thermal load on the cathode
assembly [27].

Obtained coatings were analysed using a PEM-106 scanning electron
microscope equipped with an energy-dispersive microanalysis system.
The analysis results showed that the coating thickness on the samples
was, on average: 2.4 ymin mode 1, 4.1 ym in mode 2, 6.7 pym in mode 3.
The resulting component composition of the coatings for the studied
modes is presented in Table 1.

Analysis of the data presented in Table 1 shows that, with the speci-
fied frequency and duration of vacuum arc pulses for each group of in-
serts of the same material, and with consistent timing and sequential
activation of each insert group—and within each group, each individ-
ual insert—the composition of the resulting multicomponent coating
is entirely determined by the frequency of arc pulses in each insert
group. So, when an even rate of material evaporation from each group
of inserts is maintained per unit time, the coating composition has
equal component content (Table 1, mode 1). When the duration of op-
eration (the number of activations per unit time) in the insert groups
for a particular material is increased or decreased, the content of those
materials in the coatings changes accordingly (Table 1, modes 2 and 3,
respectively). Deviations from the specified coating composition with-
in 5% in various modes in Table 1 are attributed to measurement error
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TABLE 1. The specified and obtained content of the insert materials in the
coatings at arc pulse frequencies f.

No Ti content Mo content Al content
: Specified, |Obtained, | Specified, | Obtained, | Specified, | Obtained,
experiment p % % p % % p % %
Mode 1
f=40Hz f=40Hz f=1Hz
1 33.4 31.9 33.3 34.2 33.3 31.9
2 33.4 34.1 33.3 32.4 33.3 34.4
3 33.4 32.6 33.3 32.8 33.3 32.2
Mode 2
f=160 Hz f=20Hz f=1Hz
1 72.7 71.4 9.1 10.3 18.2 17.3
2 72.7 73.9 9.1 8.9 18.2 19.1
3 72.7 72.0 9.1 9.9 18.2 18.5
Mode 3
f=40Hz =200 Hz f=2Hz
1 12.5 12.1 62.5 61.6 25.0 24.2
2 12.5 12.8 62.5 62.3 25.0 26.1
3 12.5 11.7 62.5 63.7 25.0 25.6

in the component composition of the coating using the PEM-106 mi-
croscope and less than 100% reliability of vacuum arc initiating.

5. CONCLUSION

The design of a pulsed vacuum-arc plasma source with the composite
cathode assembly was developed for obtaining multicomponent coat-
ings. The use of a high-thermal-conductivity metal for the cathode
base, with cylindrical inserts made of other metals (forming the coat-
ing composition) placed in the base holes uniformly along concentric
circles relative to the base axis, enables effective cooling of cathode
elements during plasma-source operation, allowing for high-quality
multicomponent coatings. A manufacturing technique was developed
to ensure the airtightness of the composite cathode.

The use of a separate arc igniting system on each insert, consisting
of an insulator and an igniting electrode for excitation of the pulsed
vacuum-arc discharge, significantly increases the service life of the
pulsed plasma source (by a factor of N, where N is the number of in-
serts).

The experimental method was proposed to determine durations of
vacuum arc pulses on inserts made of different materials to ensure ma-
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terial deposition from only these inserts. The relationship between the
content of a particular metal in the coating and parameters such as
metal electron transport coefficients, the number of inserts, average
arc current, arc pulse frequency for inserts of the same metal, and
their operation time was demonstrated. The possibility of using the
cathode base material as a component in the coating was also proven.

Practical tests of the pulsed plasma source with the composite cath-
ode showed that the obtained coatings were of high quality. The plasma
source itself demonstrated high service life with reliable excitation of
the pulsed vacuum arc (vacuum-arc ignition probability close to 97%),
and the composition of the obtained coatings was determined by the
operation time of inserts made of different metals.
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