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INVESTIGATION OF THE IMPACT OF COMPRESSION PLASMA FLOWS ON
MULTILAYER COATINGS

The article presents the results of studying the impact of compression plasma flows, which are generat-
ed by quasi-stationary plasma accelerators, on multilayer protective coatings obtained using plasma spraying in
air. Under shock and wave effects of pulses of the compression plasma flow, plastic deformation and significant
compaction of the treated layer of the applied plasma coating occur. Ultrafast cooling and corresponding heat
removal to the substrate, after melting of the formed layer with a thickness of about 20-30 microns, is the result
of the thermal effect of compression plasma pulses. There are significant structural-phase changes in the modi-
fied area. The impact of high-temperature plasma pulses on the "base-coating™ system leads to the melting of the
resulting coating and the base layer and the subsequent liquid-phase mixing of these components under the in-
fluence of the pressure of the plasma flow. The action of plasma flows on the surface of the resulting material
leads to significant changes in morphology. The degree of short-term melting in compositions containing various
phases affects the number of centers of passing crystallization, leading to strengthening of structures during ul-
tra-rapid cooling.

Keywords: ceramic-metal plasma coatings, compression plasma flows, treatment distance, formed structures,
surface layers, formed wear-resistant coatings.
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HCCJEJOBAHUE BO3JIEMCTBUSA IOTOKOB KOMIIPECCUOHHOM ILJTIA3MbI HA
MHOTI'OCJIOMHBIE MTOKPBITHUSI

B cmamve npedcmasnenvt pesynomamol ucciedo8anus 6030€lcmaust NOMOKO8 KOMIPECCUOHHOU NIA3Mbl, 2eHe-
PUPYEeMbIX K8A3UCMAYUOHAPHBIMU NAA3MEHHBIMU YCKOPUMETAMU, HA MHO20CIOUHbLE 3auUmHble NOKPLIMUSL, NO-
JIYHeHHblE ¢ NOMOWbIO NAAZMEHHO20 HANbLIeHUs. Ha 8030yxe. IIpu yOapHO-80IHOBOM 8030€liCMEUU UMNYILCO8
KOMAPECCUOHHO20 NIAA3MEHHO20 NOMOKA NPOUCXO0Um Nidcmuyeckas dehopmayus u 3HAUUmMenbHoe YniomHe-
HUe 06pabamvleaemozo closi HAHECEHHO20 NAaZMeHH020 nokpuimus. Ceepxbvicmpoe oXaajicoenue u coomeem-
cmeyiowuil 0meoo menja K N00J0NCKe, nocjie PACHIAGICHUS. CHOPMUPOBAHHO20 c0si mowunol nopsoxka 20-30
MKM, SGISAEMCS Pe3VIbMAMOM Meni08020 6030€UCMBUs KOMNPECCUOHHBIX NIAZMEHHbIX UMNYIbCO8. B usmenen-
HOU obaacmu HAOII0O0AIOMCs 3HAYUMeNbHble CIMPYKMYPHO-ha308vble usmeHnenus. Bozoelicmaue umnyibcog evlco-
KOMeMNepamypHoU Nia3mMbl HA CUCMEMY «OCHOBA-NOKPbIMUE» NPUBOOUM K DPACNIAGIEHUIO NOJLYYEHHO20 NO-
KPbIMusi U CJ1051 OCHOBbL U NOCAEOVIOWeMy HCUOKOPAZHOMY CMEUEHUIO IMUX KOMNOHEHMO8 NO0 delicmauem 0dé-
JIeHUsL NAA3MEHH020 ROmoKa. Bosodeiicmeue nomokos niazmvl Ha ROBEPXHOCb NOJYHYEHHO20 MAMEPUANLA NPUBO-
oum K CyWecmeeHHviM usmeHeHusm mopgonoeuu. Cmenenvb KpamkoSPEeMEeHHO20 NIAGLEHUs 8 KOMNO3UYUSX,
cooepoicawux paziuunble Gasvl, euusem HA KOJIUYECmE0 NPOXOOSUUX YEHMPOE KPUCIAIUZAYUL, NPUBOOs K
VAPOUHEHUIO CMPYKIYD HPU CEEPXObICIPOM OXTANCOCHUU.

Knroueevie cnosa: memaniokepamuieckue NIA3MEHHble HOKPbIMUS, KOMAPECCUOHHbIE NIA3MEHHble NOMOKU,
oucmanyust 06pabomku, chopmoganHvie CMpPYKmMypbl, HOBEPXHOCMHbIE CNOU, (OPMOBAHHbBIE UZHOCOCMOUKUE
HOKPbIMUSL.
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1. Introduction.

It is known [1-10] that the processing of multilayer plasma coatings by intense high-
energy flows: electron, ion, laser, and plasma is accompanied by heating of the treated surface
(sometimes above the melting point of the initial material) followed by rapid overcooling of
the surface layer of the coating at a rate, reaching values of 10'° K/s. The resulting tempera-
ture gradients and alloying of the source material during the processing often lead to structural
and phase transformations in the surface layers of the deposited materials and, accordingly, to
a change in their technological properties: hardness, wear resistance, heat resistance, adhesion
strength [1-7]. Completely new opportunities for the ongoing modification of the properties of
coatings and a significant improvement in the resulting operational characteristics are provid-
ed by the use of compression plasma flows, which are generated by quasi-stationary plasma
accelerators [1, 3]. This method has a number of advantages over other methods of high-
energy processing: a short exposure time (of the order of ~ 100 ps), the possibility of addi-
tional doping of the resulting coating layers with elements of a pre-applied coating, the use of
the gas used not only for heating the coating, but also for its doping. Joint mixing by com-
pression plasma flows of the base-coated system makes it possible to obtain a near-surface
layer containing elements of both the coating and the base. The purpose of our research was
to study plasma coatings under high-energy exposure to a compressive plasma flow, to study
changes in the elemental composition of the coating, structural and phase transformations and
technological properties of the modified layer, to create scientific foundations for new meth-
ods for significantly improving the properties of plasma wear-resistant coatings, widely used
in a number of industries.

2. Technological characteristics of the process of processing by pulses of compression
plasma. It is known that under shock and wave impacts of compression plasma flow pulses,
plastic deformation and significant compaction of the processed layer of the applied plasma
coating occur. Ultrafast cooling and the corresponding heat removal to the substrate, after
melting the formed layer with a thickness of about 20-30 microns, is the result of the thermal
effect of compression plasma pulses. There are significant structural-phase changes in the
modified area. The impact of high-temperature plasma pulses on the "base-coating™ system
leads to the melting of the resulting coating and the base layer and the subsequent liquid-
phase mixing of these components under the influence of the pressure of the plasma flow. The
action of plasma flows on the surface of the resulting material leads to significant changes in
morphology. The degree of short-term melting in compositions containing various phases af-
fects the number of centers of passing crystallization, leading to strengthening of structures
during ultra-rapid cooling. In structures, there is a change in their short-range order, the mate-
rial in the formed coating comes to a state similar to an amorphous one [1]. The degree of
plastic deformation significantly affects the probability of formation of amorphous structures.
Accordingly, when Al,O3-TiO,-NiCrAllTa and Al,O3-TiO,-Mo coatings are exposed to com-
pression plasma flows, the main sign of optimization is the maximum melting at the minimum
possible exposure distances with a corresponding increase in the levels of thermal, shock and
wave effects of pulses. The possible minimum is limited by the appearance of signs of fault
detection of the formed coating (large pores and a network of cracks on the surface, chips).
An assessment of the degree of melting and compaction obtained, as well as signs of destruc-
tion, is carried out. In the study of thin sections treated with compression plasma, the evalua-
tion of flashing options was carried out on a metallographic microscope (MeF-3) and on ana-
lyzers (MOP-AMO3, AutoScan). Together with the study of the properties formed during op-
timization, we studied the average parameters of microhardness, a characteristic of the formed
coatings correlated with the degree of amorphization (microhardness tester "Micromet-11").
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Coatings created using a magnetoplasma compressor (MPC) - a gas-discharge quasi-
stationary accelerator (Figure 1 a), including an energy unit, a vacuum unit (a chamber with
the necessary systems for pumping and puffing the working gas (hydrogen)), a diagnostic
complex, a control and measuring a block that synchronizes all units of the installation. Vacu-
um chamber 150 cm long, at the end there is an MPC discharge device. The working gas sup-
ply system allows the use of any gases, as well as their mixture in any ratio. A general view of
the discharge device used to create a compression plasma is shown in Figure 1b.

The energy accumulator structurally looks like a complex of a capacitor bank for sup-
plying power to the MPC and capacitor banks that support the operation of the electro-
dynamic valve, it inlets the working gas. The main advantage of the MPC is the high stability
of the compression flow with the possibility of correlation of the control parameters, composi-
tions and flow sizes, the duration of the discharge, which makes it possible to carry out practi-
cal applications [2]. The MPC operated in the so-called "residual gas™ mode - a previously
evacuated vacuum chamber was filled with working gas (nitrogen or hydrogen) to the re-
quired pressure (it is possible to operate in the range of 133-1330 Pa). Modes of operation
MPC-discharge duration - 140 ps, amplitude indicators of the discharge current - 50 to 100
kA (depending on the initial parameters of the discharge). As a result, a compression plasma
flow is formed with indicators - length 10 cm, diameter 1-2 cm (in the region of maximum
compression). In accordance with the initial parameters of the accelerator, the plasma velocity
of the obtained compression flow is on the order of (2-7).10° cm/s. The resulting concentra-
tion of charged particles in the region of maximum compression in this case reaches the order
of (5-10).10"" cm-3, and the temperature is 1-3 eV. The treatment of the coatings under study
on the samples was carried out when the surface was exposed to one or a series of compres-
sion plasma flow pulses, the number of which varied from 10 to 17 in different experiments.
bit device MPK, presented in Figure 2.
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Figure 1. General view of the research stand — magnetoplasma compressor (a); general
view of the MPC discharge device (b)

The energy density [8] absorbed by the coated sample varied from 3 to 40 J/cm2 per
pulse by changing the distance from the cutoff of the discharge device to the sample, as well
as by changing the initial voltage on the MPC energy storage. The resulting dependence of the
energy density absorbed by the surface, on the distance to the MPC discharge device when
operating in a nitrogen atmosphere at parameters P;=665 and 1330 Pa and the initial voltage
on the accelerator energy storage device Uy=3.5 kV, is shown in Figure 3. The values of the
absorbed surface energy density of the target, when the distance from the cathode cutoff to the
sample changes from 8 to 16 cm, it decreases by almost 5 times at P,=665 Pa.
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Figure 2. The process of modification under the influence of impulses compressive plasma
flow on a sample coated plasma coated

Using the accepted technique, changing the used technological characteristics of the process
of processing by pulses of the compression plasma flow, both the distance under the influ-
ences and their number were changed [7-11]. The number of pulses significantly affects the
thickness of the treated layers. The total number of pulses must create a melted coating with
high strength characteristics throughout the entire thickness of the coating. According to the
optimization data (Tables 1 and 2), the optimum distances for the formation of hardened
structures for NiCrAllTa-Al,O3-TiO, are 0.13 m; for Mo-Al,O3-TiO, - 0.14 m. This is con-
firmed by the stabilization of the total porosity, at distances below 0.13 and 0.14 m there is no
decrease due to the instantaneous dynamic and thermal effects (about 200 ps), and also the
maximum content of the refractory phase, which reduces the degree of melting. At distances
below 0.11 m for NiCrAllTa-Al,O3-TiO, and 0.12 m for Mo-Al,O3-TiO,, defects with the
development of macro-cracks are noticeable.
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Figure 3. Dependence of the energy density absorbed by the treated surface of the
sample on the used distance to the discharge device of the magnetoplasma compressor.

We also optimized the total number of pulses in the compression plasma. When the
system is treated with a small amount of pulse, incomplete melting and partial mixing of the
system components are observed. Processing with a large number of pulses is characterized
by more uniform mixing. An increase in microhardness can also be due to the effects of rapid
quenching: the sample experiences sharp heating up to the melting of the surface layer, fol-
lowed by heat removal into the depth of the sample and rapid recrystallization. It was revealed
as a result of research for the complete processing of the formed coatings for NiCrAllTa-
Al;03-TiO,, 14-15 impacts are necessary, for Mo-Al,O3-TiO;, - 12-13. A further increase is
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not necessary, the geometry of the created surface of the coating and the technological charac-
teristics of the coating deteriorate due to remelting.
Table 1. Obtained values for optimizing the processing distance compression plasma pulses

Coating Distance of treatment with | Index of obtained porosi- | Index microhard-
compression plasma pulses, ty, % ness, MP
m

0,17 4,9-6,1 5433-7989

5948-8074
0.16 45-59 (4960-6731)

6349-8565
ALOS- 0,15 38-51 (5292-7131)
: 7240-9380
TiO>-Mo 0,14 3,1-46 (6035-7821)

6813-8522
0,13 3,4-4.9 (5681-7100)

0,12 Destruction coatings -

Al,O5- ] 5775-8644
TiO,- 0,17 4,5-58 (4621-6910)

NiCrAllTa 6286-9033
0.16 4,0-53 (5025-7227)

7312-9350
0,15 3,7-49 (5850-7482)

7414-9695
0,14 28-45 (5931-7761)

7775-9914

0,13 26-39 (6221-7934)

6286-8033

0.12 3,4-4.3 (5032-6429)

0,11 Destrgctlon i
coatings
Table 2. Obtained values for optimizing the number of pulses compression plasma
Formed coating Total number of com- | Index of obtained po- Index of micro-
pression plasma pulse rosity, % hardness, MPa

10 5,9-6,6 5443-7798

11 42-5,3 6189-8004

AI_gOg-TiOz-Mo 12 3,2—-4,7 6940-9089
Distance pro- 13 31-46 7240-9380
cessing (0,14 m) 14 4,5-6,3 6581-8442
15 4,9-6,7 6335-7994

) 11 45-5,8 6357-8394
Al203-TiOz- 12 3,0-4,11 7148-9193
NICrAllTa 13 32-44 7381-9495
Distance processing 14 26_30 7775.9914
(0,13 m) 15 28-41 7976-10199
16 3,6-4,9 7621-9103

17 4,5-5,4 7109-8998
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The total number of pulses for powder materials NiCrAllTa-Al203-TiO2 than for Mo-
Al203-TiO2. This follows from the mechanism of layer-by-layer processing, in which the
dimensions of the formed zone from a single pulse directly depend on the conditions of heat
transfer to the depth of the created coating. When the heat transfer conditions deteriorate, for
example, when creating a high total porosity or heterogeneity, a larger zone for energy con-
centration and the thickness of the coating layer obtained as a result of processing by a single
pulse are needed. This is typical for AI203-TiO2-Mo powders, since they are characterized
by a structure with developed porosity and lower density compared to Al203-TiO2-
NiCrAllTa powder materials.

With reduced values of heat transfer and an increase in the thickness of the layer
formed by a single pulse, the sum of pulses for the final processing of the entire coating be-
comes smaller. The structures of wear-resistant coatings formed on optimized processing
modes are shown in Figure 4. In the melted metal-ceramic material, a fairly homogeneous dis-
tribution of structural elements contributes to an increase in the wear resistance parameters of
the formed powder compositions. Traces of Mo particles and nickel alloys are visible on the
structures as characteristic light shells. Significant changes in the morphology of the created
surface are caused by the effects of plasma flows. The fact that the composition of the powder
materials used changed slightly during the formation of coatings is evidenced by the pre-
served structure of composite particles after their collision with the substrate and exposure to
plasma pulses. This is a qualitative indicator for creating the necessary performance proper-
ties, which are further improved when using the next modification.
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Figure 4. Structures of the developed wear-resistant: (a) Mo-Al,O3-TiO,; (b) NiCrAllTa-
Al,03-TiO, after modification (x500)

3. Conclusion. Our studies allowed us to state that when the resulting wear-resistant plasma
coatings are exposed to compression plasma flows, the following processes take place. The
high amount of energy transferred by the plasma flow to the coating contributes to the melting
of the surface layer with a thickness of 10-70 um, depending on the coating material being
processed. When exposed to a plasma flow, a certain part of the coating material can be re-
moved due to the ablation effect. Moreover, the amount of material removed will increase
with an increase in the energy transferred to the coating by the plasma flow. Under the influ-
ence of the pressure of the plasma flow, liquid-phase mixing will occur in the molten coating
layer. At the last stage, the surface layer of the coating hardens under conditions of ultrafast
cooling. It turns out that the phase and elemental composition of the surface layer of the coat-
ing changes significantly. A layer is formed in the coating, which contains elements of the
coating and plasma-forming gas.
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Figure 5. Indicators of microhardness of the formed coatings Mo-Al,O5-TiO, (1, 2) and

NiCrAllTa-Al,03-TiO; (3, 4) (1, 3 — process of plasma coating formation; 2, 4 — after modi-
fication by compression plasma)

And in the case of multi-stage processing of the "coating-base™ system, a layer is
formed that contains elements and coatings, and bases, and plasma-forming gas. With an in-
crease in the energy absorbed by the coating due to a decrease in the distance from the elec-
trodes to the part or an increase in the number of input processing pulses, the concentration of
elements alloying the coating in the surface layer decreases, which in turn leads to a decrease
in the concentration of intermetallic compounds in it. This is due to both an increase in the
intensity of the ablation process and an increase in the thickness of the mixed coating layer
(deeper penetration of the coating elements into the base). The resulting thickness of the
mixed layer depends both on the processing modes and on the coating and base materials. Us-
ing the accepted technique, changing the used technological characteristics of the process of
processing by pulses of the compression plasma flow, both the distance under the influences
and their number were changed. The number of pulses significantly affects the thickness of
the treated layers. The total number of pulses must create a melted coating with high strength
characteristics throughout the entire thickness of the coating. According to the optimization
data, the optimum distances for the formation of hardened structures for NiCrAllTa-Al,Os-
TiO, are 0.13 m; for Mo-Al,03-TiO;, - 0.14 m. This is confirmed by the stabilization of the
total porosity, at distances below 0.13 and 0.14 m there is no decrease due to the instantane-
ous dynamic and thermal effects (about 200 ps) , as well as the maximum content of the re-
fractory phase, which reduces the degree of melting. At distances below 0.11 m for
NiCrAllTa-Al,03-TiO; and 0.12 m for Mo-Al,03-TiO,, defects with the development of mac-
ro-cracks are noticeable. We also optimized the total number of pulses in the compression
plasma. When the system is treated with a small amount of pulse, incomplete melting and par-
tial mixing of the system components are observed. Processing with a large number of pulses
is characterized by more uniform mixing. An increase in microhardness can also be due to the
effects of rapid quenching: the sample experiences sharp heating up to the melting of the sur-
face layer, followed by heat removal into the depth of the sample and rapid recrystallization.
It was revealed as a result of research for the complete processing of the formed coatings for
NiCrAllTa-Al,03-TiO,, 14-15 impacts are necessary, for Mo-Al,03-TiO, - 12-13. A further
increase is not necessary, the geometry of the created surface of the coating and the techno-
logical characteristics of the coating deteriorate due to remelting. The structure of wear-
resistant coatings formed on optimized processing modes is a melted metal-ceramic material
with a fairly homogeneous distribution of structural elements that contribute to an increase in
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the wear resistance parameters of the formed powder compositions. Traces of Mo particles
and nickel alloys are visible on the structures as characteristic light shells. Significant changes
in the morphology of the created surface are caused by the effects of plasma flows. The fact
that the composition of the powder materials used changed slightly during the formation of
coatings is evidenced by the preserved structure of composite particles after their collision
with the substrate and exposure to plasma pulses. This is a qualitative indicator for creating
the necessary performance properties, which are further improved when using subsequent
modifications. When studying the obtained properties of the formed coatings, the change in
the average microhardness of the deposited compositions was analyzed. The microhardness
increased by 1.15-1.25 times after the application of the modification, which is explained by
the more efficient formation of phases with increased strength and amorphous structure dur-
ing local melting of coatings with a thickness of approximately 30-50 um, followed by in-
stantaneous cooling, and the ability to ignore the recrystallization process.
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