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RESEARCH OF PLASMA COMPOSITE COATINGS FROM OXIDE AND NICKEL

BASE ALLOY

The results of a study of the influence of plasma jet parameters and the fractional composition of the initial
powder on the characteristics of two-layer composite coatings based on nickel-chrome and zirconium dioxide on
elements of protective screens are presented. Optimization was carried out based on obtaining the maximum
powder utilization rate. A comparative analysis of the dependence of the powder utilization coefficient of viscous
metal layers of nickel-chromium and nickel-aluminum on the spraying distance shows that with a similar nature
of the curves of the presented dependences in absolute value, the values of the powder utilization coefficient are
greater under optimal conditions for nickel-chromium powder. This can be explained by the high plasticity of the
latter and, accordingly, less rebound of particles colliding with the substrate. The results of studies of the
microstructure of cross sections of the formed coatings, carried out using scanning electron microscopy, are
presented. The microstructures of the cross sections of the ZrO2 coating and the Ni—Cr intermediate layer are
considered. From the presented data it is clear that in the initial state the coating is characterized by porosity,
with the average pore size being several micrometers and in some areas reaching 20 microns. The
microstructure of the Ni—Cr layer is characterized by lower porosity. The effect of compression plasma flows on
the sprayed coating leads to the formation of a remelted oxide layer 12—15 um thick, promotes smoothing of the
surface topography and the formation of cracks on the surface, propagating mainly into the depth of the coating.
Treatment of oxide coatings with compression plasma also leads to a decrease in their porosity.
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MCCJIEAOBAHME ILJIASMEHHBIX KOMITIO3UIIMOHHBIX MOKPBITUMA M3 OKCHUIA H
CIIJTABA HA OCHOBE HUKEJIA

Ilpusedenvl pesyromamovl UCCIEO08AHUSA GIUAHUS NAPAMEMPOS NIASMEHHOU CIMPYU U PPAKYUOHHO20
cocmasa UCX00H020 NOPOWKA HA XAPAKMEPUCTNUKY OBYXCOUHBIX KOMNOZUYUOHHBIX NOKPLIMUU HA OCHO8E
HUKENb-XpoMa U OUOKCUOA YUPKOHUA HA IIeMeHmax 3aujumuuix dkpauos. I[Ipoeedena onmumuszayus Ha
OCHOBAHUU NOJYYEHUS MAKCUMATbHO20 KOIPpuyuenma ucnonv3osanus nopowka. CpagHumenbHwill aHAIu3
3asucumMocmu K03 @uyuenma ucnoib306anus NOPOUIKA 6A3KUX MEMALIULECKUX CL0€E HUKEb-XPOMA U HUKeb-
ANVOMUHUA  OM  OUCMAHYUU HANbLIEHUs NOKA3bleaem, 4mo Npu aHAIOSUYHOM Xapakmepe KpUbix
npeocmagienHblX 3a6UCUMOCHIEl] N0 aDCONIOMHOU GeNUYUNE 3HAYEHUS KOIPDuUyUeHma ucno1b306anus NOpowKa
Oonvuwie nNpu ONMUMANLHBIX PENCUMAX Ol NOPOWKA HUKENb-XPOMA. MO MOJICHO O0O0BACHUMb BbICOKOL
RAACMUYHOCMbIO NOCIEOHE20 U COOMEENCMEEHHO MEHLUUM OMCKOKOM COYOapsIoWuxcs ¢ HOOIOJCKOU Yacmuy.
IIpusedensl pesyromamol UCCIEO08AHUL MUKPOCIMPYKIMYPbL NONEPEUHBIX CeYEHUll CPHOPMUPOBAHHBIX NOKPLIMUL,
BbINOJIHEHHBIX C UCHOJIb30BAHUEM PACMPOBOU INEKMPOHHOU MUKpOCKOnuu. Paccmompenvl Mukpocmpykmypul
nonepeunwix cevenuil nokpvimus ZrOz u npomescymounozo ciosi Ni—Cr. M3 npedcmaenenuvix OanHbiX UOHO,
YUMo 8 UCXOOHOM COCMOSHUU NOKPbIMUe XapaKxmepusyemcs NOPUCHOCmblo, npudem CpeOHutl pasmep nop
cocmagnaem HecKOIbKO MUKPOMEMPOS U 8 HeKomopulx obnacmax docmuzaem 20 mxm. Mukpocmpykmypa cnos
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Ni—Cr xapaxmepusyemcs menvuieii nopucmocmsio. Bosoeticmaue na HanvlieHHOe NOKPHIMUEC KOMNPECCUOHHBIX
NIAA3MEHHbIX NOMOKO8 NPUEOOUm K (OPMUPOBAHUIO NEPENnaGIeHH020 Cl0si oKkcuda moawunou 12—15 mrm,
cnocobcmeyem — celadiCugaHuio  peavedpa  NoGepXHOCcmMuU U 00PA308AHUI0  HA  NOBEPXHOCMU — MPEUUH,
PACHPOCMPAHAIOWUXCA  NPEUMYWecmeenno 6 2nyouny nokpeimus. O6pabomka OKCUOHBIX HOKPLIMULL
KOMNPECCUOHHOU NAA3MOU NPUBOOUN MAKICE K CHUNCEHUIO UX NOPUCTHOCTIU.

Kniouegvle cnoea:. niasmennas cmpys, NOKpuIMus, 1EMEHMbl 3AUWUMHBIX IKPAHOS, KOIPDuyuenm
UCNONBb30BAHUS NOPOUIKA, NAA3MEHHbIE NOMOKU, KYOUYEeCKas MOOUDUKAYUSL, OUOKCUO YUPKOHUSL.

1 Introduction

When considering the performance characteristics of screen coatings that protect
objects from damage under high-energy impacts, one of the most important indicators is the
level of absorption of the kinetic energy of meteoric particles by the coating material. Without
touching on all the mechanisms of energy absorption, we point out that a significant part of it
is spent on elastic and plastic deformation of the coating material. Significant factors
influencing the increase in the durability of such coatings are high ductility and viscosity. An
increase in hardness sharply reduces ductility and toughness, leading to brittle fracture. The
most commonly used structural materials for anti-meteor screens are aluminum alloys,
titanium, and steel. Multilayer structures with a hard ceramic front layer and a sublayer of
viscous metal material exhibit higher impact resistance. To obtain the front ceramic layer of
antimeteorite coatings, oxide compositions, including those based on zirconium dioxide, are
most often used [1-5]. This is due to a number of its properties: a relatively high coefficient of
linear thermal expansion and the ability to provide high mechanical properties of strengthened
ceramics, in particular impact strength. The main requirement for ensuring the effective
operation of such protective elements is that they allow a significant reduction in the Kkinetic
energy of incoming microparticles, while maintaining the stability of their structure. Based on
this, it is proposed to form composite coatings based on zirconium oxide with the preliminary
deposition of a transitional viscous sublayer based on metals, firstly, which increases the
adhesive strength of the formed coating to the substrate, and secondly, which has visco-plastic
properties different from those of the external coating [6-11], which leads to a significant
slowdown of passing microparticles. At the same time, to increase the strength of the surface
layer of the coating, which primarily interacts with the incident microparticle, it is proposed to
treat it with compression plasma flows with energies that ensure melting of the surface layer.
In this case, due to processes associated with rapid crystallization of the melt, the formation of
a fine-crystalline structure with enhanced mechanical properties is expected. The structural-
phase state of the near-surface modified layer can also be controlled by the parameters of the
compression-plasma effect itself, in particular the absorbed energy density, the gas pressure of
the residual atmosphere, the number of successive impact pulses, etc. To identify the features
of the redistribution of elements in the coating and changes in their phase composition after
exposure to compression plasma flows, the methods of X-ray spectral microanalysis and X-
ray structural analysis were used. To study the microstructure of coatings after exposure to
compression plasma flows, the method of scanning electron microscopy was used.

2 Methodology

In order to increase the strength of the surface ceramic layer of the coating, which
primarily interacts with the incident microparticle, the work proposes to treat it with
compression plasma flows with energies that ensure melting of the near-surface layer. It is
assumed that as a result of such modification, due to processes associated with high-speed
crystallization of the melt, a fine-crystalline structure with enhanced mechanical properties
will be formed. The structural-phase state of the near-surface modified layer was regulated by
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the parameters of the compression-plasma effect itself, in particular, the absorbed energy
density, the gas pressure of the residual atmosphere, the number of successive impact pulses,
etc. Optimization of sputtering of the NiCr-based sublayer was carried out according to the
method described in the sources [12]. Studies of the microstructure of the cross sections of the
formed coatings were carried out using scanning electron microscopy (SEM).

3 Results and discussion

During the plasma spraying process, a large number of factors influence the properties
of the resulting coatings. The most important of them, all other things being equal, are: the
flow rate of the plasma-forming and transport gases, the flow rate of the sprayed powder, the
electric arc current (input power), the spraying distance, and the speed of the substrate [12].
At the first stage, the process of deposition of a viscous metal layer based on nickel-chromium
was optimized based on obtaining the maximum utilization rate of the material. Initially, the
powder utilization factor (PUF) was determined at different current values (300 - 650 A, with
an interval of 50 A) and plasma gas (nitrogen) flow rates Rn2 (45; 50; 55) I/min, but with a
constant spraying distance L = 110 mm (Figure 1). At the next stage, the optimal values of the
spraying distance were determined with constant current values and plasma gas flow rates
(I=550 A; RN2=50 I/min) for different powder fractions (Figure 2). It is obvious that an
increase in the current strength and the flow rate of the plasma-forming gas (Figure 1) to
certain values leads to an increase in the instrumentation factor, because these parameters
affect the degree of powder penetration [1-4]. Their further increase leads to the fact that the
particles overheat and when they hit the substrate, they splash, therefore, the instrumentation
factor decreases. As the N flow rate increases, the current values for the maximum
instrumentation decrease. A similar trend persists when changing the spraying distance (Fig.
2) when optimizing the flow rate N2 and current (in our case, Rn2 = 50 I/min, 1 = 550 A). At
short deposition distances, the particle does not have time to heat up sufficiently and reaches
the substrate with a temperature <tra. The maximum PUF is observed at L = 110 mm; a
further increase in the spraying distance leads to the fact that the particle, due to its long stay
in the jet, melts and splashes when it hits the substrate, and accordingly the PI drops [5].
Thus, at optimal conditions for NiCr (nitrogen plasma gas flow rate - 50 I/min, current
strength - 550A, spraying distance -110 mm, powder fraction 40-63 microns, powder
consumption 4.5 kg/hour) coatings with maximum Instrumentation and control - 85%.

The next step was to optimize the process of applying a hard layer based on zirconium
dioxide. Figures 3-4 show the dependences of the utilization factor of the sprayed powder
(UCP, %) based on zirconium dioxide during plasma spraying onto a nickel-chrome sublayer
from the above spraying conditions. The dependence of the instrumentation factor, % on the
spraying distance is shown in Figure 3.

At short deposition distances, the particle does not have time to heat up sufficiently
and reaches the substrate with a temperature <tra. In our case, the IPC increases to L=100 mm
for ZrO2 powders with a fraction <50 pm and to L=110 mm with a fraction of 50-63 um; a
further increase in the spraying distance leads to the fact that the particle melts due to its long
stay in the jet and when it hits the substrate, it splashes, and accordingly the instrument falls
[5]. An increase in the current and flow rate of the plasma-forming gas to certain values
(Figure 4) leads to an increase in the instrumentation factor, because these parameters affect
the degree of powder penetration [1-4]. Their further increase leads to the fact that the
particles overheat and when they hit the substrate, they splash, therefore, the instrumentation
factor decreases. As the N2 flow rate increases, the current values for the maximum
instrumentation decrease.
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Figure 1. Dependence of the powder
utilization coefficient on the electric arc
current for NiCr powders with different flow
rates of plasma-forming gas Rng, I/min: 1 —
55;2-50; 3—45 (L =110 mm; Rpore =4.5
kg/h; powder fraction 40-63 pum)
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Figure 3. Dependence of the powder
utilization coefficient on the spraying
distance for ZrO powders with fraction: 1 —
less than 50 microns; 2 — 50-63 pm (I=500
A; Rn2=50 I/min; Rpore=4.5 kg/h)

Figure 2. Dependence of the powder
utilization coefficient on the spraying distance
for NiCr powders with fraction: 1 — 40-63
um; 2 — 63-100 pm; 3 — 100-160 pm (I =
550 A; Rn2 =50 I/min; Rpore = 4.5 kg/h)
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Figure 4. Dependence of the powder
utilization factor on the consumption of
plasma-forming gas N2 for ZrO, powders with
a fraction: 1 — less than 50 microns; 2 -50-63
pm (L=100 mm; 1=500 A; Rpore=4.5 kg/h)

52



Ilpoepeccusnvie mexnonoeuu u cucmemvl MAUUHOCHPOECHUSL M 3 (90)°2025

%

Konuenrpaums, Bec.

—T
200 400 600 800 1000 1200 1400 1600 1800

Paccrostie, MkM
Figure 5. Scanning electron microscopy Figure 6. SEM image and distribution of
(SEM) image of a cross-section of the coating characteristic X-ray radiation of elements
before exposure to compression plasma flows  along a selected line on a transverse section
of the coating
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Figure 7. SEM image of the microstructure of the zirconium dioxide coating (a) and the Ni—
Cr intermediate layer (b) on a transverse section

For RN2=55 I/min, maximum instrumentation factor=56% corresponds to 1=600 A,
for RN2=50 I/min maximum instrumentation factor=54% corresponds to 1=650 A. The results
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of studying the microstructure of the cross sections of the formed coatings are presented in
Figure 5. From the presented data it can be seen that the thickness of the ZrO2 coating is
about 800 um. Between the coating based on zirconium oxide ZrO2, the image revealed the
presence of an intermediate sublayer, the thickness and elemental composition of which were
studied using X-ray microanalysis. The results presented in Figure 6 indicate that the sublayer
thickness is about 450 um. Elemental analysis revealed that the sublayer consists of nickel
and chromium. Figure 7 shows SEM images of the microstructure of cross sections of the
ZrO2 coating and the Ni-Cr intermediate layer. From the presented data it is clear that in the
initial state the coating is characterized by porosity, with the average pore size being several
micrometers, and in some areas reaching 20 microns. The microstructure of the Ni-Cr layer is
characterized by less porosity.
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Figure 8. SEM image of the surface layer of the Figure 9. SEM images of a cross-section of
coating before exposure to compression plasma the coating after exposure to compression
flows (cross section) plasma flows at different magnifications

e =

Figure 8 shows a SEM image of the surface layer of the coatings obtained on a
transverse section before exposure to compression plasma flows. The data obtained show that
in the initial state, the near-surface layer is characterized by the presence of a large number of
microcracks extending both along the surface and in depth. After exposure of the coating to
compression plasma flows, the surface is smoothed, as evidenced by the SEM image of the
transverse section shown in Figure 9. Analysis of the obtained SEM images showed that the
number of microcracks and pores in the near-surface modified layer of the coatings is
significantly reduced. This may result in melting of the near-surface layer and its
crystallization from the melt. Nevertheless, some number of microcracks are present due to
high-speed cooling of the crystallized layer. However, these microcracks extend mainly into
the depth of the coating, which may prevent peeling off of parts of the coatings during
mechanical action. Based on the presence of cracks extending into the sample, it is possible to
determine the thickness of the molten layer, which is 12—-15 pum.
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4 Conclusion

1. Optimization of plasma spraying of two-layer composite coatings based on nickel-
chromium and zirconium dioxide on elements of protective screens was carried out based on
obtaining the maximum coefficient of powder utilization. Studies have been carried out of the
influence of plasma jet parameters (current, spraying distance, consumption of plasma-
forming gas nitrogen), the fractional composition of the initial powder on the characteristics
of coatings. A comparative analysis of the dependence of the powder utilization coefficient of
viscous metal layers of nickel-chromium and nickel-aluminum on the spraying distance
shows that with a similar nature of the curves of the presented dependences in absolute value,
the values of the powder utilization coefficient are greater under optimal conditions for
nickel-chromium powder. This can be explained by the higher plasticity of the latter and,
accordingly, less rebound of particles colliding with the substrate.

2. The results of studies of the microstructure of the cross sections of the formed
coatings, carried out using scanning electron microscopy, showed that the sprayed structure is
a coating based on zirconium dioxide ZrO2 with a coating thickness of approximately 800
microns. Between the coating and the aluminum alloy substrate there is a transitional viscous
layer of Ni—Cr transition metals, the thickness of which is 450 um. The effect of compression
plasma flows on the coating leads to the formation of a remelted oxide layer with a thickness
of about 12-15 microns, promotes smoothing of the surface topography and the formation of
cracks on the surface, propagating mainly into the depth of the coating. Treatment of oxide
coatings with compression plasma also leads to a decrease in their porosity.
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