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Abstract

The structure of gas-thermal coatings made of wire materials has been studied by determining the most
efficient methods of controlling the process of structure formation to achieve the highest physical and
mechanical properties of renewable surfaces of vehicle parts.

The effect of formation of anomaly amount of residual austenite in sprayed steel coatings was
established. Technologies of application of the “austenitic effect” is suggested here to increase a coating wear-
resistance. It is determined that the main factors influencing the content of residual austenite in hardened steel
are the cooling rate of steel, the concentration of alloying elements in the austenitic phase, as well as thermal
stabilization of austenite during self-tempering.

It is shown that to ensure the formation in the structure of sprayed coatings of alloy structural, tool and
corrosion-resistant steels of metastable austenite, which has a low flow temperature of deformation gamma-alpha
transformation, which corresponds to the operating temperatures of sliding friction units, it is necessary to
achieve certain coating conditions. wire spraying, cooling rate of molten particles and the degree of their
oxidation). One of the most probable reasons for the appearance of the "austenitic effect" in coatings is the
heating of the surface layer to a temperature that promotes thermal stabilization of austenite, as well as saturation
of melt droplets with alloying elements (primarily chromium) and impurities (carbon, nitrogen) in flames. The
relatively low flight speed of molten steel particles and the high concentration of propane containing carbon in
the combustion products contribute to the deep saturation of the melt droplets with carbon. It is likely that these
circumstances are associated with a high content of residual austenite in the coatings obtained by gas-flame
spraying. An additional factor that increases the resistance of austenite in the sprayed coating may be the
saturation of the droplets of the melt with carbon during melting and spraying using a propane flame.

The studies under discussion have suggested that both for the method of gas-flame spraying and for the
method of electric arc spraying, there are modes and steels for spraying that allow the formation of large
amounts of metastable austenite in coatings, which in the process of tribocoupling will turn into martensite.On
the basis of the carried-out researches technologies of restoration of details of vehicles by drawing multipurpose
coverings in which the choice of a method of heating of a wire at spraying is carried out depending on
temperature of the beginning of martensitic transformation of a wire material are offered.

Key words: electric arc spraying, gas flame spraying, wear resistance, residual austenite, resurfacing,
gas thermal coating

State of the matter

The mehods of multifunctional coatings application based on the wire-shaped materail spraying have
proved to be the most efficient methods of surface reconditioning, strengthening and protection of wearing
surfaces of transportation means (TM) parts of components and assemblies. At the parts of transportation means
reconditioning it’s preferable to use gas flame spraying (GFS) and electric arc spraying (EAS) of the wire-
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shaped materail [2] to save time of the spraying process due to the increase of the sprayed particles flying speed
by means of gas heating by an uninterrapted power supply [3].

Purpose of the study

The purpose of the study was to investigate the structure of gas thermal coatings made of wire-shaped
materials by means of finding the most efficient methods of structure formation process control to achieve the
most beneficial physical-mechanical properties of reconditioned surfaces of the transportation means parts.

Research procedure

Some structural specific features of gas thermal coatings (GTC) obtained by steel wire spraying of
martensite (40Kh13) and austenite class (Kh18N10T) by different methods of gas flame spraying (GFS) and
electric arc spraying (EAS) have been studied [3] in the following modes:

- mode 1 — spraying of the material melted in a flame body of propan-oxygen flame by a high-speed air
stream;

- mode 2 - spraying of the material melted in an electric arc by a jet stream of propan-air mixture flame
products rich in propan (deoxidizing atmosphere);

- mode 3 - spraying of the material melted in an electric arc by a jet stream of propan-air mixture flame
products rich in air (oxidizing atmosphere);

- mode 4 — spraying of the material melted in an electric arc by high-speed air stream.

To increase the coating adhesion with the reconditioned surface made of steel 45 we have used an
intermediate layer made of alloy Kh20N80. The flying speed of the sprayed particles was ranging within 100 ...
130 m/c (modes 1, 4) 400 ... 500 m/c (modes 2, 3). The size of particles forming the coating was ranging within
5 ... 40 mkm.

Results of their study and their discussion

The coatings obtained due to the wire-shaped materials spraying are in their structure similar to gas
thermal powder coatings. Nevertheless, in case of gas thermal spraying of powder materials some separate
particles can not be enough melted or can be heated to premelting temperatures, but during the spraying of one-
piece wires the coating layer is being formed only from the melted particles (otherwise the drops separation from
the wire will not occur). It results in larger deformation of particles than in case of powder coatings and less
sponginess (fig. 1).
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Fig. 1. Microtopography (a) and microstructure (b) of steel gas-thermal coating

The formation of coating is accompanying with the intense impact of flame body on the particles of
spraying material and their interaction during the process of coating layer formation on the reconditioned surface
of the part. In this case, due to the processes of high-speed crystalization, deformation and drawing innthe layer
of formed coating, some oxides are occurring, a part of alloying elements is burning up. Thus, structural state
and properties of obtained coatings on the reconditioned surfaces depend on the combination of influence of all
parameters of the spray application.

Most of oxides are formed due to the contact of melted particles with air. That is why the impact of
spraying air consumption on the amount of oxygen in the coatings, obtained in mode 1 by gas flame spraying
and in mode 4 by electric arc spraying has been studied. The volume share of the oxides in gas thermal coatings
had been studied earlier and the results were described in paper [3].

Under gas-thermal spraying of wires conditions the maximum oxygen content in the coatings was
ranging within 1,50 ... 1,70% and it can be obtained at spraying air consumption over 0,35 m3min. (fig. 2).
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Further increase of spraying air consumption has not resulted in the oxygen concdentration increase. Oxygen
content in electric arc coatings is 2,5 ... 3 times higher than in gas flame ones. Moreover, the maximum
concentration 3,8% is reached under spraying air consumption conditions of nearly 0,5 m*/min.
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Fig. 2. The effect of the spraying air consumption on the amount of oxygen in the coatings obtained by gas-
flame spraying in mode 1 (1) and electric arc spraying in mode 4 (2)

One of the most probable reasons of “austenite effect” taking place in the coatings is the upper layer
heating up to the temperature 500-670 K which facilitates the thermal stabilization of austenite and the saturation
of the melt drops with alloying elements (first of all with chromium) and impurities (carbon, nitrogen) during the
wire melting in the flame. This is proved by the absence of carbides particles Cr3Cs in the coating. One more
factor increasing the austenite resistance in the sprayedcoating can be the saturation of melt drops with carbon
during the process of melting and spraying using propan flame (table 1).

Table 1

The effect of the composition of the combustible mixture, forming a torch in gas-flame and electric arc
spraying on the content of carbon and oxygen in the coatings of steel 40Kh13

Spraying mode Oxygen-propan volume ratio | Oxygen contentin | Carbon content in
in the mixture the coating, % the coating, %

GFS Propan-oxygen mixture,

mode 1 ratio 1/4 1,3 0,6-0,7
EAS Propan-air mixture,

mode 2 ratio1/18 1,4 0,5

Propan-air mixture,
mode 3 ratioL/30 2.2 0,4
mode 4 Pure air 3,3-35 0,3-0,4

Relatively low flying speed of melted steel particles and high concentration of propan containing carbon
in combustion products contribute to deep saturation of melt drops with carbon. It’s quite possible that a deep
content of residual austenite in the coatings obtained by gas flame spraying in connected with these
circumstances.

A bit smaller amount of austenite in the coattings obtained by electric arc spraying in the deoxidizing
atmosphere (in mode 2) of the spraying torch can be explained by considerably higher flying speed of melted
particles which is a specific feature of this way of spraying. In this case the processes of diffusion saturation of
melt drops with carbon from the deoxidizing atmosphere of propan-air mixture combustion products have no
time to occur (the time of melted drops flight in the combustion products atmosphere is not more than 5+10c)
and the content of residual austenite in a coating layer is decreasing to
=20 06. %.

The increase of oxygen concentration in the mixture was not accompanied with the change of residual
austenite content in the coating obtained under super sound speed of melted particles flying conditions (mode 3)
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and under relatively low speed of melted particles flying conditions (mode 4). In both spraying options the
residual austenite content in the coating does not exceed 20

vol. %. Perhaps, such content of residual austenite in steel 40KhN is balanced for the case of complete
decomposition of chromium carbides in it and the implementation of typical of GFS cooling conditions of
melted steel drops.

To activate the decay process of residual austenite in the gas-flame sprayed coating the tempering was
conducted at temperature 520, 620, 720, 770 i 820 K. The holding time of the tempering was 9 min. The X-ray
phase analysis data have proved that the decay of stabilized residual austenite of the coating sprayed layer was
taking place due to the high pressure at temperature range within 770 ... 820 K. At lower temperature the
tempering was not accompanied with the decrease of residual austenite amount in the coating layer. High
temperature of the tempering necessary for the sprayed layer austenite decay is caused by the temperature of
chromium carbides development in it and after their separation the residual austenite resistance has drastically
decreased. The sprayed layer hardness after tempering at 770 K was equal to 2800 MPa.

The sprayed coatings in their initial state had the hardness of 360 ... 380 MPa, microhardness HV3p =
2650 MPa, residual austenite content 40 ... 45 vol.% (Fig. 3).
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Fig. 3. Fragments of X-ray diffraction patterns from the surface layers of coatings after gas-flame (a) and
electric arc spraying (b)

One of the main requirements to satisfy the upper layers of the reconditioned parts of tribocouples is
plastic property during the initial period of friction to accelerate the process of underworking, and also high wear
resistance, hardness, adhesion to lubrication during further operation of the assemby. This requirement dealing
with steels can be met only in case when two-phase structure was formed inthe steels containing metastable
austenite of hardness 200 - 300 HV. In the process of underworking as a result of intensive plastic deformation
the metastable austenite is transformed into the wear resistant and hard martensite (HV = 700 ... 800) as the
deformation y — o transformation was taking place.

The conducted investigation made possible to assume that for both the gas-flame spraying method and
for electric arc spraying method there are such modes and steels for spraying which allow to provide the
formation of large amount of metastable austenite in the coatings which will be transformed in martensite during
the process of tribocoupling.

In cast steels to obtaine metastable austenite one should apply the special alloy method, complex
thermal and thermomechanical treatment whose conducting is mostly economically inadvisable.

To provide the metastable austenite formation with low temperature of deformation vy — «
transformation (temperature My;) corresponding to the operating temperature of sliding friction units (270-20 K)
in the sprayed coating structure, one should reach the determined conditions of the coating formation, namely
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wire heating temperature (overheating above the point of melting), the temperature of its spraying, speed of
melted particles cooling and the degree of their oxydation resulted in the change of alloying constituents
concentration.

The experimental study has proved the relation between the temperature value of the beginning of
martensite transformation of wire material 7), and the amount of metastable austenite appearing in the formed
coating (table 2).

In alloy-treated structural steels, and also in corossion-resistant steels of martensite class the
temperature of the beginning of martensite transformation 7y, is ranging within 550 ... 700 K (steel group Nel,
tabl. 2). Whilst wires made of these steels spraying it was found that the volume content of metastable austenite
has reached 24%, if the temperature of wire heating is not higher than 2000 K.

The temperature of martensite transformation T, in tool (die) steels, and also in structural spring steels
is ranging within 420 ... 540 K (steel group Ne2, tabl. 2). Whilst wires made of these steels spraying it was found
that metastable austenite appeared of amount 15 ... 25 06. % was possible if the sprayed wire was heated to the
temperature not higher than 2100 K.

In corrosion-resistant and heat resistant steels as well as in Hadfield steel the temperature of martensite
transformation T3, ranges from 70 ... 110 K (steel group Ne3, tabl. 2). Due to the low temperature of the
beginning of martensite transformation T, the austenite structure in these steels is characterized by high
resistance, hence they are called - «steels of austenite class». For the phase strengthening of the upper layers of
steels of austenite class due to the process of martensite transformation a high degree of deformation is required,
which is inaccessible at frictional interaction with lubricating material (boundary friction). It was found, that due
to the wires spraying made of these steels at the temperatures above 2500 K it is possible to raise the temperature
of martensite transformation T, the temperature of deformation y — o transformation My and carry out the
destabilization of austenite phase in the formed coatings.

Table 2

The content of metastable austenite in the coatings obtained by spraying of different grades of steel

Ne of Steel grade Temperature of Temperature of | Austenite content
steel martensite heating at in the coating,
group transformation 7y, K spraying, K vol.%
1 09GC, 40KhN, 1700...2000 17...25
20Kh13, 40Kh13 2100...2500 7...15
550...700 > 2600 <6
2 9KhC, Kh12MF 1700...2100 15...25
9Kh12, Kh6VF, 420...540 2200...2500 8...12
35KhNM, <6
40KhFVA, 65G > 2500
3 08Kh18N10T 1700...2000 95...98
12Kh18N10T 70...110 2000...2500 90...95
110G13 > 2500 90...95

The austenite stability decrease in the third group steels coatings obtained by the spraying at
temperature above 2500 K can be explained in the folowing way. The chromium and manganese content in steel
has made the most important impact on the tempearture interval state of martensite transformation. Thus, the
mangenese content decrease from Bix 5% to 1% has caused the raise of temperature 7, from 270 to 470 K [5].
As a result, one of the possible ways to increase temperature T, is lower content of chromium or mangenese in
the austenite phase of steels due to oxidation under spraying conditions. The change of the coating composition
due to the intense oxidation at temperature above 2500 K has made possible to of austenite structure resistance
and to raise temperature M to the roomtemperature level.

At wire spraying from steel of the first two groups of steel the preservation of great amount of
metastable austenite can be explained in the folowing way. High speed of steel particles crystalization during the
sprayed layer formation and slower speed of its cooling in the interval of martensite and bainite transformations
under coating cooling conditions have provided the austenite thermal stabilization. The thermal stabilization is
getting more intense if the reconditioned surface of the part is preheated. The increase of of metastable austenite
contens was being obsderved at the reconditioned surface of the part heating to 480 K (fig. 4). Further heating of
the part was resulted in decresae in strength of the coatings adherence with the reconditioned surface. Preheating
of the part prior to the sparying of alloyed wire steels of high tempearture T), has enhanced the effect of austenite
stabilization and has made possible to increase the meatstable phase volume in the sprayed coatings.
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Fig. 4. The dependence of the amount of metastable austenite (vol.%b) (1) in steel coatings 2Kh18N10T and 40KhN and
their adhesion (MPa) (2) on the preheating temperature of the recoverable surface

Practical use of the study results

Some technological recommendations on transportation means parts reconditioning have been developed
on the basis of the results of conducted study. Thus, the method of electric arc spraying using steel wire 40Kh13
was chosen to restore the worn out bearing spindles of distributing shafts. Wear resistance of reconditioned
surfaces with coatings after the period of wear-in was 40 - 50% higher than the coating wear resistance sprayed
by the same material by gas flame method. The analysis of development and operation testing results has shown
that the reconditioned surfaces of distributing shafts of transport means with the coatings applied by electric arc
spraying had the wear resistance 1,4 - 1,7 times higher than the coatings obtained due to the gas flame method.

Conclusions

The effect of anomalously great amount of residual austenite (20 - 40 vol.%) formation in gas thermal
coatings of sprayed steels of martensite class has been determined.

It was proved that to provide the formation of metastable austenite with low temperature of deformation y
— a transformation corresponding to the operating temperature of sliding friction units in the structure of
sprayed coatings made of alloy-treated structural, instrumental and corrosion resistant steels, one should reach
the determined conditions of the coating formation (heating temperature, the temperature of wire spraying, speed
of melted particles cooling and the degree of their oxydation).

On the basis of conducted investigation some technologies have been proposed dealing with the parts of
transportation means reconditioning by multifunctional coatings applying where the choice of wire heating
method under spraying conditions is made depending on the temperature of the wire material martensite
transformation start.
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Jlonara B.M., YUepnoBoa M.I., ConoBux €.K., lynan O.B. Bukopucranssi CTpyKTypHUX aHOMalil B
CTJIBHUX ra30TEePMIUYHHUX MOKPUTTSX MPH IiIBUIIEHH] X 3HOCOCTIHKOCTI

JocnijpkeHa CTPYKTYpH ra30TepPMHYECKUX IMOKPHUTTIB 13 APOTIHUX MarepiaiiB HUIIXOM BU3HAYCHHS
palioHaIbHUX METOMAIB KEPYBaHHS MPOLIECOM CTPYKTYPOYTBOPEHHS Uil JOCATHEHHS HAMOLIbII BHCOKUX
(hi3MKO-MEXaHIYHUX BIIACTHBOCTEH BiJHOBIIOEMHUX MOBEPXOHB JAETaleH TPaHCIOPTHHX 3aco0iB. BcranoBieHo
e(eKT YTBOPCHHSI aHOMAIIFHO BEJIHMKOI KITBKOCTI 3aJIMIIKOBOTO ayCTEHITY IPH HATIMIICHHI TIOKPUTTIB 13 CTaIeBUX
IPOTiB. 3alpONOHOBAHO TEXHOJIOTI BHKOPHCTAaHHS «ayCTCHITHOTO €(PeKTy» IS IMiJBUIIEHHS 3HOCOCTIMKOCTI
MOKPUTTIB.. Bu3HaueHO, MmO OCHOBHUMH (DaKTOpammu, IIO BIUTMBAIOTH HA BMICT 3alIMIIKOBOTO ayCTEHITY B
3arapToBaHil CTalli, € MBHUIKICTh OXOJIOPKEHHS CTalll, KOHIIEHTPAIIis JEeTYIOUNX eJIeMEHTIB B ayCTEHITHIN ¢a3i,
a TaKO)k TepMivHa CTa01Ii3allisl ayCTeHITY P CAMOBIAITYCKY.

ITokazaHo, mo s 3abe3medeHHss (OpPMyBaHHS B CTPYKTYpl HANMJICHUX HOKPHUTTIB 3 JIETOBaHUX
KOHCTPYKUIHHHX, IHCTPYMEHTAJIBHUX Ta KOPO3IMHOCTIMKHMX CTalleil METacTaOlIbHOTO ayCTEHITY, 10 Ma€ HU3BKY
TeMIlepaTypy NpOTiKaHHsA jAedopMaliifHOro rama-aab(a MEpeTBOPEHHs, SKa BIJIOBIIAE TeMIlepaTypam
eKCIUTyaTalii BY3JiB TepTs KOB3aHHS, HEOOXiNHO MOCSATHEHHS II€BHUX YMOB (OpMyBaHHS IOKPHUTTA
(Temmepatypu HarpiBy i pO3NHJIEHHS IPOTY, IIBUAKOCTI OXOJIOJDKEHHS PO3IUIABICHUX YACTHHOK 1 CTYNEHIO iX
okucieHHs). OpHi€l0 3 HaWOIBII HMOBIPHUX IPUYMH MOSIBU «AaYCTEHITHOIO e(eKTy» B IOKPUTTAX €
po3irpiBaHHS MOBEPXHEBOTO MIApy A0 TEMIIEPATypH, IO CIpHUSAE TEpPMidHIA cTabimi3amii aycTeHITy, a TaKoX
HACHYCHHIO KpaIlelb PO3IUIaBY JICTYIOUHUMH eJIeMEHTaMH (TIepIl 3a BCE XPOMOM) 1 TOMIIIKaMU BIIPOBaIKCHHS
(Byruens, a30T) B IpolLeci po3IUIaBICHHS APOTY B MOIyM'T. BITHOCHO HH3bKa MIBUAKICTH IOJBOTY PO3ILIABICHHX
YAaCTHHOK CTajH i BHCOKAa KOHIEHTpALis NpOIaHy, M0 MICTHTh BYIJelb B NPOXYKTax TOPiHHS, CHPHUSIOTH
IIIHGOKOr0 HACHYEHHIO Kpamelh Po3ILIaBy ByrielneM. VIMOBipHO, Mo came 3 IMMH 0GCTABHHAMM IOB'S3aHMil
BUCOKHI BMICT 3aJIMIIKOBOTO AayCTEHITy B MOKPHUTTSX, OTPHUMAaHHUX Tra30NOJyMEHEBHM HAalWICHHSM.
JonatkoBuM (hakTopoMm, IO 30UIBLIYE CTIMKICTh ayCTEHITY B HAIMICHOMY IOKPUTTI MOXe OyTH HAaCHYEHHS
Kpariesib po3IUIaBy BYIJIEIIEM B MPOLIEC] PO3IUIABICHHS 1 PO3MIIICHHS 3 BUKOPHCTAHHSM MOJIYyM s IIPOMaHy.

[TpoBeneHi 1oCiiHKEHHS T03BOIWINA TPUITYCTUTH, IO SK JUISI METO/AY I'a30I0JIyMEHEBOTrO HAIWIICHHS,
TaK SK 1 JUII METOAY EJIEKTPOJYTOBOTO HAIMJICHHS ICHYIOTh TaKi PEeXHMHU 1 CTail s pO3NWICHHS SKi
JIO3BOJISIFOTH 3a0e3IeuyBaTH (OPMYBAHHS B TMOKPUTTAX BEJIHMKOI KiJIBKOCTI METAaCTaOlILHOTO ayCTCHITY, SKUH B
mporieci poOoTH TpHOOCTIPSIKEHHS Tiepeline B MapTeHCHT. .Ha mizcraBi mpoBeneHIX JOCIiIKEHb 3apOITOHOBaHI
TEXHOJIOTI1 BiTHOBIICHHA JAeTaleil 3ac00iB TPaHCIOPTY MUITXOM HaHECEHHS 0araTo()yHKIIIOHAIBHUX ITOKPHTTIB,
B SKHX BHOIp METOIy HArpiBy IpOTY MpPH PO3MMICHHI 3AIMCHIOETHCS B 3AJICKHOCTI BiJl TEMIIEpaTypu MOYaTKy
MapTEHCHTHOTO IEPETBOPEHHS MaTepiay ApoTy.

KinrouoBi ciioBa: enekTpooyroBe HAIWICHHS, Ta30MOJIyMCHEBE HANWICHHS, 3HOCOCTIHKICTB,
3aJIMIIKOBHUI ayCTEHIT, BiIHOBJICHHS, Fa30TEPMIUHI MOKPHUTTSI



