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Formation of TiN coatings by air plasma spraying

Titanium nitride (TiN) coatings were obtained on the surface of 12Kh18N10T steel by air plasma spraying
(APS) of TiN powders using an arc plasmatron made by the authors. The plasmatron has a node of circular
input and gas-dynamic focusing of the powder and the output apertures of the nozzle-anode are made in the
form of rectangular narrowing-expanding channels (N0.34334 RK: IPC HO5H 1/42). A study of operation
modes of a plasmatron for spraying of powder coatings was carried out. The structural-phase state, micro-
hardness and wear resistance of TiN coatings were systematically investigated. The optimum APS operating
mode for deposition of TiN powder was determined: current 250 A, voltage 68 V, argon gas flow 34 L/min,
spraying distance 150 mm. To reduce the oxidation of TiN powder in the APS process, a method of creating a
nitrogen environment at the outlet of the anode nozzle, nitrogen flow rate 2.3 bar was used. The results of
structural analysis showed that TiN is the main phase of the coating. The mechanism of formation of TiN
structures was characterized by analyzing SEM results of TiN coating surface morphology and TiN droplets
sprayed on the surface of the sample. The results showed that the TiN(1) coating has better wear resistance
than the TiN(2) and TiN(3) coatings. The cross-sectional and longitudinal microhardness of the TiN coating
was investigated. The highest cross-sectional hardness of TiN coating is 1250 HV0.1, which is in accordance
with mode 1.
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Introduction

In recent years in all industrially developed countries technologies of creation of wear-resistant materi-
als based on nitrides and methods of coating from them are intensively developed. Titanium nitride (TiN) has
excellent wear resistance, erosion resistance, heat resistance and low friction coefficient [1-3], so it is widely
used in some areas as the solid, wear-resistant coatings. The choice of methods for applying TiN coatings is
determined by the geometric parameters of the coated parts and products, their design and technological fea-
tures, conditions of future operation, as well as the required thickness of the functional protective coating
[4,5]. The only factor uniting all the available methods is thermal influence in the process of applying a pro-
tective coating, necessary for formation of a stable adhesive bond of coating with a substrate.

The following coating deposition methods are currently most widely used in industry [6-9]: detonation
spraying; high velocity oxide-fuel spraying (HVOF); air plasma spraying. Each of the above methods has its
own advantages and disadvantages determining its effective area of application, but the first two methods
can be implemented only in the presence of special chambers and gas communications. Moreover, their ap-
plication is also limited by energy problems arising during heating of large-sized parts, since the required
density and adhesion are achieved by the subsequent heat treatment of the formed layer. Therefore, one of
the most economical and easy-to-implement methods of applying TiN coatings is the air plasma spraying
method, which allows to form and melt the coating in one operation.

The essence of air plasma spraying is that powder particles pass through a zone of ionized gas (plasma)
formed by an electric gas discharge, are melted and deposited on the substrate surface heated in the contact
zone in the course of coating formation [10, 11]. The main element of technological equipment is a plasma
torch that combines the functions of a plasma source and atomizer of disperse material. Plasma-forming gas
(argon, nitrogen, air) passes through the electric arc zone, is ionized and exits through the nozzle of the
plasma gun in the form of a plasma jet (flow). A significant disadvantage of this technology so far is the low
thermal and overall efficiency of the process, amounting to only 3-8 %, which is an urgent problem of air-
plasma spraying. In most technological processes of plasma treatment of materials, electric arc linear plas-
matrons are most commonly used, which, compared to plasmatrons of other circuits, have a simple design, a
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relatively long life of electrodes, the possibility of controlling the discharge power not only by changing the
arc current, but also by changing the voltage at the arc.
Thus, the purpose of this study is to obtain wear-resistant nitride coatings by air plasma spraying.

Technology

Depending on the set tasks, an experimental air plasma spraying installation designed for surface treat-
ment with plasma and application of powder coatings at atmospheric pressure was developed for protective
coatings application.

The installation includes power supply, control panel, switching module with start-up unit, dispenser
and autonomous plasma torch cooling unit. The installation is equipped with a plasma torch, which can be
used in both manual and mechanized versions.

Fig. 1 shows schematically the installation for powder coatings, showing: plasmatron 1 which consists
of anode 2, cathode 3, interelectrode ceramic insert 4, tubes 5 for feeding plasma gas — argon 6, tubes 7 for
feeding inert gas — nitrogen 8 and sprayed powder 9, fittings for inlet 10 and outlet 11 of cooling fluid 12,
powder batcher 13, power supply 14, off-line unit of water cooling 15.

The installation works as follows. Before starting work, the cooling system is switched on. Distilled wa-
ter is used to cool the plasmatron, which enters the cavity of the anode assembly housing through a fitting
and then the heated water is discharged through a fitting. The coolant is in circulating mode and the tempera-
ture of the coolant is automatically regulated by an autonomous water cooling module. Then the plasma-
forming gas-argon is fed through the radial feed tube of the cathode assembly, to the discharge area of the
plasmatron. When voltage is applied to the electrodes, an electric arc occurs between the nozzle-anode and
the cathode and the plasma-forming gas — argon is ionized and exits the nozzle-anode at high speed, forming
a plasma stream. Then the metering device is connected and through the inert gas channel the powder to be
sprayed is fed into the plasma stream.

A 15
r | 12

Figure 1. Schematic diagram of a powder coating installation

Plasmatron (Figure 2) is a thermal plasma generator of DC coaxial design with tungsten cathode with
diameter of 5 mm, embedded in the copper rod in the center, and all-welded nozzle anode of copper, which
has a radiator profile, which will allow to disassemble and assemble the plasmatron during repair work with-
out deteriorating its quality. The key element of the plasmatron design is a node of annular input and gas-
dynamic focusing of the powder, as well as the outlet holes of the nozzle-anode are made in the form of rec-
tangular tapering-expanding channels. This design scheme provides input of the sprayed powder into the axi-
al high-temperature and high-speed part of the plasma flow, which significantly increases the efficiency of
heating and acceleration of particles and sputtering productivity [12]. The lifetime of the plasma torch is
more than 200 hours, the cathode is replaced after 50 hours of operation. The plasma torch is capable of sta-
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tionary operation with various media, primarily with oxidizing media. AC electric arc plasmatron operates in
argon (nitrogen, air, gels) with a maximum power of up to 34 kW at a low pressure of about 0.01 MPa.
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1 — cathode, 2 — insulator, 3 — cooling connector, 4 — anode
Figure 2. Scheme of connection of the plasma torch to the power supply

Materials and Methods

Stainless steel 12Kh18N10T (0.12 % C, 18 %Cr, 10 %Ni, Ti) was used as a substrate material. To im-
prove the adhesion between the coating and the substrate, the flat surface of a 50x50x4 mm steel sample was
cleaned in acetone and sandblasted before spraying. TiN powder with a dispersion of 15-40 um was used for
coating spraying (Figure 3).
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Figure 3. Structure-phase states of sprayed titanium nitride powder

An air-plasma system was used for the experiment, the design of which is shown in Figure 1. First, the
substrate was preheated to 250 °C using a plasma jet, which was controlled by a HT-819 pyrometer. Then,
TiN coatings were applied to the substrate using a plasma torch. The surface morphology was studied by
scanning electron microscopy on a JSM-6390 scanning electron microscope with an energy dispersive spec-
trometer (EDS).

The microhardness of the samples was measured by a diamond indenter on the device Metolab 502
(Russia) in accordance with GOST 9450-76 [13], at a load of 100 g and exposure time of 10 s. The samples
were tested for abrasive wear on the experimental stand (Figure 4) against soft stationary abrasive particles
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by the scheme "rotating roller — flat surface" in accordance with GOST 23.208-79, which corresponds to the
American standard ASTM C 6568 [14].

Measurements of corrosion resistance were carried out on potentiostat-galvanostat "P-150", using a
three-electrode connection scheme to the electrochemical cell using a chlorosilver reference electrode and an
auxiliary platinum electrode. For corrosion resistance tests, a 3 % NaCl solution in distilled water was used
as an aggressive medium. Measurements were carried out at ambient temperature 20+2 °C.

stream
abrasive
rubber roller particles

.

sample b
sample holder * P :F

Figure 4. The experimental test stand for testing of samples abrasive wear according to the “rotating roller—flat surface”
scheme

The formation of a dense homogeneous coating layer is influenced not only by the spraying parameters,
but also by the quality of the powder. In addition, the main quality parameters of air plasma spraying, which
include hardness, layer thickness and wear resistance, depend on several factors: spraying distance, current
strength, voltage, gas pressure. Among these factors, electric current and working gas (Ar) pressure play an
important role. In this regard, for the spraying modes the corresponding technological parameters listed in
Table 1 were selected.

Table 1
Modes of air plasma spraying
. - Gas flow i Processing | Coating
Sample Spraying dis rate Ar, Gas flow Cur time, s thickness, Voltage, V
tance, mm . rate N, bar | rent, A
Itr/min um

TiN(1) 150 35 2.4 250 60 ~70 68

TiN(2) 150 35 2.7 350 60

TiN(3) 150 35 3 450 60

Results and Discussion

The microstructure of the cross-sectional microslip is shown in Figure 5. The cross-sectional microslip
shows porosity in the applied layer, probably having a diffusion character. The microstructure of 20 um thick
TiN(1) coating is characterized by high density, low porosity, smooth boundary with the substrate. The vol-
ume fraction of the pores formed at large distances from each other is 0.13 % of the surface area of the coat-
ing. There are also very small pores formed, apparently, as a result of degassing of the molten material of the
particles during their crystallization.

Fig. 5 b, ¢ shows the microstructure of TiN(2) and TiN(3) coatings, which is characterized by the pres-
ence of porosity throughout the thickness, the pores have an irregular shape and sizes from a few microns to
10 um. The porosity of the TiN coating is 2.96 % and 8.04 % at 75 and 200 pm thickness, respectively. The
coating section at the border with the substrate is characterized by a more uniform structure. The structure
with few pores should be attributed to the gas that exists between the tiny liquid droplets and does not have
time to be released during coating formation, which seems to contribute to the formation of small character-
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istic micro-cracks in the thick coating structures seen in Figure 5 b, c. Therefore, to this day, the problem of

reducing pores and cracks, as well as improving the structure of coatings remains an urgent task that requires
thorough research.
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Figure 5. SEM images of cross-sectional morphology of TiN coating

From the mapping data in Figure 6 we can also conclude that the distribution of the main components
(Ti, N, Cr, Ni, O and Fe) is uniform throughout the thickness of the coatings and in the substrate. In accord-
ance with the data on the distribution of elements in the surface layer obtained both in the mapping mode and
in the point mode (Figure 6), the layer consists of pronounced spectra of Ti and N, demonstrating the con-

trasting composition of TiN coatings. According to this, it can be assumed that the predominant phase in this
area is TiN.

a)TiN(1); b) TiIN(2); C)TIN(3)
Figure 6. Cross-section morphology and corresponding EDS maps of coating samples
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The study of the structure was supplemented by microhardness measurements along the entire cross
section of the coating. Figure 7 shows the results of microhardness measurements of TiN coatings of differ-
ent modes. All coatings in general are characterized by high microhardness. Similar results were obtained in
[15, 16]. The dependence of microhardness on an arrangement of measuring points on height of a layer is not
found. The comparatively high hardness is observed on the surface of the coating processed by mode 1, has
value 1250 HV,1. This may be due to the low content of pores and cracks in the structure of the sample
TiN(2).
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Figure 7. Results of the microhardness of TiN coatings obtained by the APS method

An abrasion test was performed to evaluate the wear resistance of the coatings. The abrasion results in
terms of mass loss and relative wear resistance for the coatings are shown in Figure 8. It can be seen that
there was little difference in the resistance against abrasive wear of the samples. The best material among all
the coatings studied was TiN(1), which showed a higher abrasion resistance compared to the coatings ob-
tained by the TiN(2) and TiN(3) modes, by about 83-87 %.

0,043
] L 2,10
0,042 ] m
1 L 2,05 ~
0,041 - <
1 L2008
= 0,040 u 8
3 1 -1,95 .2
2 0,039 2
S 0,038 - (10 s
o ] m =
= 00374 r185 9
] 180 3
0,036 | -180 @
] @
i L 1,75
0,035 n . ,
0,034 , , , 1,70
TiN 1 TiN 2 TiN 3

Figure 8. Results of mass loss and relative wear resistance of coatings

According to the thermodynamics of corrosion, a higher intrinsic corrosion potential can lead to
greater resistance to the electrochemical reaction, indicating a stronger ability to resist the addition
and loss of electrons, as well as better corrosion resistance of the material. Generally, based on corro-
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sion kinetics, the lower the intrinsic corrosion current density, the higher the corrosion resistance [17,
18]. Figure 9 shows that the corrosion resistance of TiN(1) coatings is better than that of TiN(2) and
TiN(3) coatings. In the coatings obtained by TiN(2) and TiN(3) modes the corrosion rate Rcorr
=0.905 cm/year and Rcorr =0.486 cm/year respectively is higher than that of TiN(1) coating with val-
ue Rcorr=0.078 cm/year (Table 2). It was determined that the corrosion resistance reaches the highest
value when spraying under the regime TiN(1).
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Figure 9. Polarization curves of coatings obtained by the APS method

Table 2
Correlation table of obtained results
Sample Microhardness, Abrasive tests Corrosion tests
HV0.1/10 _ _
Weight loss, g Wear resistance m, g I, cm Reorr
coefficient cm/year
TiN1 1250 0.035 2.08 0.317 0.078 0.078
TiN 2 1183 0.040 1.87 3.556 0.905 0.905
TiN 3 1205 0.042 1.73 1.910 0.486 0.486
Conclusion

This article presents the results of research work on obtaining coatings from titanium nitride by air
plasma spraying, as well as an analysis of the evaluation of microhardness values, corrosion and abrasion
characteristics. The received results allow to draw the following conclusions. It is established that the use of
inert gas at the APS of thin-film coatings from titanium nitride allows to change the chemical composition of
the coating and its structure. Under optimal gas pressure conditions of deposition, thin film coatings of stoi-
chiometric composition with improved antifriction properties are formed. At nitrogen pressure equal to 2.3
bar (mode 1), the wear resistance coefficient of the formed coatings decreases practically 1.5 times compared
to its value for modes 2 and 3. Increasing nitrogen pressure up to 3 bar causes the formation of a porous coat-
ing structure with a developed surface relief and, as a consequence, leads to a deterioration of the coatings'
tribological properties.

It was determined that the value of microhardness increased and amounted to 1250 HV, .1, which appar-
ently contributed to a decrease in wear of TiN coatings in the realized friction conditions.
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It was revealed that the application of TiN coatings improves the corrosion resistance of stainless steel
12X18H10T; in particular the corrosion rate is reduced, indicating that the coating has good stability and ex-
cellent protection.

Thus, the conducted studies have shown the prospects and feasibility of using the APS technology to
improve the wear resistance of stainless steel 12Kh18N10T.
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A.b. Kenecoexos, b.K. Paxamunos, JL.F. XKypeposa, I'.K. Yassipxanosa, E.E. Kam6apos

Aya-masMaibIK Oypky apKbLibl TiN ka0bIHIAPBIH KAJBINTACTBIPY

Turan Hutpuai (TiN) xabemmapsr 12X 18H10T Gonateiasiy 6etine TiN yHTaKTaphlH aya-Iuta3ManblK, OypKy
(AIIB) oniciMeH, ©3iMi3 a3ipJiereH JOFAIBIK INIa3MOTPOHA aJIbIHIBL. ATaJlFaH IUIa3MOTPOH 1A CaKWHAJIbI €HTi-
3y JKOHE YHTaKTHlI T'a30JHMHAMHUKAJBIK (Gokycray Topalsl Oap, coHmaii-aK canrama-aHOATHIH LIBIFY TECIKTepi
TIKOYPHIIITHI KOHYCTHIK-KeHeHeTiH apHanap Typinae opeaanrad (Ne 34334 KP: MIIK HOSH 1/42). ¥urak-
THI >kaObIHAApABI OYPKY YIIiH IUIa3MOTPOHHBIH JKYMBIC peXKUMIepiHe 3epTrey Kyprizinai. TiN sxaObiHIapsI-
HBIH KYPBUIBIMIBIK-(ha3ablK Kyili, MUKPOKATTBUIBIFBI KOHE TO3YFa TO3IMIUIIr xyherni Typae 3eprrenni. TiN
’KaOBIHBIH aJTy YIIIH aya-IuTa3ManblK OYPKYAiH OHTAMUIIBI pEKUMI aHBIKTaNAbl: Tok 250 A, kepHey 68 B, apron
Ta3bIHBIH IIBIFBIHBI 34 J1/MUH, OYpKY KalbIKTBIFbI 150 MM. Aya-ma3mansik Oypky npouecinae TiN yHTaFbI-
HBIH TOTHIFYBIH a3alTy YIIIH CalTaMaHbIH — aHOJTHIH MIBIFBICEIHAA a30TTHl OPTAaHBI KYPY SAiCi KOJIIAaHbLI-
IIbI, 30T WIBIFBIHEL 2,3 Gap Gonpbl. Kypeumeimasik Tamgay Hotiokenepi TiN »xaObiHHBIH Herisri ¢azacer TiN
ekeHiH kopceTTi. TiN KypbUIbIMIapbIHbEIH T3y Mexann3Mi TiN KaObIHBIHBIH GeTKi MOP(OIIOTHACHIH JKOHE
yiri Getine mamsiparad TiN tammsuiapsis COM tangaysiver cumartangsl. Hotmkenep TiN(1) sxaObIHEI-
HbIH TiN(2) xone TiN(3) xaObiHIapbIHa KaparaHaa TO3yFa TO3IMILTIr XKaKchl eKeHiH kepceTTi. TiN jka0bl-
HBIHBIH KOJIJCHEH KoHE OOMIBIK KUMajapbhIHBIH MUKPOKATTBUIBIFEI 3epTTesai. TiN jkaObIHBIHBIH KOJIICHEH
KHMACBIHBIH €H )KOFapbl KarTeuibFbl 1250 HVo 1 kepcerti. TiN sxabpimbin Konmany 12X18H10T Tot 6acmaii-
THIH OOJATTHIH KOPPO3USFa TOIIMIUIITIH )KaKCapTaThIHBI aHBIKTAJJIBI, aTall alTKAHIa KOPPO3US JKbUIIaMIbl-
FBI TOMEHAEI T, OYJT )KaOBIHHBIH )KaKChI TYPAaKTBUIBIFBI MEH TaMallla KOpFaHbICH 0ap eKeHiH KepceTe .

Kinm ce30ep: mna3MoTpoH, aya-Tuia3Mansik 0Ypky, TiN, To3yFa Te3iMIiTiK.

A.b. Kenecoexos, b.K. Paxagunos, JI.I'. XXypeposa, I'".K. Yassipxanona, E.E. Kambapos

(I)opanOBa}me TiN HOKprTHﬁ ME€TOA0M BO3AYIIHO-TIVIA3SMEHHOI'0 HAITBIJICHU S

Toxpertust u3 Hutpuaa turana (TiN) Opum mosydeHs! Ha nmoBepxHocTd cranu 12X18H10T meromom Bo3-
JYIIHO-TUIA3MEHHOTO HaIbUIeHUs MopomkoB TiN ¢ IMOMOIIBIO JYroBOTo IUIa3MOTPOHA COOCTBEHHOI pa3pa-
60Tku. [T1a3MOTPOH MMeeT y3el KOJBLEBOro BBOAA M Ta30AMHAMHYECKON (POKYCHPOBKHU MOPOILKA, a TAKKE
BBIXOJHBIE OTBEPCTHS COILIA-aHOJA BBIIOJNHEHB! B BHAE NPSIMOYTONBHBIX CCYKAIOIIMXCS-PACIIUPSIIOIINXCS
kaHanoB (Ne 34334 PK: MIIK HOSH 1/42). IIpoBeneHO McciegoBaHue pPeKUMOB PaOOTHI IIa3MOTPOHA IS
HaNbUICHHS MTOPOLIKOBBIX HOKPHITHH. CHCTEMaTHYECKH HCCIIEI0BaHbI CTPYKTYPHO-(a30BOE COCTOSHUE, MUK-
POTBEPAOCTh M M3HOCOCTOMKOCTH MOKpHITHH TiN. Ompernenen ontumanbHblid peskum BITH mns HaneceHust
nopomika TiN: Tok 250 A, Hanpspkenue 68 B, pacxox rasza apros 34 yi/MuH, TUCTaHIMS HanbuleHUs 150 MM.
Jnst cHmxenns okucnenus nopomika TiN B nponecce APS ObUT HCTIONB30BaH CIOCO0 CO3aHMs a30THOM cpe-
JIbl Ha BBIXOJIE U3 COIUIa-aHOJa, pacxoa azora — 2,3 6ap. Pe3ynbTaThl CTPYKTYpHOTO aHajIM3a IoKa3ajid, 4To
TiN siBsieTcss OCHOBHO#M (a30ii mokpbITHs. Mexanusm ¢opmupoBanus TiN cTpyKTyp ObLIT OXapaKTepH30BaH
nyTteM aHanu3a COM pesynbraToB Mopdonoruu noBepxHocty nokpeitus TiN u kanens TiN, pacnbuieHHBIX
Ha MOBEPXHOCTH oOpasmna. Pe3ynpraTel mokaszamu, uro nokpsitie TiN (1) obmamaer mydmieli H3HOCOCTOMKO-
cTBIO, YeM monydeHHbIe TIo peskumaM TiN (2) u TiN (3). Mccnenoana Obliia MEKPOTBEPIOCTh TTOIIEPEYHOTO
1 TIpo0IBbHOTO cedeHnit mokpeiTs TiN. Haubonbimas TBepaocTs momepeyHoro cedeHus mokpoeitust TiN co-
craBmita 1250 HV 0.1, 4ro cooTBeTCTBYET pekumy 1.

Knrouesvle cnosa: miasMoTpoH, BO3AYIIHO-TUIa3MeHHOE HambuieHne, TiN, u3HOCOCTOMKOCTD, aHanmu3 COM,
COILIO-aHO/I.
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