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Influence of pulse plasma treatment on the phase composition
and microhardness of detonation coatings based on Ti-Si-C

The paper considers the study results of the phase composition and microhardness of detonation coatings
based on Ti-Si-C after exposure to pulsed plasma treatment. The CCDS2000 detonation complex was used to
obtain the coatings. Coatings surface modification was carried out using pulsed plasma exposure (PPE). The
detonation coatings were treated with varying the distance H (30 mm mode 1, 40 mm mode 2, 50 mm
mode 3) from the plasmatron to the hardened surface. It is shown that the treated coatings are generally char-
acterized by high microhardness compared to the original coating. It was determined that after treatment by
pulsed plasma effects an increase in the intensity of all reflexes phase Ti3SiC, was observed, and the appear-
ance of reflexes (101, 102, 112, 204, 0016) phase Ti;SiC, was found, which indicates the increase of the con-
tent of Ti;SiC, phase. The change in the fraction of phases indicates a solid-phase transformation during
pulsed-plasma activation. High hardness is observed on the coating surface treated according to mode 3
(50 mm) and as it approaches the surface of the substrate modes 2 (40 mm) and 1 (30 mm) the hardness de-
creases. It is established that the increase in the microhardness of detonation coatings after pulse-plasma
treatment is associated with an increase in the content of Ti;SiC, phases in the coatings, as well as an increase
in the defects density in the modified layer.

Keywords: detonation spraying, pulse plasma treatment, phase, microhardness, modification, carbolized tita-
nium, steel U9, coating.

Introduction

The current level of development of the theory and practice of increasing the metal's hardness and wear
resistance requires the creation of protective layers with high mechanical performance. In many industries
coatings made of refractory powder materials (for example, Ti-Si-C) deposited by gas-thermal methods
(plasma, detonation) are widely used [1, 2]. They have considerable interest due to their unique combination
of metallic and ceramic properties. As metals, they have good electrical and thermal conductivity, high plas-
ticity, good machinability and excellent resistance to thermal shock. As ceramics, they have low density,
high stiffness, high melting points, and good resistance to oxidation and corrosion [3, 4]. Such exceptional
properties arise from the coexistence of strong covalent-ionic MX bonds and weak metallic MA bonds with-
in the layered hexagonal structure (space group P63/mmc ) of MAX materials, which are created by repeat-
ing a three-layer structure (consisting of two layers of Mn + 1xN intercalated by a single atomic layer A) [5].
However, obtaining of coatings based on Ti-Si-C by traditional methods is associated with a high tempera-
ture and the long duration of the process. The spraying of coatings based on Ti;SiC, is usually accompanied
by the formation of Ti—C and Ti—Si phases. The short reaction time of powder mixtures and the decomposi-
tion of Ti-Si-C at high temperature are the main problems for the purity of the phase [6]. Expected hard
working conditions put forward a number of requirements for the morphology and structure of protective
layer. The disadvantages of traditional methods can be surmounted by thermal activation of the surface by
pulsed plasma flows, as well as by electron beams [7, 8]. The advantages of pulse-plasma technology are
high rates of heating and cooling of the material surface (10*-10* Ks™), the high deposition rate of coatings
and low reagent consumption, wide variation in the parameters of the plasma flow (number of pulses, specif-
ic power), the possibility of creating layered structures with different phase composition and, accordingly,
with different physical and chemical characteristics [9, 10]. The possibility of local exposure to the product
with pulsed plasma is also advantageous [11, 12]. Thus, the pulse-plasma technology allows flexible control
of the surface layer modifying process.
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The aim of this work is to study the effect of pulsed plasma treatment on the phase composition and mi-
crohardness of detonation coatings based on Ti-Si-C.

Material and methods of research

Detonation spraying method was used to obtain coatings based on Ti;SiC, on the U9 steel surface (with
0.94 wt % C). Powder chemical composition: Ti — 74 wt.%; SiC — 20 wt.%; C — 6,0 wt.%. The powder parti-
cle size ranges from 20 to 40 um. Before applying the coatings sandblasting was carried out in aim to im-
prove the coating’s adhesive strength.

The CCDS2000 detonation complex, which has a system of electromagnetic gas valves that regulate the
supply of fuel and oxygen, as well as control the purging of the system, was used to obtain the coatings [13].
The CCDS2000 allows applying coatings from a wide range of materials to various substrates. The main el-
ements of the complex are shown in Figures 1 a, b, c. The working body (gun) can also be placed on an in-
dustrial robot (Figure 1c¢).

Figure 1. Detonation complex CCDS2000

(a) working body (gun) consisting of a barrel, a gas distribution unit and powder dispensers; (b) the control
unit on the basis of the industrial computer; (c) the gun is complete with a 3-coordinate manipulator

Detonation spraying process is schematically shown in Figure 2.

Gas acetylene-oxygen mixture, the most popular fuel for detonation spraying of powder materials, was
used as a fuel. The spraying was carried out at the O,/C,H, = 1.856 ratio of the acetylene-oxygen mixture. Ex-
plosive gas mixture volume of the detonation gun barrel is 60%. Nitrogen was used as a carrier gas. The dis-
tance between the sample treated surface and the detonation barrel was 200 mm. The diameter of the straight
barrel was 20 mm.
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Figure 2. Principled schematic diagram of the CCDS2000 detonation complex.

1 — control computer, 2 — gas distributor, 3 — mixing-ignition chamber, 4 — spark plug, 5 — barrel valve,
6 — fuel line, 7 — oxygen line, 8 — gas valves, 9 — gas supply unit, 10 — indicated part of the barrel,
11 — powder dispenser, 12 — workpiece; 13 — manipulator, 14 — the muzzle of the barrel

Surface modification of the coatings was carried out by pulsed plasma flow using a plasma generator
developed by the E. O. Paton Institute of Electric Welding at NAS of Ukraine [14, 15]. The features of which
is the possibility of commuting the electric current by the ionized region of the gas behind the detonation
wave front. This makes it possible to generate pulsed plasma with a frequency of 1-4 Hz and energy of up to
7 kJ. The pulse-plasma generator (Fig. 3) consists of a detonation chamber (1), where the combustion of
combustible gas mixture (C;Hg, O,, air) is initiated, and coaxial electrodes (2, 3). If it is necessary to intro-
duce alloying elements into the plasma in the form of vapour drop phase an erodible electrode (4) is used.
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When an electric current flows behind the detonation wave (5), Joule heat is released in the interelectrode
gap, thereby enhancing the accelerating plasma force's electromagnetic and gas-dynamic components. The
energy characteristics of the plasma jets at the output of the pulsed plasma device depend on the geometry of
the coaxial electrodes and the electric field strength in the interelectrode gap. When the electric field strength
between the electrodes is 3.5 x10° V/m, the plasma velocity at the exit from the plasma torch reaches 4 kns,
and the temperature is 12000 K. At the moment of the interaction of the plasma pulse with the surface of the
product (6), a region of shock-compressed plasma layer is formed in the contact zone. The electrical circuit
between the eroded electrode and the product closes up. The current density reaches 10000 A/cm’. As a re-
sult, the surface undergoes multiple impacts, including thermal with a power density of 104...106 W/cm’,
chemical, electromagnetic (magnetic field strength up is to 4x10° A/m). Repeated exposure (thermal cycling)
allows changing the surface's physical and mechanical properties due to structural transformations [15].

Figure 3. Pulsed plasma device scheme [16]

1 — detonation chamber; 2, 3 — coaxial electrodes; 4 — consumable electrode; 5 — detonation wave; 6 — treating part

The detonation coatings were treated with a pulsed plasma jet under the following modes: capacitance
of capacitors 960 pF, voltage 3,2 kV, inductance 3x107* mH, electrode W, frequency 1.2 Hz, speed of pas-
sage 5 mm/s, electrode recess h=16 mm, number of passes 1.

The treatment modes were changed by varying the distance H (Fig. 3) from the plasmatron to the hard-
ened surface (Table 1).

Table 1
Sample treatment modes

Distance from plasma

Number of hardening mode torch to product, mm

1 30
2 40
3 50

The research phase composition of the samples was studied by X-ray diffractometer X’PertPro (Philips
Corporation, Nederland) using CuKa radiation. The shooting was carried out in the following modes: tube
voltage U = 40 kV; tube current I = 20 mA; exposure time 1s; shooting step A26 ~ 0.02° and 26 = 10-90°.
The microhardness of the samples was measured by a diamond indenter on a METOLAB 502 (METOLAB,
Moscow) device in accordance with GOST R ISO 6507-1 at a load of 100 g and an exposure time of 10 s. At
least ten measurements were carried out on each sample, the results of which were averaged [17, 18].

Results and discussions

Figure 4 shows the diffractograms of the initial coatings of the Ti-Si-C system and those processed by
pulsed plasma exposure. The results of the coatings’ XRD analysis showed that the initial coating consists of
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TiC phases as the main phases and Ti;SiC, as the secondary phase. The phase structure has not significantly
changed after the pulse-plasma treatment, but the peaks' relative intensity considerably changed. After treat-
ment by pulsed plasma effects an increase in the intensity of all reflexes phase Ti;SiC, was observed, and the
appearance of reflexes (101, 102, 112, 204, 0016) phase Ti3SiC, was found, which indicates the increase of
the content of Ti;SiC, phase. The change in the phase fraction indicates a solid-phase transformation during
pulsed-plasma activation. According to mode 1 (30 mm), the coating has small amounts of carbide and oxide
phases: WC, TiO. This is related to the material of the consumable electrode penetrating the hardened layer
of the product. For example, after using consumable titanium electrode hardened layer is found at a depth of

up to 20 pm [19].
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Figure 4. Diffractograms of detonation coatings based on Ti-Si-C before (a) and after
pulse-plasma treatment: (b) mode 1 (30mm), (c) mode 2 (40mm), (¢) mode 3 (50mm)

The Vickers hardness of Ti—Si—C detonation coatings before and after pulsed plasma exposure is shown
in Figure 5. The treated coatings are generally characterized by high microhardness compared to the original
coating. High hardness is observed on the coating surface treated according to mode 3 (50 mm) and as it ap-
proaches the surface of the substrate modes 2 (40 mm) and 1 (30 mm) the hardness decreases. According to
the results of the XRD analysis, the increase in the detonation coatings’ microhardness of the Ti-Si-C system
because of pulse-plasma treatment is associated with an increase in the content of Ti;SiC, phases in the coat-
ings, as well as an increase in the density of defects in the modified layer.
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Figure 5. Microhardness of detonation coatings based on Ti-Si-C before and after pulsed plasma treatment
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Conclusions

The influence of modification by pulsed-plasma exposure to Ti—Si—C-based coatings obtained by the
detonation method was studied. The study showed that after treatment by pulsed plasma effects an increase
in the intensity of all reflexes phase Ti;SiC, was observed, and the appearance of reflexes (101, 102, 112,
204, 0016) phase Ti;SiC, was found, which indicates the increase of the content of Ti;SiC, phase. The
change in the phase fraction indicates a solid-phase transformation during pulsed-plasma activation. The
treated coatings are generally characterized by high microhardness compared to the original coating. Accord-
ing to the results of XRD analysis, the increase in the microhardness of the detonation coatings of the Ti-Si-
C system because of pulse-plasma treatment is associated with an increase in the content of Ti;SiC, phases in
the coatings, as well as an increase in the density of defects in the modified layer.

This research was conducted within the grant financing of scientific research of the Committee of Sci-
ence of the Ministry of Education and Science of the Republic of Kazakhstan. Grant AP08957719
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b.K. Paxanunos, /I.b. ByiiTkeHoB,
M. Anunxanosa, XK.b. Carnonauna, I11.P. Kyp6an6ekos

NmnyabcTik-miiazmanbik eHaeyaiH Ti—Si—C Herizingeri 1eTOHAIMAJIBIK
KaObIHAAPABIH (a3a/bIK KYPAMbIHA 7K9HE MUKPOKATTHLIBIFBIHA dCePi

Makanaza HMOyAbCTIK IIa3MaiblK  eHaey ocepiHeH keifinri Ti—Si—C  HerisiHzeri JeTOHALMSIIBIK
KaObIHAAP/BIH  (a3alblK KypaMblH JKOHE MHKPOKATTBUIBIFBIH 3€PTTEYy HOTIIKENEpl KapacThIPBUIIBL.
XKabOwiHmapaer amy ymin CCDS-2000 neToHanMsIbIK KeUIeHI KoNTaHbUbl. JKaObHIapael OeTTik
MoauduKanysulay UMIYNbCTIK-IUIa3Maiblk  ocepai  (MIIO) koniaHy apKbUIbl IKy3ere  achIpbUIABL.
JleToHAUMSIIBIK KaObIHAAP I OHJICY IJIa3MaTPOHHAH KaTaWThUIATHIH OETKe JEHiH OpTYpIi apaKallbIKThIKThI
(30 mm — 1; 40 MM — 2; 50 MM — 3 pexxuM) maiiiaiaHa OTBIPBII JKY3ere achIpbULIbl. OHJIEIreH jxadbIHAap,
onmerre, OacTamkbl JKAObIHMEH CajbICTBIPFAHIA JKOFapbl MHKDPOKATTBUIBIKIEH —CHIIATTaJIaThIHBIFbI
kepcetinren. HMmmynberi miasmanblk  ocepMen enzerenHeH keiiH Ti3SiC, (¢a3acelHBIH — 0apIibIK
pediiekcTepiHiH KapKbIHIBUIBIFBIHBIH JKOFapbuUiaybl, coHbiMer katap Ti3SiC, dasacembiy (101, 102, 112,
204, 0016) pedunexcrepiniy maiiga Gomysl aHbikranabl, Oy TizSiC, QasacbiHBIH KeOCwiH KepceTesi.
@azanblk OOIIKTIH ©3repyl MMITYIbCTi IDIa3MajblK AKTHBTEHAIPY Ke3iHAe KaTThl (a3anblK TYPICHYH
6innipeni. XKoraper KarTUIbIK 3-1i (50 MM) pesKMMMEH oHJEreH ska0bIH OeTiHae OaliKanaabl )koHe cyocTpaT
Oerine xakpIHAaran caibia 2-mi (40 MM) xoHe 1-mi (30 MM) pexuMIep KaTTBUIBIFHI a3asibl. IMIyIbCTik-
IUIa3MalblK OHJACYJCH KEiiH ACTOHALMSIBIK JKaObIHAAP/IbIH MUKPOKATTHUIBIFBIHBIH apTybl yKaObIHIapIarsl
Ti3SiC, dasamapsl KypambIHBIH apTybIMEH, COHAal-aK TYPJCHAIPIIreH KabaTTarbl —aKayJaplblH
THIFBI3/IBIFBIMEH OQlIaHBICThl €KEHI aHBIKTAJIbL.

Kinm  co30ep: NeTOHALWMSUIBIK —TO3aHAATY, HMITYJIbCTI-IUIa3MaNBIK ~ OHACY, (pasa, MHKPOKATTBUIBIK,
MoauGHKaIys, THTAaH KapOocumuuuai, 6onar V9, xaObiH.

b.K. Paxanunos, /1.b. byiiTkeHOB,
M. Anunxanosa, XK.b. Carmonnuna, I.P. Kyp6an6ekos

Bausinue My ibCHO-IJIa3MEeHHOM 00padoTKM Ha ¢a30BbIi COCTAB
U MUKPOTBEPAOCTh 1eTOHAIMOHHBIX MOKPbITHI HA ocHOBe Ti—Si—C

B crarbe paccMOTpeHBI pe3ynbTaThl UCCIENOBaHHS (Ha30BOrO COCTaBa M MHUKPOTBEPIOCTH AETOHAIIMOHHBIX
nokpbiTiii Ha ocHoBe Ti—Si—C mocne Bo3AeiCTBHS MMITYJIbCHO-IUIa3MEHHOH 00paboTkoit. s moayueHust
MOKPBITHH HCIONB30BaH AeToHAlMOHHbIH KoMiuieke CCDS-2000. IToBepxHocTHOS MOAN(HUIIMPOBAHUE MO~
KPBITHII OCYIIECTBIAIOCH C IPUMEHEHUEM MMITYJIbCHO-IIa3MEHHOT0 Bo3aeiicTBus. O6paboTka 1eTOHALMOH-
HBIX OKPBITHHA MPOU3BOAMIIACEH C UCIOIb30BaHKUEM pa3nuuHoi auctanuuu (30 Mm — pexum 1; 40 mm — 2; 50
MM — pexHM 3) OT IUIa3MOTPOHA J0 YIpouHseMoii moBepxHocTu. [lokazano, 4To 06paboTaHHBIC TOKPHITUS, B
LIEJIOM, XapaKTePHU3YIOTCSI BBICOKOH MUKPOTBEPIOCTHIO IO CPABHEHUIO HCXOJHBIM MOKphITHEM. OnpernerneHo,
YTO TOCe 00pabOTKM MMITYIbCHO-IUIA3MEHHBIM BO3JCHCTBUEM HAONIONACTCSl yBENUUCHNE MHTCHCHBHOCTU
Bcex peduiexcoB dasbr TizSiC, Kpome Toro, o6Hapyx)eHo nosisienue peduexcos (101, 102, 112, 204, 0016)
¢assl Ti3SiC,, uTo cBUACTENLCTBYET O pocTe coaepxkanus dasel TizSiC,. V3menenue nonu a3 ykasbiBaeT Ha
TBepAoda3zHoe NpeBpalleHne IPU UMITYJILCHO-IUIa3MEHHON aKkTHBaLu. Bricokast TBEpROCTh HabIIIO1aeTCs Ha
MOBEPXHOCTHU MOKPBITHS, 00paboTanHol 1o pexxumy 3 (50 MM), ¥ O Mepe MPUONMKEHUS] K OBEPXHOCTH
no/utokKH (pexxumsl 2 (40 mm) u 1 (30 MM)) TBEpAOCTh yMEHbIIACTCS. Y CTAHOBIICHO, YTO MOBBIILICHHE MUK-
POTBEPJOCTH JETOHAIMOHHBIX IIOKPBHITHH IIOCIEe HMMIIYJIbCHO-IUIA3MEHHOH 00pabOTKH CBSI3aHO C
yBemnueHneM copepxanus a3 Ti3SiC, B HOKPHITHIX U TJIOTHOCTH e(eKTOB B MOIH(DUIINPOBAH-
HOM CIIO€.

Knioueswvie cnosa: JACTOHAUMOHHOC HAIbUICHUE, UMITYJILCHO-IUIa3MCHHAas 06pa60TKa, (1)338., MI/IKpOTBépIIOCTb,
MO[II/I(i)I/IKaHI/ISI, Kap6OCI/I.III/IIII/III TUTaHa, CTaJlb v 9, HOKPBITHC.
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