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Improvement of tribological properties of detonation carbosilicide
coatings with subsequent pulsed-plasma treatment

This work considers the results of research of mechanical and tribological properties of surface layer of
TisSiC, coatings after exposure to pulsed-plasma energy flows. Varying of technological parameters of
pulsed-plasma treatment is made by changing the distance of pulse exposure. The analysis of the obtained re-
sults shows that the pulsed-plasma treatment technology makes it possible to improve the properties of Ti-Si-
C based coatings by strengthening the deposited compositions by modifying the structure with an increase in
the number of MAX-phases. It is established that the modification of the structural and phase state of the
near-surface layers of the carbosilicide coatings leads to a change in their mechanical properties: an increase
in the surface microhardness up to 1.8 times, a decrease in the dry friction coefficient by 1.5-2.0 times and an
increase in wear resistance by 2.5 times. Based on the XRD analysis, it is established that the improvement of
mechanical and tribological properties of Ti;SiC, detonation coatings as a result of pulsed-plasma treatment
is associated with phase transformations in the surface layer, in particular with an increase in the TisSiC,
phase content.

Keywords: detonation spraying, pulsed-plasma modification, tribology, phase, microhardness, wear re-
sistance.

Introduction

The structure and properties of Ti-Si-C-based detonation coatings can be regulated with subsequent
heat treatment. The content of Ti3SiC, phases in the coatings can be increased (restored) to some extent
depending on the thermal annealing temperature. The results given in papers [1-4] confirm that increasing
the volume fraction of TisSiC, provides high mechanical and tribological properties of coatings. Thermal
stabilization minimizes the residual deformation and residual stresses but has some disadvantages. For ex-
ample, heat treatment has a considerable time duration and is energy intensive. In addition, there is the
need for design and fabrication of accompanying tooling, as well as high capital costs for the purchase and
installation of large furnaces [5]. There are also disadvantages associated with the weakening of the sub-
strate material.

Nowadays, methods of surface treatment of products using combined processing technologies are being
intensively developed [6, 7]. Surface modification can be performed by various methods, including machin-
ing with concentrated energy fluxes. Literature analysis of high-energy density treatment methods used for
surface modification of parts shows that they provide multiple increases in the productivity of parts operating
in a wide variety of conditions. Among them, of particular interest is the use of pulsed plasma treatment
methods [8, 9], which are not inferior, and sometimes even superior, to laser, electron-beam, electric dis-
charge, and other treatment methods. Pulsed plasma treatment is a high-performance surface modification
process that is carried out without heating the entire product. It makes it possible to solve the problems of
increasing the wear resistance of a particular surface without changing the structural state of the whole prod-
uct [10]. The advantage is also the possibility of a local impact on the product by pulsed plasma [11].

In this work, the results obtained for the first time on the effect of pulsed plasma treatment (PPT) on the
mechanical and tribological properties of Ti-Si-C-based coatings are presented.

Experimental

Detonation spraying was carried out using the CCDS2000 (Computer-Controlled Detonation Spraying)
installation developed at the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia. The
design and advantages of the barrel of this geometry are described in work [12, 13]. The coatings were ob-
tained at a ratio of O,/C,H, = 1.856, with explosive mixture volumes of 60% and using nitrogen as a carrier
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gas. The coatings were applied at a detonation gun firing rate of 2 rounds per second. The coatings were ap-
plied to U9 low-carbon steel substrates at a distance of 200 mm. Before spraying, the substrates were sand-
blasted for better adhesion of the coatings.

Surface modification of the coatings was carried out by pulsed plasma flow using a plasma generator
“Pulse 6” developed by the E.O. Paton Electric Welding Institute at the National Academy of Sciences
(NAS) of Ukraine [14, 15]. The detonation coatings were processed under the following conditions: capac-
itance of capacitors 960 uF, voltage 3,2 kV, inductance 3x10°2 mH, electrode W, frequency 1.2 Hz, speed
of passage 5 mm/s, electrode recess h=16 mm, number of passes 1. During varying the technological pa-
rameters of the pulsed plasma treatment, the distance of the impacts with pulses was changed from 30 to
50 mm.

X’PertPro (Philips Corporation, Nederland) using CuKa radiation was used for X-ray studies of
coatings. The shooting was carried out in the following modes: tube voltage U=40 kV; tube current 1=20
mA; exposure time 1 s; shooting step 0.02°. The microhardness from the coating’s surface was meas-
ured using the Metolab-502 testing machine (Metolab, Russia) according to GOST 9450-76. The load on
the Vickers pyramid was 200 g. Tribological tests of coatings were carried out on a TRB® tribometer
(Anton Paar Srl, Peseux, Switzerland) according to the “ball-disc” scheme based on ASTM G-99. An
aluminium oxide ball with a diameter of 6 mm was used as a counter body. The samples were tested at a
normal load of 10 N, a wear radius of 5 mm, a sliding speed of 2 m/s™ and a total sliding distance of
100 m. The CSEM Micro Scratch Tester (Neuchatel, Switzerland) was used to study the adhesive char-
acteristics of coatings by the “scratching” method. Scratch testing was performed at a maximum load of
30 N; the rate of change of normal loading on the sample was 29.99 N/min, the speed of movement of
the indenter was 9.63 mm/min, the length of the scratch was 10 mm, the radius of tip curvature was 100
microns. To obtain reliable results, three scratches were applied to the surface of each coated sample.
The roughness (Ra) of the coating surface was measured using a profilometer model 130 (JSC Plant
PROTON, Russia). Coatings testing for abrasive wear are carried out on an abrasive-erosion stand by
ASTM G65 standards, the principles of which are similar to GOST 23.208-79. In abrasive tests of rub-
ber coatings, a disk with a diameter of 50 mm rotating at a speed of 60 rot/min rubs against a stationary
sample. In addition, dry abrasive material is fed to the friction surface. The sample is pressed against the
disk with a force of 130 N; electrocorundum powder with sharp-angled particles of 150...190 microns in
size is fed to the contact surface. The sample testing procedure consists of 3-5 tests, each of which lasts
15 minutes (600 disk revolutions). After each test, the sample is weighed on an analytical balance. The
volume wear is considered, which is determined by dividing the mass loss by the density of the coating
material. In erosion tests, a stream of abrasive particles is applied to the surface of the sample at a given
angle (30° or 90°) by an air jet. The same sand is used as in abrasive tests. Sand consumption is
1.3g/min, particle velocity is 60m/s, air consumption is 0.12 m*/min. 8 tests are done, each lasting 5
minutes. Mass loss is recorded; the results are recorded as a mass loss in 5 minutes. Further, as well as
abrasive tests, the volume loss is determined in 5 minutes.

Results and Discussion

Figure 1 presents diffractograms of Ti-Si-C system coatings before and after different pulsed plasma
treatment distances. The results of the X-ray phase analysis of the coatings show that the phase composi-
tion of the coatings before the PPT consists mainly of TiC and a relatively small fraction of Ti;SiC,. After
PPT, an increase in the intensity of Ti3SiC, peaks is observed as well as the appearance of new reflexes
(101, 102, 112, 204, 1110, 0016) of this phase which indicates an increase in the MAX-phase content.
The change in phase fraction designates a solid-phase transformation during pulsed plasma activation as-
sociated with heating above the melting temperature and cooling of the samples during treatment [16, 17].
The cooling rate of the sample and the crystallization rate of the melt (processed layer) depend on the heat
capacity of the base metal (substrate). In diffractograms of coatings, the carbide and oxide phases: WC
and TiO, are present in small amounts. The samples were treated in an air environment, which caused the
formation of oxide phases. Tungsten carbide is formed due to the consumption of the tungsten electrode
[18].
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Figure 1. Diffractograms of Ti-Si-C-based detonation coatings before and after PPT

Microhardness of coatings after pulsed plasma treatment increases in comparison with an initial sample
in dependence on the distance of treatment (Table 1). The values of microhardness of coatings after PPT ap-
plication at a distance of 50 mm increased up to ~1785 HV (before PPT ~1000 HV) due to more effective
formation of MAX phases.

To assess the resistance of Ti-Si-C coatings to abrasive and erosive wear, tests were carried out on spe-
cial stands. Comparative studies of the coatings’ wear resistance under friction in an abrasive medium
showed that after modification by plasma treatment, coatings provide the greatest wear resistance. Table 1
represents the results of testing for abrasive and erosive wear of coatings before and after pulsed plasma
treatment depending on the distance from the plasmatron. According to the results of determining the mass
losses of the samples after the test, the maximum resistance to all types of wear is provided by the coating
treated at a distance of 50 mm.

Table 1
Abrasive and erosive wear of detonation coatings before and after PPT
Coating Hardness [HV] Abrasive wear [mg] Erosive wear [mg]
TisSIiC, 1000 0.87 0.38
PPT (30 mm) 1180 0.65 0.29
PPT (40 mm) 1250 0.59 0.25
PPT (50 mm) 1785 0.52 0.23

An important characteristic of the parts working surfaces is the friction coefficient and wear resistance.
Tribological properties are determined by the structural-phase state, strength, and surface chemical proper-
ties. Figure 2 demonstrates the curves of wear of coated Ti-Si-C before and after modification by plasma
treatment, depending on the distance from the plasmatron. The experiment shows that after the pulsed-
plasma treatment of the samples, the friction coefficient p decreases. If the value of the friction coefficient in
the initial Ti-Si-C coatings is 0.65, then after the pulse treatment it decreases depending on the distance H
from 0.60up to 0.40. According to the experiments, pulsed plasma treatment leads to an improvement in the
tribological properties of Ti-Si-C coatings. A possible reason for the decrease in the friction coefficient is an
increase in the content of the Ti3SiC, phase on the surface layer of coatings after pulsed plasma treatment.

The analysis of the surface roughness shows that the value of the arithmetic mean deviation of the ini-
tial coating roughness profile was 0.97 mp (Fig. 2). After pulsed-plasma treatment, this value increased at a
distance of 30 mm to 3.75 my, at 40 mm to 3.61 mu and at 50 mm to 3.53 mu. An increase in the surface
roughness compared to the initial sample leads to a decrease in the actual contact area of the interacting bod-
ies, which also causes a decrease in the friction coefficient [19].
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Figure 2. Results of tribological tests of Ti-Si-C coatings before (initial) and after pulsed-plasma treatment

Figure 3 illustrates the results of adhesion and cohesion strength and scratch resistance of Ti-Si-C coat-
ings before and after the PPT. The process of coating failure by indentor scratching can be conventionally
divided into three stages. Coatings before PPT at a load in the range of 12.08 N(Lc;) show monotonic pene-
tration of the indentor into the coating. At a load of 24,38 N(Lc,) the indentor fully sinks into the coating. A
sliding diamond indenter to perform a coating with a coefficient of friction of 0.35. As the load is increased
by 28.92 N (Lc3), the material in front of the indenter is squeezed into knolls and the penetration depth of the
indenter increases. Comparative analysis shows that the coatings after PPT erode but do not delaminate when
scratched, i.e., they fracture due to the cohesive mechanism of plastic deformation and the formation of fa-
tigue cracks in the coating material. As we can see, there is a monotonic penetration of the indentor into the
coating and the first cracks appear (load up to 18.02 N); the coefficient of friction () increases, but the
acoustic emission signal remains unchanged. Subsequently, chevron and diagonal cracks appear at increased
load, which increases the coefficient of friction to a value of 0.3. Under load up to 18-25 N, the amplitude of
the acoustic emission signal increases sharply. Thereafter, with an increase in load reaching 29.88 N, local
abrasion of the coating down to the substrate material occurs.
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Figure 3. Scratch test results of TizSiC, coatings before and after PPT

Conclusions

It is determined that after PPT the intensity of Ti3SiC, peaks increases and new reflexes appear (101,
102, 112, 204, 1110, 0016) which indicates an increase of MAX phase content. Formation of carbide and
oxide phases (WC and TiO,) in small amounts is connected with the evaporation of tungsten electrodes dur-
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ing PPT in air environment. It is shown that before PPT the average coefficient of friction of coatings is
~0.60, after treatment the coefficient of friction decreases and is from 0.55 to 0.40 depending on treatment
distance. The reason for the friction coefficient reduction may be an increase in microhardness and an in-
crease in the content of MAX phases in the composition of the coatings. After PPT at the distance of 50 mm,
the wear resistance of coatings to abrasive and erosive wear increases by 1,5-2,0 times. Thus, when pulsed
plasma is treated with detonation coatings based on Ti-Si-C, a modified layer appears on the surface, which,
in terms of its mechanical and tribological properties, is superior to the original surface.
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NMnyabcTik—m71a3mManbIK 6HIeYMeH JAeTOHANUSUIBIK Kap0oCWINIUATIK
JKaOBIHAAPABIH TPUOOJIOTHAJIBIK KACHETTEPIH KAKCAPTY

Makasana UMITYJIbCTIK-TIa3MalbIK SHEPIUs aFbIHIApBIHBIH dcepiHeH keilin Ti3SiC2 xaObiHIapbIHBIH OeTKi
KaOaTBIHBIH MEXaHHKAIIBIK-TPHOOJIOTHSUTBIK KACHETTEPIiH 3epTTey HATHXKENepi KapacThIpblIFaH. IMIyIbCTik-
IUTa3MaJTBIK OHACYIIH TEXHOJIOTHSUIBIK MapaMeTpIIepiHiH TYpIIeHyi HMITYIbCTEPIH 9Cep €Ty KAIbIKTHIFBIHBIH
e3repyiHe OalIaHBICTBI XKYPri3iigi. ANBIHFaH HOTHXKEIEPAl Tangay UMITyJIbCTIK-TUIa3MalIBIK OHIEY TeXHOJIO-
rusicel MAX—(azanap caHblH yJIFaiiTa OTHIPbII, KYPBUIBIMBI TYPICHAIPY KOJIBIMEH KOJIIAHBUIFAaH KOMIIO3H-
UsUIapIbl HeIFaita oTeipei, Ti-Si-C sxyiieci Herizine skaObIHAAP/IBIH KACHETTEPiH KaKcapTyFa MyMKiHIIK
OepeTiHiH KyamaHzablpansl. KapOocmmumuari sxaObHAapABIH OeTKi KaGaTTapbIHBIH KYpPBUIBIMABIK-(a3anbik
KYHIH ©3repTy OoJNapAbIH MEXaHUKAJIBIK CHIIATTaMaJIapbIHBIH ©3TepyiHe oKeNeTiHi aHBIKTAIIbl: OeTTiH MHKPO
KaTTBUIBIFBIH 1,8 ecere meiiH apTThIpy, Kyprak yikemic koap¢umuentin 1,5-2,0 ece azaiity »xoHe To3yra
tesimaimikti 2,5 ece aprreipy. XRD Tanmay Herizinae UMIyJIbCTI IUIa3ManblK eHIey HoTwkeciHae Ti3SiC2
JETOHAIMSUIBIK >KaOBIHIapBIHBIH MEXaHUKaJIBIK-TPUOOIOTHSIIBIK KaCHETTEePiHIH jKaKcapybl OeTKi KabaTTarsl
(daszanpik esrepictepmen, aram aitkadma T1i13SiC2  (asachlHBIH YIIFAlOBIMEH OAiIaHBICTBI  E€KCHIIT]
QHBIKTAJIIBL.

Kinm ce30ep: NeTOHAWSIIBIK TO3aHAATy, HWMITYJIBCTI-IUIA3MANBIK MoOIU(UKays, Tpuodomorus, ¢asa,
MHUKPOKATTBUIBIK, TO3YFa TO3IIMILTIK.

K.b. Carnonnuna, b.K. Paxagunos, . b. Byiitkenos, JL.I'. XKypeposa, A.b. Kenecbekon

IHoBbiIeHHE TPUOOJIOTHYECKUX CBOMCTB IeTOHAIIMOHHBIX Kap0O0CHIMIMIHbIX
MOKPBITHH € NMOCJeAY0IIeil HMITYJIbCHO-TIJIA3MeHHOI 00padoTKOM

B cratee paccMOTpeHBI pe3ynbTaThl HCCIEOBAHUS MEXaHHKO-TPHUOOIOTHYECKUX CBOMCTB ITOBEPXHOCTHOTO
ciost mokpeITuit Ti3S1C2 mocne BO3AeHCTBHUS HMITYIIbCHO-TUIA3MEHHBIMI TIOTOKaMH 3Heprun. BapbupoBanue
TEXHOJIOTMYECKUX MapaMeTPOB HMITYJIbCHO-IUIA3MEHHONH 00pabOTKM IMPOU3BOIMIOCH 33 CYET H3MEHEHHS
JMCTaHIMY BO3JCHCTBHS UMITYJIbCaMH. AHAJIN3 TOMYYECHHBIX PE3yJIbTaTOB CBHIETENBCTBYET O TOM, YTO TEX-
HOJIOTHUSI HCITYJIbCHO-TIA3MEHHONW 00pabOTKH MO3BOJISIET YIy4lllaTh CBOMCTBA MOKPHITHII HA OCHOBE CHCTEMBI
Ti-Si—C, ynpouHsisi HAaHECCHHbIC KOMITO3UIIMH MyTeM MOJU(MHIUPOBAHUS CTPYKTYPBI C YBEIHMYCHUEM KOJIH-
yectBa MAX-¢a3. YcraHOBIEHO, YTO MOAM(GUIMPOBAHNE CTPYKTYPHO-()Aa30BOTO COCTOSIHUSI MPUITOBEPXHO-
CTHBIX CJIOEB KapOOCWIMIHUAHBIX MOKPHITHH MPUBOANT K M3MEHEHHIO MX MEXaHHYECKHX XapaKTepUCTHK:
YBEJIMYEHHUIO MUKPOTBEPIOCTH MOBEPXHOCTH 10 1,8 pa3, ymMeHbIeHUIo K03 uireHTa cyxoro tpexus B 1,5—
2,0 pa3a W TOBBIIIEHHUIO M3HOCOCTOWKOCTH Ha 2,5 pas3a. Ha ocHoBanmm XRD-aHamm3a ycTaHOBIEHO, YTO
yIIydIIeHHEe MEXaHUKO-TPUOOJIIOTHYECKHX CBOWCTB JNETOHAIMOHHBIX MOKpbITHii Ti3SiC2 B pesynbrare mM-
MyJIbCHO-TIA3MEHHON 00pabOTKH CBsI3aHO ¢ (ha30BBIMU NPEBPALICHHUSIMH B TIOBEPXHOCTHOM CJIO€, B 4aCTHO-
CTH, C yBelnmdeHneM coaepkanus ¢aser Ti3SiC2.

Kniouesvie cnosa: neTOHAIMOHHOE HAITBUICHHE, UMITYIbCHO-TUIA3MEHHAsT MoAuGUKaIys, Tpudonorus, dasa,
MHUKPOTBEPIOCTb, U3HOCOCTOMKOCTD.
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