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Tribological properties of TiN and CrN coatings deposited by cathodic arc method at three different bias potentials -50, -150 and -
300V on Ti-6Al-4V alloy in pair with alumina have been investigated. X-ray diffraction analysis showed that single-phase textured
cubic nitrides of TiN and CrN were formed in these coatings. It is shown that the friction coefficient of the coatings is practically equal
to that established for the Ti6Al14V alloy, but the wear rate is more than an order of magnitude lower than for the titanium alloy
substrate. Coatings deposited at a potential of -50 V show optimal tribological properties at temperatures 20 and 500°C. Friction
coefficients for TiN coatings are 0.4-0.8 at 20°C and 0,75 at 500°C; for CrN coatings they are 0.5 at 20°C and 0,7 at 500°C. Wear rates
for TiN coatings are 0.86-10~° mm*/Hwm at 20°C and 3.56-10-° mm3/Hwm at 500°C; for CrN coatings they are 1.43-10-5 mm3/Hm at 20°C
and 7.13-107° mm3/Hwm at 500°C.

Keywords: Titanium alloy; Cathodic arc deposition, Nitride coatings; Bias potential; Structure; Nanohardness, Friction coefficient;
Wear
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INTRODUCTION

One of the main factors determining the energy efficiency of nuclear and thermal power plants is the reliability of
the steam turbine unit (STU) [1]. Ion-plasma surface modification and the use of protective coatings with high wear
resistance can improve the reliability and longevity of titanium alloy components and extend the time between turbine
overhauls. The high protective properties of TiN coatings deposited at elevated nitrogen pressure of 1...3 Pa allowed the
selection of conditions for the synthesis of the optimal coating for the strengthening of steam turbine blades made of Ti-
6Al-4V alloy [2]. The tribological properties of TiN and CrN coatings deposited by cathodic arc deposition have been
extensively studied [3-7]. However, for specific technical applications of protective coatings, it is necessary to determine
the influence of deposition process parameters on the wear resistance of the substrate-coating pair [8, 9]. One of the most
important parameters in the cathodic arc coating process is the bias potential, which determines the energy of the deposited
ions [10]. The ion energy determines the structure and properties of the coatings [11].

The aim of this work is to investigate the effect of deposition process parameters (bias potential) of protective nitride
coatings TiN and CrN on the tribological properties of Ti-6Al-4V alloy.

EXPERIMENTAL DETAILS

Using a Bulat-6 type apparatus, the schematic of which is shown in Fig. 1, and two metal plasma sources, coatings
were deposited on titanium alloy samples at a distance of 300 mm from the cathode. The cathodes were made of pure
titanium (99.9%) and chromium (99.9%). The current of the vacuum arc discharge was 85 A for each cathode. The initial
pressure in the vacuum chamber was 2x10 Pa. Before the deposition of the coating, the surface of the samples was
subjected to sputtering with cathode material ions at a negative bias voltage of 1.2 kV. To improve the adhesion of the
nitride layers, a thin metallic sublayer (titanium or chromium) of 0.1 pum thickness was deposited on the titanium alloy
surface in vacuum (0.001 Pa) at a bias potential of -100 V. Negative bias potentials (Uy) of -50, -150 and -300 V were
applied to the samples. The nitrogen pressure during the deposition of TiN and CrN coatings was 2 Pa. The temperature
of the samples did not exceed 450°C. The thickness of the deposited coatings was 13-15 um.

Deposited coatings were examined by X-ray diffraction using a DRON-UMI1 diffractometer with filtered Cu-Ka
radiation. To obtain a complete characterization of coatings, additional XRD tests were performed for the texture analysis
and microstructural parameters estimation.

Texture study was carried out by analyzing the ratio of the integral intensities of the diffraction peaks according
to [12]. The texture coefficient Tcw) was used to quantify the preferred orientations:
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where Tcgu — texture coefficient; /) — measured intensity of the peak (hkl); Iym) — intensity of the peak (hkl) in randomly
oriented sample (taken from ICDD PDF-2 database); N — number of analyzed diffraction peaks.
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Figure 1. Scheme of the Bulat 6 type apparatus

Williamson-Hall method was applied for the estimation of microstructural parameters (crystallites size CSD and
microstrains) of coatings:

A
‘8 - D-cos(6)

+4-¢-tg(0), )

ne f — true physical broadening; 1 — X-ray wavelength; D — crystallite size; 8 — diffraction angle; & — microstrains. The
instrumental function was obtained from a reference sample of recrystallized silicon.

The mechanical properties of the coatings were investigated by nanoindentation methods using a device
Nanoindenter G200 with a CSM module with Berkovich indenter at 300 nm indentation depth [13].

The wear tests were carried out using a reciprocating device consisting of a pair of coated plates (dimensions
20%36x3 mm) and a 10 mm diameter ball of alumina with a hardness of 19 GPa. The friction coefficient was determined
at a temperature of 20°C and of 500°C for 30 minutes using a force of 2 N to press the ball against the sample. The wear
of the coatings was evaluated using the "Calibre C-265" profilograph-profilometer to measure the area S of the wear track

profile [14].

RESULTS AND DISCUSSION
The TiN and CrN coatings deposited on the titanium alloy are golden and gray in color, typical of the cathodic arc
deposition method. XRD analysis revealed (Fig.2, Table 1) that both types of coatings are single phase and consists of
strongly textured nitrides TiN and CrN, respectively, with preferred orientation of grains with crystallographic planes
{111} parallel to the surface. The lattice parameters of both nitrides are significantly large then literature data (a = 4.239 A
for TiN and a = 4.148 A for CrN). The fact of increased lattice parameters can be explained by the presence of residual
stresses in the coatings.
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Figure 2. Diffraction patterns of Ti-6A1-4V samples with TiN (left) and CrN (right) coatings deposited at different substrate bias
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Table 1. Phase composition and microstructural characteristics of investigated coatings

Coatings U,V Phase Lattice parameter, A C]SDDnmmze Microstrains, € Teqiy

50 TiN 4.267 26.0 4.2-10° 4.7
Ti-a a=2093;,c=4.68 - - -

TiN 150 TiN 4.256 49.0 3.3-10° 6.0
Ti-o a=2.93;c=4.68 - - -

-300 TiN 4.250 92.8 2.7-107 5.7

-50 CIN 4.181 354 42-10° 2.0

CrN -150 CIN 4.186 36.5 3.6:107 6.0

-300 CrN 4.177 35.8 3.2:107 5.5

An increase in the substrate bias potential Uy, leads to monotonous decrease in the lattice parameter of TiN nitride
(from a=4.267 A at Uy =-50 V to from a=4.250 A at U, = -300 V). At the same time, crystallite size (CSD) increases
considerably (from D =26 nm to D =~ 93 nm) while the microstrains decrease. The magnitude of the bias potential also
affects the texture of the TiN nitride: texture coefficient Tc(i11) increases with Uy increasing, but has maximum
TC(111) =6.0at-150 V.

The evolution of structural and microstructural parameters of CrN nitride with the change in bias potential is
significantly different from the results obtained for TiN nitride. Thus, with the increase in the substrate bias the lattice
parameter first increases, reaching a maximum a=4.186 A at -150 V, and then decreases down to a=4.177 A.

Microstrains in CrN nitride slightly decrease with the increase in Uy potential (from 42-10" to 3.2~10_3), while the
crystallites size doesn’t depend on bias changes and equal D =36 nm. More significantly, U, potential affects the
preferred orientation of CrN grains: it changes from week texture with Tc(i11)=2.0 at U, =-50 V to strong texture with
Tcaiy=5.5at U, =-300 V.

Friction coefficient measurement data as a function of test time and temperature, as well as wear track profilograms
of the Ti6Al4V alloy with TiN and CrN coatings deposited at bias potentials of -50, 100 V and -50, -150 V, respectively,
compared to the uncoated alloy are shown in Figure 3 and Figure 4.
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Figure 3. Friction coefficients of the Ti6Al4V with TiN (a, b) and CrN (c, d) coatings at temperatures 20°C (a, ¢) and 500°C (b, d).
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Figure 4. Wear profiles of the Ti6Al4V with TiN and CrN coatings at temperatures 20°C (a) and 500°C (b)

The initial nanohardness of the titanium alloy is 4 GPa, and the coefficient of friction remains constant at 0.55
throughout the test period at a temperature of 20 °C (Fig. 3 a). This value is very close to the literature values of p = 0.55-
0.6 for the Ti6Al4V alloy-alumina pair at a load of 2 N [15]. The wear intensity for the alloy in the initial state is 6.32x10"
4 mm?/Nm, and the depth of the friction track reaches a maximum of 10 um (Fig. 4a). At a test temperature of 500 °C, the
friction coefficient increases to 0.6 and the wear rate to 1.87x10* mm?> N/m (Table 2).

The results of the mechanical property studies (nanohardness, Young's modulus, H*/E? coefficient, friction
coefficient, and wear rate) of the initial Ti6Al4V alloy and TiN and CrN coatings are presented in Table 2.

Table 2. Mechanical properties of Ti6Al4V alloy samples with TiN and CrN coatings.

. Us, H, E, HYE, Friction coefficient, Wgar r'c;te,
Materials v GPa GPa GPa u x10~ mm°’/Hm
20°C 500 °C 20°C 500 °C
Ti6cAl4V - 4 120 0.004 0.55 0.6 63.2 187
-50 24 437 0.072 0.5-0.8 0.75 0.86 3.56
TiN -150 30 470 0.122 0.4-0.8 - 2.73 -
-300 25 428 0.085 0.4-0.7 - 2.83 -
-50 25 359 0.121 0.5 0.7 1.43 7.13
CiN -150 18 296 0.066 0.3-0.5 0.75 1.85 223
-300 19 318 0.067 0.4-0.5 - 1.58 -

TiN coatings have a high nanohardness of 24-30 GPa. Titanium alloy with TiN coatings has a p coefficient in the
range of 0.4-0.8. Depending on the bias potential, there is a slight decrease in the p coefficient for TiN coatings: at a
potential of -50 V, it is 0.5-0.8, and at a potential of -300 V, it is 0.4-0.7. The wear rate of TiN coatings is more than an
order of magnitude lower than that of the initial alloy (Table 2). The minimum wear rate of 8.61x10°° mm?/Nm is observed
for coatings deposited at a bias potential of -50 V. An increase in the bias potential (-150 and -300 V) results in an increase
in the wear rate, which is 2.73-2.83x10” mm?*/Nm. The values obtained for the coefficient of friction and the wear rate
are in the range of the known values for TiN coatings deposited by the cathodic arc method and alumina balls (0.58 and
6x10° mm?*/Nm) [3]. Tests at a temperature of 500 °C were performed only on the TiN-coated sample (-50 and -150 V),
which showed minimum wear at a temperature of 20 °C (Fig. 4 a, b). The coefficient of friction for the TiN coating
remained at 0.75 at this temperature, and the wear rate increased slightly to 3.56x10> mm?/Nm.
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The titanium alloy with CrN coatings shows a similar trend in the change of mechanical and tribological properties
depending on the bias potential (Table 2). The nanohardness of CrN coatings decreases with increasing bias potential
from 25 to 18-19 GPa. The coefficient of friction is 0.3-0.5 and weakly depends on the bias potential. CrN coatings
applied at a bias potential of -50 V show the lowest wear rate (1.43x10"> mm?/Nm). Increasing the bias potential (-300 V)
leads to a slight increase in the wear rate to 1.58x103 mm?3/Nm. Tests at 500°C were performed on two samples with CrN
coatings deposited at potentials of -50 and -150 V because the wear rates at room temperature were very similar in value
(Fig. 4 a). These tests clearly showed a lower coefficient of friction and a significantly lower wear rate (7.13x107
mm?/Nm) for the coating deposited at -50 V compared to the coating deposited at a bias potential of -150 V (Fig. 4 b),
for which the wear rate is 2.23x10* mm?3/Nm.

The correlation between the H3/E? ratio [16] and the wear resistance of coatings was found only for chromium nitride
coatings, confirming that the higher the ratio, the higher the wear resistance of the coating (Table 2). There is no such
correlation for TiN coatings, which was also noted by the authors of [17].

It is interesting to note that the wear rate of the alumina counterbody paired with a titanium alloy does not depend
on the test temperature and is at the level of 1.2 - 2.1x1073 mm?/Nm. At the same time, this value is one order of magnitude
lower for a pair with a TiN coating and is at the level of 1.31x10* mm?*Nm at room temperature and increases slightly
to 4.03x10* mm?/Nm at a temperature of 500 °C. For CrN coatings, this value is even lower, 1.03x10-> mm*/Nm at room
temperature, but increases to a value of 3.36x10# mm?/Nm at 500°C, which is close to the wear rate in a pair with a TiN
coating. This dependence of the wear rate of the Al,O; ball on the test temperature and the material of the counterpart
(plane) may be related to the peculiarities of the formation of abrasive particles and oxide layers in the contact zone. The
wear pattern of the alloy, coatings and alumina ball corresponds to abrasive wear in general.

CONCLUSIONS

Titanium nitride and chromium nitride coatings were deposited on Ti-6A1-4V alloy by cathodic arc method at three
different bias potentials -50, -150, and -300 V.

X-ray diffraction analysis has shown that single-phase textured cubic nitrides of TiN and CrN are formed in these
coatings at bias potentials from -50 to -300 V. The level of microdeformations in the coatings decreases with increasing
substrate potential.

TiN and CrN coatings have high nanohardness of 24-30 and 25-18 GPa, respectively. With an increase in the bias
potential, the nanohardness of TiN coatings increases, while that of CrN coatings decreases.

The study of the tribological properties of the Ti6Al4V titanium alloy substrate and coatings at temperatures of 20
and 500°C in a pair with an Al,O3 ball showed that:

- for the Ti-6Al-4V alloy, the coefficient of friction is 0.55 and the wear rate is 6.32x10* mm?*/Nm at 20°C and 0.6
and the wear rate 1.87x10 mm?*/Nm at 500°C;

- TiN and CrN coatings deposited at a bias potential of -50 V have the lowest wear rate at 20°C: 8.61x10° mm?/Nm
and 1.43x10” mm?*/Nm, respectively. The coefficient of friction is in the range of 0.4-0.8 for TiN coatings and 0.5 for
CIN coatings. The wear rate at 500 °C for these coatings increases to 3.56x10° mm’/Nm and 7.13x10” mm?/Nm,
respectively, and the coefficient of friction increases to 0.75 and 0.7, respectively.

Thus, the research results indicate that TiN and CrN coatings can be used to increase the wear resistance of Ti6Al4V
alloy in air at temperatures from 20 to 500 °C.
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TPUBOJIOI'TYHI BJJACTHBOCTI ITPU TEMIIEPATYPAX 20 TA 500°C KATOJHO-AYTI'OBUX ITIOKPUTTIB
TiN TA CrN, OCAJ’KEHUX HA CILJIAB Ti-6Al-4V
Lnas O. Knumenko?, Birauiii A. Biioyc?, Bikropis 51. Iloarypeska®, Opecr I1. Ocram®, Baaepiii 1. OBuapenko?,
I'asmna M. Toamauosa?, Irop B. Kosoniii®, Muxaiiso I'. Imenxo®, IBan M. Badaes®, Oaexcanap C. Kynpin®
@ Hayionanvruti Haykosutl yenmp Xapkigcokuil izuxo-mexuiunui incmumym, Ykpaina
b Disuxo-mexaniunuii incmumym im. Kapnenxa HAH Yxpainu, Jlveis, Yipaina
¢ [IAT "Vxpaincoki enepeemuuni mawunu”, Xapxis, Yrpaina

Bymu nmocmimxeni tpubomnoriuni BuactuBocTi mokputTiB TiN Ta CrN, ocamkeHHX KaTOAHO-AYTOBHM METOIOM IpPU TPHOX Pi3HUX
noteHmianax 3mimenHs -50, -150 1 -300 B na cnnas Ti-6Al-4V y napi 3 OKcHIOM amoMiHi0. PEHTreHIBChKIIA aHalli3 MTOKa3aB, M0 Y
IUX TOKPUTTAX YTBOpHIHCS ofaHodasHi TekctypoBaHi KyOiuni Hitpuan TiN Ta CrN. Iloka3ano, mo koe(ili€HT TepTsl HOKPUTTIB
MIPAaKTUYHO PiBHUIT TOMY, IO BixnoBinae st crutaBy Ti6Al4V, ane 3HOC € OLIBII HIX Ha HMOPSIOK HIDKYMM, HDK JUIS MIAKIAIKA 3
TUTAHOBOro cruiaBy. ITokpuTTs, ocamkeHi nmpu noteHuiani -50 B, neMoHCTpyroTh onTHMaibHi TPUOOJIOriYHI BIACTHUBOCTI IPU
temmneparypax 20 ta 500 °C. Koedimientu tepts mis mokputtiB TiN cranorisats 0,4-0,8 mpu 20°C Ta 0,75 npu 500°C; 1151 MOKPUTTIB
CrN - 0,5 mpu 20°C ta 0,7 npu 500°C. 3noc a5 nokpurtis TiN cranosuts 0,86-10° mm3/Hwm npu 20°C ta 3,56-10° mm*/Hwm npu 500
°C; s nokpurtiB CrN - 1,43-107° mm?*/Hwm ipu 20°C Ta 7,13-105 mm3/Hwm npu 500°C.

KurouoBi cnoBa: Tumanosuii cnnag;, KamooHO-0y208e OCAONCEHHA, HIMPUOHI NOKPpUMMA, NOMEHYIdN 3MIWeHHA; CMPYKMypa;
HaHomeepdicmy, KoeQiyieHm mepms; 3HOC





