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IMPROVEMENT OF THE ANTIFRICTION PROPERTIES OF VT6 TITANIUM ALLOY

0. H. Luk’yanenko,' I. M. Pohrelyuk,' I. L. Pobol’,’
V.S.Trush, and S.M.Lavrys’' UDC 669.295:621.793:620.178.162.4

We study the influence of modification of the surface of VT-6 titanium alloy by interstitial elements
(nitrogen and oxygen) on the friction coefficient in a couple with a plate of Kh18N10T stainless steel
under the conditions of dry sliding friction under a specific load of 1.0 MPa for 600 sec. It is established
that the values of the friction coefficients of nitride and oxide coatings with ion-sprayed carbon are sta-
ble, while the friction coefficient of the oxynitride coatings is ~ 0.18.

Keywords: titanium alloy, friction, dry friction, friction coefficient, thermochemical treatment, ion
spraying.

Titanium alloys have significant advantages over steel in the case of their application in products of the aer-
ospace, chemical, medical, and other industries. In particular, they are lighter, have high corrosion resistance,
and are characterized by high specific strength. Moreover, they are softer than steel, have hexagonal close-
packed (HCP) structures, and are always covered with very thin oxide layers due to their high chemical activity.
Unfortunately, as a rule, titanium alloys are unsuitable for tribological applications in view of their low hardness
and susceptibility to adhesion under the conditions of friction (seizure and microwelding) [1]. This is why the
components of untreated alloys rapidly seize in tribological couples. To overcome this disadvantage, the coat-
ings are deposited by using different methods [2]. At present, the researchers focus their attention on the two-
level (hybrid) engineering of the surfaces of titanium alloys with successive application of two or more technol-
ogies of surface treatment with an aim to get a composite with combined properties, which cannot be obtained
with the use of any individual technology of modification of the metal surfaces [3]. The procedure of two-level
surface engineering can use two different processes [4, 5]. The friction coefficient in friction couples is noticea-
bly reduced as a result of oxidation and nitriding of titanium alloys [6, 7]. In addition, the process of spraying of
amorphous carbon enhances this effect [7].

The aim of the present investigation is to improve the antifriction characteristics of VT6 titanium alloys by
applying combined wear-resistant coatings.

Material and Methods

We used specimens of (a+f3)-VT6 titanium alloy (GOST 19807-74) of the Ti—-6Al-4V system containing
the following alloying elements (wt.%): 5.3-6.8 Al and 3.5-5.0 V and admixtures (at most): 0.10 C, 0.30 Fe,
0.15 Si,0.20 0,0.05 N, and 0.015 H.
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Fig. 1. Phase composition of the surface of specimens of VT6 titanium alloy after: (a) oxidation; (b) nitriding; (c) oxynitriding.

The surface layer of the specimens was modified by using different modes of thermochemical treat-
ment (TCT):

— oxidation: heating to 750°C in a vacuum P = 0.6 mPa, holding for 5 h in a vacuum of 0.1 Pa, cooling
down to 350°C, and delivery of atmospheric air with subsequent cooling down to room temperature;
as a result, we get TiO, oxide coatings (Fig. 1a);

— nitriding: heating to 850°C in a vacuum P = 0.6 mPa, delivery of purified commercially pure nitro-
genupto P= 10°Pa, holding for 3 h, cooling in nitrogen down to 250°C, evacuation, and cooling

down to room temperature; as a result, we get nitride coatings whose composition is close to the stoi-
chiometric composition (~ TiNgg3) (Fig. 1b);

— oxynitriding: heating to 650°C in a vacuum P = 0.6 mPa, delivery of nitrogen—oxygen mixture
(80% N, +20% O,) up to a pressure P =0.01 Pa, heating to 850°C and holding for 3 h, termina-

tion of the delivery of mixture, evacuation with holding for 0.5 h, and cooling; as a result, we get
oxynitride whose composition is close to the equiatomic composition (~ TiN4¢0¢s4) (Fig. 1c).
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Table 1. Parameters of Roughness and Microhardness of VT6 Titanium Alloy after TCT with
Subsequent Ion Spraying with Carbon

After TCT TCT + spraying with carbon
Mode of TCT
Ra , Wm H0.49 , GPa Ra , um H0.49 , GPa
Nitriding 0.255 £0.008 9.8710.81 0.282 £0.003 9.32+£0.93
Oxidation 0.259 £0.008 753041 0.306 £0.013 6.54 £0.59
Oxynitriding 0.268 £0.010 545+0.35 0.531+£0.009 6.94 £0.60

Ion spraying of carbon on the surface layers of alloy modified by using different modes of TCT was per-
formed in the “Plazmoteg” Scientific Engineering Center at the Physicotechnical Institute of the Belarus Nation-
al Academy of Sciences. The surface roughness was measured with the help of a profilometer (model 17062)
and the degree of its hardening was found by measuring microhardness in a PMT-3M device under a load ap-
plied to the indenter of 0.49 N.

The tribological characteristics of the “end face of the cylinder —plate” couple were studied on a linear tri-
bometer under the conditions of reciprocating motion [8]. Friction was realized under the conditions of linear
contact of the specimens according to the “end face of immobile cylinder (body)-oscillating plate (counter-
body)” scheme. The role of the body was played by nitrided, oxidized, and oxynitrided VT6 titanium alloy,
and the same coatings with carbon ion-sprayed over the coatings. A plate of Kh18N10T stainless steel served as
a counterbody. The frictional behavior of the alloy with coatings was studied under the conditions of friction
without lubricant (dry friction), for an amplitude of displacements of 10 mm under a specific load of 1 MPa.
The results of the test were processed by the methods of mathematical statistics.

The phase composition of the surface layers of the metal was determined on a DRON-3.0 X-ray diffractom-
eter in the monochromatic CuK, -radiation with focusing the tube according to the Bragg—Brentano scheme.
The voltage on the anode of the X-ray tube was equal to 30 kV at a current of 20 mA. Scanning was per-
formed with steps of 0.05°. We used the Sietronix, Powder Cell 2.4, and FullProf software packages in order to
perform the Fourier processing of X-ray diffraction patterns and determine the locations of reflection diffraction
maxima and the lattice constants identified according to the data of the JCPDS-ASTM file of phases.

The state of the surface after diffusion saturation and fretting was studied with the help of an EVO-40XVP scan-
ning electron microscope, while the chemical composition of the surface layer was studied with the use of an INCA
Energy 350 system for microanalysis.

Results and Their Discussion

The frictional behavior of the alloy was studied in a couple with Kh18N10T stainless steel (with a surface
roughness R, = 0.067 £ 0.005 um and a hardness of 194.6 = 3.3 HV;49) in the process of dry friction. For this
purpose, we deposited (~TiO,) oxide coatings, nitride coating whose compositions are close to stoichio-
metric (~ TiN( g3), and oxynitride coatings whose compositions are close to equiatomic (~ TiNg 4600 54) (Fig. 1).
The specimens with the same coatings subjected to additional ion spraying with carbon were also investigated.
The surface of nitrided specimens of the alloy is fairly developed and rough (Table 1 and Fig. 2a). Thus, the subse-
quent ion spraying makes its surface topography more pronounced by elevating the surface roughness (Fig. 2b).
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Fig. 2. State of the surface of VT6 alloy with coatings: (a) TiN; (b) TiN + C; (c) TiO; (d) TiO + C; (e) TiNO; (f) TiNO + C.

The surfaces of oxynitrided specimens inherit the structure of the surface layer with clearly visible
grains (Fig. 2c). After ion spraying with carbon, the roughness of the surface deteriorates and the grain bounda-
ries become blurred (Table 1 and Fig. 2d). The oxynitride specimens are coated with continuous oxynitride lay-
ers (Fig. 2e). After ion spraying with carbon, these layers take the form of granular structures with blurred bound-
aries (Fig. 2f). It should be emphasized that the roughness deteriorates most noticeably as a result of spraying of
carbon over the oxynitride coating (Table 1).

The elemental compositions of the surface layers of the specimens are presented in Tables 2 and 3. It should
be emphasized that the number of constituent elements of stainless steel (Fe, Cr, Ni) on the surface of the speci-
mens is equal to the number of constituents for VT6 alloy.

It is clear that different states of the surface affect the parameters of dry sliding friction. It was estab-
lished that, as a result of dry sliding friction of the specimens of VT6 alloy with nitride coatings against a plate
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Fig. 3. Behavior of the friction coefficient f with time in the process of dry sliding friction of the specimens of VT6 alloy with
coatings against a plate of Kh18N10T steel under a specific load of 1.0 MPa: (a) TiN; (b) TiN + C; (c) TiO; (d) TiO + C;
(e) TiNO; (f) TiNO + C.

Table 2. Elemental Composition of the Surface Layer of Specimens of VT6 Alloy
after Different Modes of TCT

Nitriding (TiN) Ocxidation (TiO) Oxynitriding (TiNO)
Element
wt. % at. % wt. % at. % wt. % at. %
CK 1.37 451 2.61 7.47 1.57 5.18
NK 9.50 2043 0.00 0.00 6.98 15.00
OK 4.36 9.47 14.24 30.57 7.53 16.35
AlK 4.58 5.93 447 5.69 4.68 6.02
Ti K 76.24 56.8 75.27 53.99 75.77 54.94
VK 3.82 2.62 3.02 2.04 3.07 2.09
CrK 0.00 0.00 0.00 0.00 0.00 0.00
Fe K 0.18 0.11 0.29 0.18 0.23 0.14

Ni K 0.17 0.1 0.10 0.06 0.16 0.10
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Table 3. Elemental Composition of the Surface Layer of Specimens of VT6 Alloy
after Different Modes of TCT and Ion Spraying with Carbon

TiN + C TiO + C TiNO + C
Element

wt. % at. % wt. % at. % wt. % at. %
CK 9.02 25.40 4.83 1142 8.45 18.92
NK 2.53 6.11 0.00 0.00 8.11 15.56
OK 241 5.09 26.03 46.15 16.06 26.97
AlK 3.35 4.20 345 3.62 0.27 0.27
Ti K 77.99 56.1 63.48 37.59 66.06 37.76
VK 452 3.00 1.79 1.00 0.32 0.17
CrK 0.08 0.05 0.17 0.09 0.10 0.05
Fe K 0.10 0.06 0.25 0.13 0.62 0.30
NiK 0.00 0.00 0.00 0.00 0.00 0.00

of Kh18NI1O0T steel, the friction coefficient, starting from 0.15, increased after 100 sec and attained 0.55 af-
ter 600 sec (Fig.3a). This was explained by the fact that, after the stage of running-in, we observe the onset of
the process of abrasive wear of the counterbody, i.e., the steel plate, due to the high roughness and hardness
of the nitride coating (Table 2 and Fig. 4).

The procedure of spraying of carbon over the nitride layer insignificantly affects the character of friction,
in particular, the friction coefficient: starting from 0.45, it gradually decreases to 0.38 for 600 sec (Fig. 3b).
On the surfaces with coatings (Figs.4a, c), we discovered the elements Cr, Fe, and Ni of stainless steel
(Figs. 4b, d).

The behavior of the oxide coating on the VT6 alloys is different. The friction coefficient whose initial value
is 0.22 attains 0.48 for 100 sec (Fig. 2c), monotonically decreases within the next 300 sec, becomes equal to
0.28 after 400 sec, and does not change up to the 600 sec of testing. After friction, on the surfaces of the speci-
mens, we observe the presence of islets (Fig. 5a) containing the elements (Cr, Fe, Ni) of stainless steel (Fig. 5b).
After ion-spraying with carbon, the frictional behavior of the oxide coating somewhat changes because the fric-
tion coefficient whose initial value is equal to 0.52 monotonically decreases down to 0.4 within the first 100 sec
of friction, and preserves this value for the next 500 sec of testing (Fig.3d). As a result of abrasive wear,
the elements (Cr, Fe, Ni) of stainless steel were recorded on the surfaces of the coatings.

The outward appearance and behavior of the oxynitride coating in the course of dry sliding friction differ
from the appearance and behavior of the other coatings. Thus, in particular, for 700 sec, the friction coefficient
varies within the range 0.18-0.22 (Fig.3e). This can be explained by the fact that this coating has the lowest
hardness as compared with the other coatings and, hence, the running-in process in the course of friction runs
much faster (Fig. 5c). After spraying with carbon, the friction coefficient whose initial value is 0.24, decreases
to ~ 0.18 within the first 50 sec of friction and remains on this level up to the end of the tests (see Fig. 3f). This
can be explained by the presence of carbon in the valleys of the surface topography, which begins to work as
a solid lubricant after deformation or fracture of microasperities (Fig. 5d). Friction is realized according to the
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: v Element wt. % at. %
e CK 1.07 3.52
: Y i NK 3.81 8.2
OK 454 11.24
AlK 434 6.37
TiK 68.65 57.84
VK 3.87 301
CrK 2.61 1.98
Fe K 10.07 7.14
(a)
Element wt. % at. %
CK 3.55 8.89
NK 4.64 9.97
OK 21.15 39.79
AlK 0.47 0.52
TiK 30.75 19.32
VK 0.57 034
CrK 7.44 431
Fe K 28.59 15.41
Ni K 2.84 145

(b)

Fig. 4. Specimen surfaces coated with TiN (a) and TiN + C (b) and the elemental composition after friction in a couple with stain-
less steel.

abrasive mechanism, as shown by the components (Cr, Fe, Ni) of the stainless steel on the friction surface of
the coating.

It should be emphasized that, as the hardness of the surface increases as a result of TCT and subsequent ion
spraying with carbon, the tribological characteristics of the investigated tribocouples change, namely, the higher
the hardness of the coating, the lower the degree of wear. This is why the formed hard microasperities suffer
less intense wear as a result of which the abrasive damage to the material of the counterbody (Kh18N10T steel)
is intensified and, hence, the friction coefficient increases and the period of running-in of the tribocouples
changes until filling the valleys between microasperities with wear products.

It was established that, for all types of the coatings, the process of wear occurs by the abrasive mechanism
(see Figs. 4a, b and 5), i.e., the softer stainless steel wears as a result of friction against hard microasperities of the
coating. This is corroborated by the elemental analysis of friction surfaces of the coatings (Figs. 4b, d and 5),
where we detected the elements of stainless steel (Fe, Cr, and Ni) whose amount in the intact state was equal to
the content of additives in the alloy (Tables 2 and 3).
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Element wt. % at. %
_ CK 4.98 11.88
- NK 0.00 0.00
OK 30.24 54.17
SiK 0.46 0.47
Ti K 1.76 1.05
VK 0.05 0.03
CrK 11.56 6.37
Mn K 0.85 0.44
Fe K 45.15 23.17
. . o 3 Element wt. % at. %
i | CK 5.79 15.55
NK 0.00 0.00
OK 18.61 37.51
AlK 1.17 1.40
Ti K 22.95 15.45
VK 1.15 0.73
CrK 9.59 5.95
Fe K 36.97 21.35
(b)
Element wt. % at. %
CK 6.77 1742
NK 1.56 345
OK 19.10 36.89
AlK 0.48 0.55
SiK 0.30 0.33
Ti K 14.49 9.34
VK 0.72 0.44
CrK 9.81 5.83
Mn K 0.72 041
Fe K 41.45 2293

(c)

Fig. 5. Surfaces of the specimens coated with TiO (a), TiO + C (b), TiNO (c), and the elemental compositions after friction in couples
with stainless steel.
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Element wt. % at. %
CK 9.52 1843
NK 12.05 20.01
OK 27.13 3945
SiK 0.33 0.28
TiK 6.05 294
VK 0.12 0.05
CrK 8.24 3.69

Mn K 0.63 0.27
Fe K 3248 13.53

(d)

Fig. 5 (continued). Surfaces of the specimens coated with TiNO + C (d) and the elemental compositions after friction in couples
with stainless steel.

Thus, the ion-spraying of the nitride, oxide, and oxynitride coatings of titanium with carbon affects their
behavior in the process of dry sliding friction against a plate of Kh18N10T stainless steel and, in particular, sta-
bilizes the value of the friction coefficient. This is explained by the fact that carbon, together with the wear
products, plays the role of a solid lubricant, stabilizing the value of friction coefficient in the investigated tri-
bocouples. The ion spraying of the nitride and oxide coatings with carbon removes the difference between them
in the initial state and guarantees the value of the coefficient of sliding friction in the process of dry friction
against the steel plate on a level of 0.18-0.22. At the same time, as a result of ion spraying of the surface of
oxynitride coating with carbon, the friction coefficient stabilizes on a level of ~ 0.18.

CONCLUSIONS

By using nitride, oxide, and oxynitride coatings on VT6 alloy, it is possible to prevent the phenomenon of
local grip (seizure) with the counterbody in the course of dry sliding friction. The ion spraying of these coatings
with carbon affects the behavior of titanium in the process of dry sliding friction against the plate of Kh18N10T
stainless steel and, in particular, stabilizes the friction coefficient of nitride and oxide coatings on a level of
0.38-0.4 and the friction coefficient of oxynitride coatings on a level of ~ 0,18. At the same time, without spray-
ing of the oxynitride surface with carbon, the friction coefficient varies within the range 0.18-0.26.

The present work contains the results of the tests performed under the financial support of the Grant of the
State Foundation for Fundamental Research according to the Competitive Project F73/22194.
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