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The dependence of the surface morphology of ion-plasma coatings on the temperature influence in vac-
uum was investigated. The coatings were formed by vacuum-arc method with the use of pulsed high-
frequency stimulation of deposition. To compare the frictional properties, Ti-Hf metal coatings obtained in
argon medium and (Ti-Hf-Si)N composite coatings were investigated. The coatings were annealed in a high
temperature vacuum oven. The roughness of the coatings was investigated using a profilometer. In order
to detail the structure of the surface of coatings before and after annealing, a study was carried out using
an atomic force microscope. It is established that thermal influence on the surface of nanostructured coat-
ings significantly changes the surface morphology. Such changes lead to the evolution of the structural and
physico-mechanical characteristics of the coatings. The results of tribotechnical studies of Ti-Hf and (Ti-Hf-
Si)N coatings are presented. The results of thermal influence on the samples of (Ti-Hf-Si)N nanocomposite
coating are analyzed. The results of the study of the surface of these coatings are compared. A decrease in
the (Ti-Hf-Si)N coating roughness was found by annealing and an increase in hardness to 55.7 GPa. The
evolution of the surface morphology of the coatings is the result of changes in the coating structure and re-
crystallization processes. The studied statistical characteristics of the relief of the surface of the coatings
are consistent with other experimental results.
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1. INTRODUCTION

Increasing the efficiency of wear-resistant coatings
based on transition metal nitrides is possible by creat-
ing nanostructured compositions. Due to a significant
increase in the volume fraction of the division bounda-
ries, such coatings show a unique combination of prop-
erties: high hardness, wear resistance, heat resistance
and, at the same time, a relatively low coefficient of
friction [1, 2].

Nanocomposite coatings based on transition metal
nitrides in several compositions are significantly supe-
rior in physical and mechanical properties to coatings
based on titanium nitride. The most effective way to
improve coatings based on transition metal nitrides is
to change their structure and physical and mechanical
properties by introducing alloying elements Si, B, Al, Y,
etc., as well as to form multilayer nanostructured coat-
ings, which allow to take into account complex physical
and chemical processes occurring in the “coating-base”
system [1, 4, 7].

Temperature influence on the formed vacuum-arc
coatings initiates diffusion processes of mass transfer of
elements in coating layers, from substrate to coating and
vice versa, which may lead to the formation of metal
nitrides and dispersed phases of implementation [3].

Ton-plasma flows initiate the formation of surface
stresses, diffusion activation, change in dislocation struc-
ture and phase state. The development of these processes
leads to the modification of the surface topography. It is
necessary to consider the integral result of the interac-
tion of these processes of the forming relief with the pro-
cesses of spraying, ion-stimulated segregation, desorp-
tion, etc. Coatings obtained by vacuum-arc deposition are
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characterized by complex surface topography. In this
connection it is of great interest to study the influence of
temperature on changes in surface morphology of multi-
component ion-plasma coatings, in particular, on the ba-
sis of Ti-Hf and (Ti-Hf-Si)N systems [5-7].

The atomic force microscopy allows to estimate sta-
tistical characteristics of relief and degree of surface
roughness experimentally. Methods of mathematical
statistics allow to analyze and predict physical process-
es in the formed vacuum-arc coatings.

The aim of the work is to study the dependence of
surface morphology of ion-plasma coatings based on
Ti-Hf and (Ti-Hf-Si)N on the annealing temperature in
argon medium using atomic force microscopy and sta-
tistical analysis of surface topography.

2. EXPERIMENTAL PROCEDURE

To investigate tribotechnical characteristics, coat-
ings based on Ti-Hf were formed by vacuum-arc spray-
ing of Ti + Hf cathode in argon medium at 0.7 Pa pres-
sure and Upp=—200V displacement potential. The
coating thickness was 3 um.

(Ti-Hf-Si)N coatings of 1.2 pm thick were formed by
vacuum-arc method on polished surfaces of steel sam-
ples (steel 45) with 5.0 mm diameter and 2.0 mm thick
by spraying the cathode made of Ti + Hf + Si alloy. The
high-frequency bias potential was applied to the sub-
strate from a HF oscillator, which generated pulses of
damped oscillations with a frequency <1 MHz, dura-
tion of each pulse of 60 ms, repetition frequency of
10 kHz. The nitrogen pressure at application was
Px=0.7Pa. The applied displacement potential was
Upp=—200V.
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The obtained coating samples were annealed in a
vacuum furnace at temperatures of 500 °C, 800 °C and
1000 °C [2]. Analysis of coating surface topography was
carried out in the air using atomic force microscope
produced by NT-MDT Company. NSG10/W2C Si-canti-
levers with 30 nm thick W2C hard conductive coating
were used.

Coating surface roughness was measured using au-
tomated precision contact profiler SURTRONIC 25.

The study of mechanical characteristics of (Ti-Hf-
Si)N-based coatings was carried out by nanoindenta-
tion using the Nanoindenter G200 device (MES Sys-
tems, USA) with the use of Berkovich trihedral dia-
mond pyramid with a radius of curvature at the apex of
about 20 nm.

Tribological tests were carried out on the automated
friction machine “Tribometer”, CSM Instruments in the
air according to the “ball-disc” scheme at a temperature
of 20 °C. A 6 mm diameter ball made of sintered certi-
fied material (Al203) was used as a counterbody. Coat-
ed discs were made of steel 45 (HRC = 55) with a diam-
eter of 50 mm and a thickness of 5 mm. The load was
3.0 N and the sliding speed was 10 cm/s.

Precise sizing of coating surface parts at the submi-
cron level is important for modern technology in de-
termining grain size, coating structure evolution and
surface roughness. All of the above tasks require preci-
sion at the nanometer level.

In the work, statistical methods of the analysis of
the surface of the formed coatings and annealed sam-
ples are applied that allows to detail the surface struc-
ture and to specify physical and mechanical character-
istics of the coatings. Statistical characteristics are
obtained as a result of atomic force microscopy of coat-
ing samples.

3. RESEARCH FINDINGS

Roughness of the coatings is an important character-
istic of the quality of protective coatings. The coefficient
of friction is closely related to the roughness of friction
surfaces. A known way to determine the roughness of
surfaces of coatings is application of profilometers. The
results of measuring the roughness of Ti-Hf and (Ti-Hf-
S1)N coatings are given below.

It has been experimentally determined that the ap-
plication of Ti-Hf coatings in argon medium by vacu-
um-arc deposition on the polished surface of a steel
disk leads to an increase in the roughness (see Fig. la
and Fig. 1b) due to the formation of a drip component
from the plasma flow.

The results of friction tests of Ti-Hf-based coatings
are given in Table 1. According to the results of the
tests, it was found that coating of the steel substrate
surface provides increased wear resistance of the steel
surface.

Fig. 1c shows a profile diagram of the nanocomposite
(Ti-Hf-S1)N coating system obtained from a straight-flow
plasma flow. The curve bursts indicate the presence of a
drip component of the coating.

Composite (Ti-Hf-Si)N coating obtained by silicon
alloying is characterized by a significantly lower degree
of roughness compared to Ti-Hf coating, which im-
proves the performance of the first coating.
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Table 1 — Tribological characteristics of "45 AloO3 steel sub-
strate" and "Ti-Hf Al:Os coating" systems

Coefficient Wear factor
of friction, u mm3 x H-1xmm-!
Sample
Initial |In testing |C0URterbody| Sample
(x10-5) | (x 10-5)
Steel 45 0.204 0.674 0.269 35.36
TI-I._H 0.273 0.847 0.269 2.21
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Fig. 1 — Roughness profile of the steel disc surface after pol-
ishing, R, = 0.088 pum (a); surface profile of a Ti-Hf coated steel
disc, Ro=0.36 um (b); results of surface roughness measure-
ment of (Ti-Hf-Si)N-based coatings (R.=0.228 um) obtained
from direct-flow plasma flow (c)

The use of atomic force microscopy coatings in sur-
face studies allows us to significantly detail the struc-
tural characteristics of the surface.

Fig. 2a illustrates an AFM image of the initial coated
surface of (Ti-Hf-Si)N, which shows the presence of grain
boundaries and nanostructured relief. The alternation
of dark and light ledges and cones is observed, which
indicates the change in the height of the surface relief.

More detailed information about the surface topogra-
phy is provided by the analysis of AFM image profiles
and statistical analysis of height distribution, shown in
Fig. 2b. The statistical analysis showed that the average
height of the projections is 90 nm. The lateral dimensions
of the projections at the base are 200 nm and the width of
the projections at half height is approximately 70 nm.

The initial (Ti-Hf-Si)N coating is characterized by a
single-mode histogram of the relief height distribution
(Fig. 2b) described by the function Z(X, Y). The maxi-
mum quantitative value of the relief level is observed
in the vicinity of 300 nm. The single value of the distri-
bution indicates a significant uniformity of substruc-
ture formations.
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Fig. 3 shows an AFM image of the surface of a
nanostructured (Ti-Hf-Si)N coating after annealing at
500 °C with higher resolution. Compared to the origi-
nal coating, the temperature-affected coating is charac-
terized by smoothed structural fragments.

Fig. 4 shows histograms of the surface topography
of (Ti-Hf-Si)N-based coatings obtained at 500 °C, 800 °C
and 1000 °C annealing temperatures.
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Fig. 2 — AFM image of the surface of nanostructured (Ti-Hf-Si)N
coating with the field size of 3030 microns: a — 2D image of the
coating surface; b — histogram of the relief distribution Z(X, Y) in
the substrate section — surface of the coating
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Fig. 3 — AFM image of the surface of nanostructured coating
(Ti-Hf-Si)N after annealing at 500 °C (field size 1010 um)
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Fig. 4 — Histogram of relief distribution Z(X, Y) on the sub-
strate section — surface of (Ti-Hf-Si)N coating after annealing:
a—500 °C, b—3800 °C, ¢ — 1000 °C

In contrast to the initial coating, the histogram of
the annealed surface image at 500 °C is characterized
by multimodality. There are characteristic peaks of
height distribution in the vicinity of 70, 100, 130 and
170 nm values. This indicates a peculiar uneven struc-
ture of the surface formed after annealing. The range of
the image histogram is about 250 nm.

The same situation is observed in the case of anneal-
ing the surface at 800 °C. However, the number of image
histogram modes is reduced to three in the vicinity of
150, 250 and 350 nm. Thus, there is a trend towards a
more even distribution of surface structure elements.
The range of the histogram increases to 300 nm.

The histogram of the image of the (Ti-Hf-Si)N coat-
ing surface after annealing at 1000 °C is similar in na-
ture to the histogram of the image of the original coat-
ing surface. The histogram is single-mode with slight
asymmetry close to the Gaussian distribution. This
histogram indicates uniformity in the distribution of
substructural elements of the coating. This surface
structure is characterized by a reduced degree of
roughness.
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From the analysis of statistical characteristics of
Z(X, Y) surface topography distribution it follows that
temperature influence significantly changes the system
surface morphology of (Ti-Hf-Si)N. The average rough-
ness of the initial coating is 50 nm; for annealed coat-
ing samples at 500 °C, 800 °C and 1000 °C the average
roughness is 46, 55 and 19 nm, respectively. Thus, an-
nealing at 1000 °C reduces the coefficient of friction,
which promotes the use of this coating as a protective
for friction pairs of machine parts.

The coefficient of excess 2 of Z(X, Y) distribution for
the initial coating is 14.4. The values of . are signifi-
cantly different. For coating samples after annealing at
temperatures of 500 °C, 800 °C and 1000 °C, the distri-
bution coefficient of excess takes, respectively, the fol-
lowing values: 0.2, — 0.46 and 4.93. The values of » differ
significantly. The coefficient of excess determines the
measure of acuteness of the random value distribution.

In this case, large values of j2 indicate an acute
peak of distribution, i.e. the surface relief is character-
ized by the concentration of structural elements near
the mean value. Coating samples annealed at tempera-
tures of 500 °C and 800 °C are characterized by a sig-
nificant spread of structural elements relative to the
mean value. Note that the entropy of all surfaces dif-
fers slightly and is 11.4, 11.2, 11.5, and 10.04, respec-
tively, for the initial coating and samples annealed at
500 °C, 800 °C and 1000 °C.

Fig. 5 shows a 3D image of the initial (Ti-Hf-Si)N
coating surface and the surface after annealing at tem-
peratures of 800 °C and 1000 °C. Visually, the surface
of the coating after annealing at 800 °C is character-
ized by a large number of abnormal emissions in com-
parison with the depicted surfaces in Fig. 5a and
Fig. 5¢. This is consistent with the results of statistical
analysis of the Z(X, Y) relief histograms.

Fig. 6 shows a graph of the maximum relief value
Z(X, Y) of the surface of (Ti-Hf-Si)N coatings (broken
line A) and the average relief value Z(X, Y) (broken line
B) for samples of the initial coatings and for samples of
the coatings annealed at temperatures of 500 °C,
800 °C and 1000 °C. It follows from the graph that the
thermal impact on the (Ti-Hf-Si)N coating samples
leads to a decrease in the level of abnormal projections,
i.e., smoothes the coating surface. This leads to a de-
crease in the surface roughness of the coatings and
consequently to a decrease in the coefficient of friction.

The hardness of the initial coatings varies between
38 and 48 GPa. Thermal influence on (Ti-Hf-Si)N coat-
ing samples increases hardness up to 54.2-55.7 GPa, as
in the case of (Zr-Ti-Si)N nanocomposite system coat-
ings [2]. X-ray structural studies have revealed the for-
mation of a two-phase system: the solid solution of sub-
stitution (Ti, Hf)N and the peak spectrum of the second
phase SisNs. The coefficient of friction of (Ti-Hf-Si)N
coatings as a function of the structural-phase state
when tested under the scheme “disc-coated — ball Al203”
in the air is 20 % lower than the coefficient of friction
for coatings based on (Ti, H)N solid solution.

The increase in size, number of cones and their
formation on the surface of coatings, according to the
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authors [3], are the result of processes generated by
ion-induced stresses and associated with the movement
of atoms in the surface layer.

In the works devoted to research of results of ener-
gy impact on the surface of condensed media, namely
temperature [3, 6], it is shown the occurrence of defec-
tive deformation instability. This leads to the realiza-
tion of critical conditions for the manifestation of a
synergistic effect, leading, among other things, to the
development of surface structures of the relief. In our
case, the influence of temperature on the evolution of
surface topography is characterized by the processes of
changing the structural state of the surface, which
leads to the modification of the topography as a system
of nanostructured protrusions.
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Fig. 5 — 3D AFM surface image of nanocomposite (Ti-Hf-Si)N
coating: a — initial; b — annealed at 800 °C; ¢ — annealed at
1000 °C
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Fig. 6 - Maximum relief values Z(X, Y) of the surface of coating
(Ti-Hf-Si)N (broken line A) and average relief values Z(X, Y)
(broken line B) determined for the initial sample of coatings
(point 1) and annealed samples of coatings at temperatures of
500 °C (point 2), 800 °C (point 3) and 1000 °C (point 4)
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4. CONCLUSIONS

It is shown that nanocomposite (Ti-Hf-Si)N coating
is characterized by better frictional properties in com-
parison with metal Ti-Hf coating.

The temperature effect on the (Ti-Hf-Si)N system
coating significantly changes the surface morphology.
Annealing at 1000 °C reduces the roughness of the
formed coating and helps to increase coating hardness
and reduce friction coefficient.

Statistical characteristics of surface topography dis-
tribution histograms Z(X, Y) testify to the surface mor-
phology modification as a result of thermal influence at
the level of coating surface structural elements.
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Tepmiunuii BiiuB Ha MOP(OJIOrito MOBEPXHi iI0HHO-IIJIA3MOBOr0 MOKPUTTA

I1.B. Typb6in, J1.B. I'opox

Xapriscoruil Haylonanvrull yHigepcumem imeri B.H. Kapazina, maiidarn Ceoboou, 4, 61000 Xapris, Yrpaina

Jocmimsreno 3amexHicTs MOpd0JIOTii TOBEPXHI 10HHO-IIIA3MOBUX IIOKPUTTIB BIJ] TEMIIEPATYPHOTO BILJIUBY ¥
Bakyymi. [Tokpurrss dopmyBanncss BaKyyMHO-IyTOBIM METOJIOM 13 3aCTOCYBAHHSIM IMILYJIBCHOI BHCOKOYACTOT-
HOI cTUMYJTATT ocapxeHHs. JJ1a MOpIBHAHHS (PPUKITIAHIX BJIACTUBOCTEMN JOCIIIFKYBAJINCSI METAJIEB] ITIOKPUTTS
Ti-Hf, orpumasni B cepemosunt aprony, i kommosutsi mokpurts (Ti-Hf-Si)N. [loxpurrs Binnamosaswcs y Buco-
KOTeMIIepaTypHii 1medi y Bakyymi. IIIopcTKiCTh MOKPUTTIB JOCITIIMKYBAIACA 34 JOIOMOrow mpodiioMerpa. 3
METOIO IeTAaJI3allil CTPYKTYPH IIOBEPXHI MOKPHUTTIB 0 1 ITIC/IA BIAMAIIOBAHHS 3MIMCHIOBAJIOCA JOC/IIKEHHS 34
JIOIIOMOT'0X0 ATOMHO-CHJIOBOTO MIKPOCKOIIA. BCTaHOBIIEHO, 10 TEPMIYHUN BIUIUB HA HOBEPXHIO HAHOCTPYKTYPO-
BAHUX IIOKPUTTIB 1CTOTHO 3MIHIOE MOPQOJIOTio moBepxHi. Takl 3MiHN IIPHU3BOAATE [0 €BOJIIOLII CTPYKTYPHUX 1
disuKo-MeXaHIYHNX XapAKTePUCTHK MOKPUTTIB. HaBomsaTbesa pesyabTaTv TPHOOTEXHIYHMX HOC/IIKEHb IIOK-
purris Ti-Hf ta (Ti-Hf-Si)N. IIpoanasisoBaHo pe3ysbTaTh TEPMIYHOTO BILIUBY HA 3PA3KHA HAHOKOMIIO3UTHOTO
noxputta (Ti-Hf-Si)N. ITopiBHIOIOTECS pe3yIbTaTH JOC/IIKEHHS IOBEPXHI 3a3HAYEHNX MOKPUTTIB. Busasieno
aumxenns moperkocri mokpurta (Ti-Hf-Si)N 3a peaysnpratamMu BimmamoBaHHA 1 MABUINEHHS TBEPIOCTL 10
auauenns 55,7 I'lla. Esosoriiss Mopdostorii moBepxHI HOKPUTTIB BIAOYBAETHCS B PE3yJIBTATI 3MIHIOBAHHS CTPY-
KTYpPHU HOKPUTTS 1 IPOIIECIB peKprcTasisalii. BuBueHi craTHCTHYHI XapaKTEPUCTUKH PeIbedy IIOBEPXHI IOK-
PHTTIB Y3roKyIOThCS 3 IHIIIMMH €KCIIePUMEHTAIEHIMH Pe3yJIbTATaMHU.

Knrouogsi cimoea: Bakyymuo-myrosi mokpurtsi, Mopdostorisi moBepxwi, CTaTvcTHYHI XapaKTepPUCTHRH pPesrbedyy,

Tepmiynwmit BILIUB.
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