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Mechanical and tribological behavior of multilayer
and monolayer TiN-based coatings

B.K. Kenzhaliyev, A.K. Kenzhegulov*, A.A. Mamaeva, A.V. Panichkin, B.B. Kshibekova
Institute of Metallurgy and Ore Beneficiation, Almaty, Kazakhstan

*Corresponding author: kazakh 1403@mail.ru

Abstract. This study investigates the mechanical and tribological properties of monolayer TiN coatings and multilayer
TiN/TiCN coatings deposited via direct current magnetron sputtering onto titanium substrates (VT1-0). The coatings were
characterized by microstructure, nanohardness, elastic modulus, and tribological performance under lubricated friction condi-
tions. Scanning electron microscopy (SEM) revealed that the coatings exhibit a uniform microstructure without visible defects
and a typical columnar growth morphology. Nanoindentation tests demonstrated that the multilayer TiN/TiCN coatings possess
enhanced hardness (up to 23.5 GPa) and elastic modulus (191 GPa) compared to the monolayer TiN, attributed to interlayer
strengthening effects and redistribution of residual stresses. Tribological tests using a ball-on-disk configuration under lubri-
cated conditions showed that the multilayer coatings exhibit a significantly lower coefficient of friction (0.10-0.13) and im-
proved wear resistance compared to the TiN coating. This behavior is associated with TiCN layers, which reduce interfacial
adhesion, promote uniform load distribution, and facilitates the formation of a protective tribofilm. The results confirm that the
TiN/TiCN multilayer coatings offer superior mechanical and tribological properties, making them promising candidates for

engineering components operating under friction and wear conditions.
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1. Introduction

Recent advances in materials science and surface engi-
neering have increasingly focused on the development of
high-performance protective coatings to reduce wear and
friction in tribological components of machines and mecha-
nisms [1-3]. Among such coatings, titanium nitride (TiN)
and titanium carbonitride (TiCN) compounds are fascinat-
ing due to their high microhardness, chemical inertness, and
thermal stability. Multilayer systems such as TiN/TiCN
exhibit improved operational properties by combining the
strength TiN with's enhanced plasticity of TiCN, effectively
mitigating stress accumulation during service [4-6].

The key parameters determining the effectiveness of such
coatings include tribological and nanomechanical properties,
such as coefficient of friction (CoF), wear rate (WR), nano-
hardness, and elastic modulus. These properties are strongly
influenced by the coating’s structure, surface morphology,
and deposition parameters. Direct current (DC) magnetron
sputtering is widely used in scientific and industrial settings
to produce coatings with high density, uniform microstruc-
ture, and strong adhesion to the substrate [7, 8]. However,
optimizing multilayer systems requires comprehensive stud-
ies, including investigations of morphological features and
tribological behavior under boundary lubrication conditions.

Most tribological studies of TiN/TiCN multilayer coat-
ings have been conducted under dry sliding conditions in

ambient air. While this approach allows for evaluating basic
wear characteristics, it does not always reflect the actual
operating conditions of tribological components in mechani-
cal engineering and other industries. In recent years, growing
attention has been paid to testing in liquid media that simu-
late realistic friction and wear processes in mechanical sys-
tems. Testing in lubricated environments—such as oils and
functional fluids—provides deeper insight into the influence
of lubrication on tribological behavior, including changes in
CoF, WR, and the mechanism of protective film formation
on the contact surface.

For instance, SuY.L. [9] investigated multilayer
TiN/TiCN/TiN coatings under both dry and lubricated condi-
tions using HD-150 oil and water-based lubricants. Results
showed that under HD-150 lubrication, the CoF decreased to
0.25, and wear was completely absent due to the formation of
a protective tribofilm at the contact surface. In contrast, dry
sliding conditions resulted in severe surface damage, iron
oxide formation, and fluctuations in CoF.

Tribological tests of multilayer TiIAICN and TiTaCN coat-
ings under dry and lubricated conditions [8] revealed that the
CoF ranged from 0.13 to 0.85 in dry sliding. At the same time,
under lubrication, it dropped significantly to 0.0015-0.081,
with the minimum value (0.0015) recorded for TiAICN™.
The WR in lubricated environments was also considerably
lower — for example, 7.4 x 10~ mm*N-m for TIAICN-2,
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In another study [10], the tribological performance of
nanostructured coatings was evaluated under reciprocating
sliding against 100Cr6 steel balls using paraffin oil as a lub-
ricant, under varying loads (2 and 7 N) and temperatures (30
and 100°C). The CoF remained largely unaffected by testing
parameters; however, a significant reduction in wear volume
was observed at elevated temperatures.

Despite extensive research on TiN/TiCN multilayer coat-
ings, tribological assessments under lubricated conditions
remain limited in scientific literature. This study deposited
monolayer TiN and multilayer TiN/TiCN coatings on VT1-0
titanium substrates via DC magnetron sputtering. The prima-
ry objective was to investigate the mechanical and tribologi-
cal properties of these TiN/TiCN-based multilayer coatings
under lubricated friction conditions.

2. Materials and methods

Multilayer TiN/TiCN and monolayer TiN coatings were
deposited by direct current (DC) magnetron sputtering using
a VTI1-0 titanium target (equivalent to GRADE 2) with a
diameter of 99 mm. As substrates, finely polished titanium
plates (15 x 15 mm, VT1-0) and p-type Si(100) wafers (SW
GmbH, Schramberg, Germany) were used. The silicon sub-
strates were employed for morphological investigations,
while 58 mm-diameter titanium discs served as substrates for
tribological testing.

All substrates underwent surface preparation involving
sanding with abrasive paper and polishing with diamond paste.
The prepared substrates were mounted on a substrate holder
inside the vacuum chamber. The chamber was evacuated to a
base pressure of 10~ Pa, after which ion cleaning was per-
formed using argon at a pressure of 0.2 Pa, voltage of 2.5 kV,
and current of 20-25 mA for 30 minutes, employing an APEL-
IS-21CELL ion source (Applied Electronics, Tomsk, Russia).

Following ion cleaning, the substrates were positioned
opposite the APEL-MRE100 magnetron source (Applied
Electronics, Tomsk, Russia). A constant substrate bias volt-
age of —100 V was applied, and the target-to-substrate dis-
tance was maintained at 300 mm. The reactive gases used
were propane and nitrogen, with argon as the inert carrier
gas. The flow rates of both reactive and inert gases were
regulated using PPG-12 mass flow controllers (Eltochpribor,
Moscow, Russia). All deposition parameters for the TiN and
TiN/TiCN coatings are summarized in Table 1.

Table 1. Deposition parameters of TiN and TiN/TiCN coatings
by DC magnetron sputtering

Deposition parameters

Coating Deposition Chamber Inert and reactive Plasma Voltage,
. . pressure, current,
time, min gas flow, L/h v
Pa A
. Ar=1.3;
TiN 140 0.4-0.45 No= 0.08 2 530-550
. . Ar=1.3;
W a0 04045 CHe- 031 2 530-550
N, =0.08
. . Ar=1.3;
NG 140 04045 CH-03L 2 530-550
N, =0.08

Surface morphology of the coatings was examined using
a JXA-8230 electron microscope (JEOL, Tokyo, Japan). All
samples were analyzed in backscattered electron mode
(COMPO) at various magnifications. Coatings were deposit-
ed on silicon substrates to facilitate cross-sectional thickness
measurements.

Nanohardness measurements were conducted using a Na-
noScan-4D nanohardness tester (Nanoscan, Moscow, Russian
Federation). Ten indents were made with a Berkovich indenter
under a load of 100 mN. The penetration depth of the indenter
into the coating ranged from 350 to 450 nm. The Young’s
modulus and hardness were determined using the Oliver and
Pharr method [11]. Hardness and modulus profiles were plotted
based on the obtained data, considering standard deviations.

Tribological properties of the coatings were evaluated us-
ing a ball-on-disk configuration on a TRB3 tribometer (CSM
Instruments, Peseux, Switzerland) at room temperature under
lubricated sliding conditions with ambient humidity of 42%.
A Wezzer 80W-90 transmission oil was used as a lubricant.
The tribological testing parameters were as follows: sliding
speed of 1 cm/s, normal load of 5 N, wear track radius of 5
mm, total sliding distance of 160 m (5000 cycles), and data
acquisition frequency of 50 Hz. The test conditions met the
international standard DIN 50324 [12]. A 3 mm diameter
ball of 100Cr6 bearing steel was used as the counterbody.

3. Results and discussion

Figure 1 presents the surface morphology and coating
thickness analysis results of TiN-based coatings obtained by
scanning electron microscopy (SEM). All deposited coatings
exhibit a uniform and smooth surface morphology, free of
visible defects or microcracks. Minor inclusions (nucleation
sites) are present, which may be attributed to the deposition
process or the formation of microstructural phases. However,
their occurrence is minimal and does not significantly impact
on the overall morphology of the coatings.

No substantial variations in surface morphology were ob-
served among the different coating types. The graph in the
lower right corner of Figure 1 shows the measured thickness
values of the coatings. The monolayer TiN coating exhibited
a thickness of 4.4 um, whereas the multilayer TiN/TiCN and
TiN/TiCN/TiN/TiCN coatings showed thicknesses of ap-
proximately 4.0 um. This difference is attributed to the high-
er deposition rate of TiN compared to TiCN under identical
magnetron sputtering conditions. Cross-sectional SEM anal-
ysis of the monolayer TiN coating revealed a columnar mi-
crostructure characteristic of such coatings [13].

The results of nanohardness (H) and Young’s modulus
(E) measurements for all investigated coatings are presented
in Figure 2a. The graph shows that the multilayer coatings
exhibit the highest values, with H=20-23.5 GPa and
E =161-191 GPa. It should be noted that these values reflect
surface-level hardness, as the indenter penetration depth was
confined to the uppermost layer. Nevertheless, the multilayer
structure significantly contributes to surface hardness during
nanoindentation due to several mechanisms: interfacial
strengthening (Hall-Petch effect at the nanoscale), restriction
of dislocation motion, and hardening induced by residual
stress accumulation.

Studies [14-16] have demonstrated that alternating lay-
ers with differing mechanical properties enhance hardness
compared to monolithic coatings. Among all tested sam-
ples, the four-layer TiN/TiCN/TiN/TiCN coating showed
the highest hardness value of 23.5 GPa, which may be at-
tributed to the optimal combination of TiN and TiCN lay-
ers. TICN further reinforces the coating structure in this
case, increasing stiffness and resistance to mechanical de-
formation [4, 17].
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Figure 1. SEM images of surface morphology, cross-sectional view of TiN coating on a silicon substrate, and thickness measure-

ments of the deposited coatings
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Figure 2. Nanohardness and Young’s modulus data of TiN-
based deposited coatings

Figure 2b displays the calculated H/E and H3/E? ratios,
which are recognized indicators of resistance to mechanical
degradation and failure [18]. According to the literature,
higher values (H/E > 0.1) are associated with reduced wear
rates and lower material loss [19]. From this perspective, all

TiN/TiCN/TiN/TiCN multilayer coatings demonstrated the
highest H/E and H3/E? values, exceeding the threshold of
H/E > 0.1 (indicated by dashed lines), confirming their supe-
rior resistance to mechanical failure.

The wear resistance of carbonitride coatings is deter-
mined by their microstructure, hardness, and adhesion. These
characteristics significantly impact the CoF and WR, which
are, in turn, governed by material mass loss during operation
[6, 20]. Tribological tests of TiN-based coatings under lubri-
cated sliding conditions revealed low CoF values. This effect
can be attributed to a combination of factors: low interfacial
adhesion, effective lubrication performance, the possible
formation of oxide films, and the high stiffness of TiN all
contribute to consistently low CoF under lubrication.

The CoF for all coatings was measured against 100Cr6
steel balls under lubricated conditions. The average CoF was
calculated after completing 5000 sliding cycles.

Figure 3 presents the graphs of the CoF with averaged val-
ues of all TiN-based coatings deposited on titanium substrates
after tribological testing.

0.15

—m—a— TiN coating

—a—a—  TIN/TICN coating

—e—eo— TiIN/TICN/TIN/TIiON coating
0.14

0.13

0.12

Coefficient of friction

0.13

0.11
0.10

0.11

0.10 T T T T T T T T T T e
0 200 40 60 80 100 120 140 160 ¥
e . >
Sliding distance (m)

Figure 3. Averaged CoF of the deposited coatings on titanium
substrates
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According to the results, the average CoF values range
from 0.10 to 0.13. Among the tested coatings, monolayer TiN
exhibited the highest CoF of 0.13. In contrast, the multilayer
coatings demonstrated smoother and lower CoF values than
the monolayer TiN coating.

These improved tribological properties are attributed to
introducing the TiCN layer, which reduces adhesive friction
and enhances load distribution across the coating surface [21,
22]. Incorporating two TiCN layers with differing composi-
tion and structure further reduced friction, possibly due to
improved crystallinity. These layers may enhance the lubri-
cating behavior of the surface and lower contact resistance,
ultimately resulting in minimal friction.

No visible wear tracks were observed on the surfaces of
the coatings after tribological tests, which may indicate either
minimal material loss or complete wear resistance, as previ-
ously reported in studies [23-26].

Thus, the findings of this study confirm that the
TiN/TiCN multilayer coatings (both two- and four-layer
variants) exhibit significantly higher wear resistance and
durability than pure TiN coatings.

4. Conclusions

A comprehensive study was conducted on the mechanical
and tribological properties of monolayer TiN and multilayer
TiN/TiCN coatings deposited via direct current magnetron
sputtering. The main findings are summarized as follows.

SEM analysis revealed that all coatings possess a homo-
geneous, defect-free microstructure with a characteristic
columnar morphology.

Due to interlayer strengthening and dislocation blocking
effects, the TiN/TiCN multilayer coatings demonstrated
enhanced hardness (up to 23.5 GPa) and elastic modulus
(191 GPa) compared to TiN.

Under lubricated sliding conditions, the multilayer
TiN/TiCN coatings exhibited significantly lower friction
coefficients (0.10-0.13) and superior wear resistance than
monolayer TiN. These improved tribological properties are
attributed to the optimized layer architecture, reduced adhe-
sion, and formation of protective tribofilms.

No significant wear tracks were observed on the multi-
layer coatings, confirming their high durability under lubri-
cated friction conditions.

The results confirm that TiN/TiCN multilayer coatings
offer superior operational performance to monolayer TiN,
making them promising candidates for engineering compo-
nents subjected to friction and wear. Future work will further
optimize layer thickness, interfacial architecture, and deposi-
tion parameters to enhance coating performance under real-
world operating conditions.

Author contributions

Conceptualization: AKK., AAM., AVP.; Data curation:
AKK., BBK; Formal analysis: AKK., AVP.; Funding acqui-
sition: BKK.; Investigation: AKK., AAM., AVP.; Methodol-
ogy: AKK., BBK; Project administration: BKK.; Resources:
BBK; Software: AKK., AVP; Supervision: AAM.; Valida-
tion: AAM., AVP.; Visualization: AKK., AAM., AVP,;
Writing — original draft: AKK.; Writing — review & editing:
AKK. All authors have read and agreed to the published
version of the manuscript.

Funding

This research was funded by the Science Committee of
the Ministry of Science and Higher Education of the Repub-
lic of Kazakhstan (Grant No. BR21882140).

Acknowledgements

The authors are grateful to the National Laboratory for
Collective Use of the Institute of Metallurgy and Ore Benefi-
ciation JSC for the analysis of the samples using electron
microscopy and X-ray phase analysis. Also, the authors ex-
press their sincere gratitude to the Scientific Research Center
«Surface Engineering and Tribology» of Sarsen Amanzholov
East Kazakhstan University, led by Rakhadilov B. and
Sagdoldina Z. for their valuable support, collaboration, and
access to advanced experimental facilities, which significant-
ly contributed to the successful completion of this study.

Conflict of interest

The authors declare no conflict of interest.

Data availability statement

The original contributions presented in this study are in-
cluded in the article. Further inquiries can be directed to the
corresponding author.

References

[1] Karar, G.C., Kumar, R. & Chattopadhyaya, S. (2024). Develop-
ments on friction surfaced coatings for corrosion, wear-resistant
and composite.  Surface  Engineering.  41(1), 8-24.
https://doi.org/10.1177/02670844241293139

[2] Abdulvaliev, R.A., Surkova, T.Y., Baltabekova, Z.A., Yessi-
mova, D.M., Stachowicz, M., Smailov, K.M. & Berkinbayeva,
A.N. (2025). Effect of amino acids on the extraction of copper
from sub-conditional raw materials. Kompleksnoe Ispolzovanie
Mineralnogo Syra = Complex Use of Mineral Resources, 335(4),
50-58. https://doi.org/10.31643/2025/6445.39

[3] Yeligbayeva, G., Khaldun, M., Alfergani, A.A., Tleugaliyeva, Z.,
Karabayeva, A., Bekbayeva, L., Zhetpisbay, D., Shadin, N. &
Atabekova, Z. (2024). Polyurethane as a versatile polymer for
coating and anti-corrosion applications: A review. Kompleksnoe
Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Re-
sources, 331(4), 21-41. https://doi.org/10.31643/2024/6445.36

[4] Shakib, S.E. & Babakhani, A. (2023). Nanomechanical assess-
ment of tribological behavior of TiN/TiCN multi-layer hard coat-
ings deposited by Physical vapor deposition. Journal of Materi-
als Research and Technology, 25, 1344-1354.
https://doi.org/10.1016/j.jmrt.2023.05.243

[5] Ospanov, K.K., Smailov, K.M. & Nuruly, Y. (2020). Patterns of
non-traditional thermodynamic functions ArG%n and Af(G°)
changes for cobalt minerals. Chemical Bulletin of Kazakh Na-
tional University, 96(1), 22-30. https://doi.org/10.15328/cb1005

[6] Mamayeva, A.A., Kenzhegulov, A.K., Panichkin, A.V,,
Kshibekova, B.B. & Bakhytuly, N. (2022). Deposition of car-
bonitride titanium coatings by magnetron sputtering and its effect
on tribo-mechanical properties. Kompleksnoe Ispolzovanie Min-
eralnogo Syra = Complex Use of Mineral Resources, 321(2), 65-
78. https://doi.org/10.31643/2022/6445.19

[7] Kenzhegulov, A.K., Mamayeva, A.A. & Panichkin, A.V. (2017).
Adhesion properties of calcium phosphate coatings on titanium.
Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of
Mineral Resources, 3,35-41.

[8] Bakhytuly, N., Kenzhegulov, A., Nurtanto, M., Aliev, A. &
Kuldeev, E. (2023). Microstructure and tribological study of
TiAICN and TiTaCN coatings. Kompleksnoe Ispolzovanie Min-
eralnogo Syra = Complex Use of Mineral Resources, 327(4), 99-
110. https://doi.org/10.31643/2023/6445.45



https://doi.org/10.1177/02670844241293139
https://doi.org/10.31643/2025/6445.39
https://doi.org/10.31643/2024/6445.36
https://doi.org/10.1016/j.jmrt.2023.05.243
https://doi.org/10.15328/cb1005
https://doi.org/10.31643/2022/6445.19
https://doi.org/10.31643/2023/6445.45

B. Kenzhaliyev et al. (2025). Engineering Journal of Satbayev University, 147(3), 1-6

[9] Su, Y.L. & Kao, W.H. (1998). Tribological behavior and wear
mechanisms of TiN/TiCN/TiN multilayer coatings. Journal of
Materials  Engineering and  Performance, 7, 601-612.
https://doi.org/10.1361/105994998770347440

[10] Kashyap, A., Harsha, A.P., Barshilia, H.C., Bonu, V., Kumar,
V.P. & Singh, R. K. (2020). Study of tribological properties of
multilayer Ti/TiN coating containing stress-absorbing layers.
Journal of Tribology, 142(11), 111401.
https://doi.org/10.1115/1.4047195

[11] Galanov, B.A. & Dub, S. (2017). Critical comments to the Oli-
ver—Pharr measurement technique of hardness and elastic modu-
lus by instrumented indentations and refinement of its basic rela-
tions. Journal of Superhard Materials, 39(6), 373-389.
https://doi.org/10.3103/S1063457617060016

[12] DIN 50324. (1992). Tribology; Testing of friction and wear
model test for sliding friction of solids (ball on disc system).
German Institute for Standardisation: Berlin, Germany.

[13] Lapitskaya, V.A., Nikolaev, A., Khabarava, A., Sadyrin, E.V.,
Antipov, P., Abdulvakhidov, K., Aizikovich, S.M. & Chizhik, S.
(2023). The influence of nitrogen flow on the stoichiometric
composition, structure, mechanical, and microtribological prop-
erties of TiN  coatings. Materials, 17(1), 120.
https://doi.org/10.3390/mal17010120

[14] Zheng, J., Hao, J., Liu, X., Gong, Q. & Liu, W. (2012). A thick
TiN/TiCN multilayer film by DC magnetron sputtering. Surface
& Coatings Technology, 209, 110-116.
https://doi.org/10.1016/j.surfcoat.2012.08.045

[15] Cicek, H. (2018). Wear behaviors of TiN/TiCN/DLC composite
coatings in different environments. Ceramics International,
44(5), 4853-4858. https://doi.org/10.1016/j.ceramint.2017.12.074

[16] Lin, Y.W., Chih, P.C. & Huang, J.H. (2020). Effect of Ti interlayer
thickness on mechanical properties and wear resistance of TiZrN
coatings on AISI D2 steel. Surface and Coatings Technology,
394, 125690. https://doi.org/10.1016/j.surfcoat.2020.125690

[17] Badita-Voicu, L.L., Zapciu, A., Angelescu, D. & Voicu, A.C.
(2024). Increasing the wear resistance of hip prostheses compo-
nents using micro-nanostructured thin layers. Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of Mechan-
ical Engineering Science, 09544062241242655
https://doi.org/10.1177/09544062241242655

[18] Musil, J. & Jirout, M. (2007). Toughness of hard nanostructured
ceramic thin films. Surface and Coatings Technology, 201, 5148-
5152. https://doi.org/10.1016/j.surfcoat.2006.07.020

[19] Leyland, A. & Matthews, A. (2000). On the significance of the
H/E ratio in wear control: a nanocomposite coating approach to
optimized tribological  behavior.  Wear, 246, 1-11.
https://doi.org/10.1016/S0043-1648(00)00488-9

[20] Leitans, A., Jansons, E., Lungevics, J., Kundzins, K., Boiko, 1.,
Kanders, U. & Linins, O. (2023). Tribological and micromechan-
ical properties of the nanostructured carbonitride/nitride coatings
of transition metals alloyed by Hf and Nb. Coatings, 13(3), 552.
https://doi.org/10.3390/coatings13030552

[21] Guo, D., Zheng, W.S., Huang, T.L., Zhang, S.L., & Guo, F.
(2022). Friction and wear properties of multilayer films designed
on tantalum substrate. Materials Science Forum, 1078, 121-135.
https://doi.org/10.4028/p-175xgh

[22] Larhlimi, H., Jaghar, N., Lahouij, M., Abegunde, O., Makha, M.
& Alami, J. (2024). Effect of carbon content on the tribological
behaviour of TiCx coatings prepared by reactive HiPIMS. Inter-
national Journal of Refractory Metals and Hard Materials, 120,
106599. https://doi.org/10.1016/1.ijrmhm.2024.106599

[23] Wei, C., Lin, J.F., Jiang, T.H. & Ai, C.F. (2001). Tribological
characteristics of titanium nitride and titanium carbonitride mul-
tilayer films: Part 1. The effect of coating sequence on material
and mechanical properties. Thin Solid Films, 381(1), 94-103.
https://doi.org/10.1016/S0040-6090(00)01540-6

[24] Madej, M., Kowalczyk, J., Ozimina, D. & Milewski, K. (2018).
The tribological properties of titanium carbonitride TiCN coating
lubricated with non-toxic cutting fluid. Materials Research Pro-
ceedings, 5,47-53. https://doi.org/10.21741/9781945291814-9

[25] Abdulvaliyev, R., Ultarakova, A., Mukangaliyeva, A.,
Lokhova, N. & Kassymzhanov, K. (2024). Comparative anal-
ysis of acid leaching for the efficient recovery of lanthanum
and cerium from phosphate. Separations, 11, 288.
https://doi.org/10.3390/separations11100288

Zhang, P., Ying, P., Lin, C., Yang, T., Wu, J., Huang, M., ... &
Levchenko, V. (2021). Effect of modulation periods on the me-
chanical and tribological performance of MoS>—TiL/MoS.-TiH
multilayer coatings. Coatings, 11(10), 1230.
https://doi.org/10.3390/coatings11101230

TiN Heri3iHaeri KonNKadATTHI :KIHE OIPKAOATTHI KAOBIHAAPABIH
MEXaHMKAJBIK KOHE TPUOOJIOTUsJIBIK KacHeTTepi

b.K. Kemxanues, A K. KGH)KCFYIIOB*, A.A. Mamaesa, A.B. ITanuukun, b.b. Kunbexosa

Memannypeus scane ken 6ativimy uncmumymsi, Aimamol, Kazaxcman
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AnpaTtna. bepinaren »ymbpIcTa TYpakThl TOKTHI MarHeTpoHABI Oypky omiciMeH tutan Herisinzeri (BT1-0) ynrinepre
TYHIBIpEUTFaH MOHOKa0atTel TiN skoHe kemkabaTthl TiN/TiCN kaOBIHZAPHIHBIH MEXaHUKAIBIK JKOHE TPHUOOIIOTHSITBIK
KacueTTepi 3eprrenai. JKaObHIapApIH MHUKPOKYPBUIBIMBI, HAHOKATTBUIBIFEI, CEPIIMIIIK MOIYJ JKOHE MalJIaHFaH YHKeIic
JKaFJaWbIHIAFbl TPHOOJIOTIUIBIK CHIIaTTaManaphl Tainnaasl. CKaHepIeHTiH AMeKTPOHIBIK MuKpockonwst (COM) HoTmkenepi
OapnblK  KaOBIHOApABIH OIpTEKTI JKOHE aKaychl3, OaraHa KYpBUIBIMOBI MHKpPOCTPYKTypara W€ eKEHIH KepCeTTi.
Hanounpaenranus a/ici OoiibIHIIa anbiHFaH MajgiMerTepre caiikec, TIN/TiCN kenkaOaTThl KaObIHAAPBIHBIH KATTHLUIBIFRI (23.5
I'Tla pneiiin) men cepmimainik moayni (191 T'Tla) monokaGartel TiN-MeH cambICThIpFaHga KOFapbl, OyJ1 KabaTapaibIK
OCpiKTEHY J>KOHE KaIIbIK KEpHEyJepIiH KadTta OeminyimMeH tycinmipuienmi. «lllap-mguck» cxemacwsl OOWBIHIIA MaillaHFaH
yHKeJic KaraaibiHIa KYPri3iuireH TpHOOIOTHSUIBIK ChIHAKTap KONKadaTThl KaObIHAapAbIH Yiikenic koadduuuentiniy (0.1—
0.13) TeMeH eKeHIH >KoHE TO3yFa TO3IMJAULIIIIHIH KOoFapbl ekeHiH kepcerTi. byn Hotmxke TiCN KabarrapblHBIH €HIi31TyiMEH
OaiinaHpICThI, oylap >kaOblH OETiHIH aJre3WsiCblH TOMEHJETIIN, XYKTeMEHIH OipKenki TapajayblHa >KOHE KOPFaHBIIITHIK
TpubokabaT Ty3utyiHe bIKman eremi. AnbiHFaH HOTIOKenep TiN/TiCN kenkaOaTThl KaOBIHIAPHIHBIH MEXaHUKAIBIK JKOHE
TPUOOJIOTHSJIBIK KAaCHETTEPiHIH >KaKCcapraHbIH JIQJICNICHAl JKOHE oJapibl YHKeJic NeH TO3yFa YIIBIPAHTBIH HHXKEHEPIK
KOMIOHEHTTEp/Ie KOJIaHyFa Ooamarsl 30p eKeHIH KopCceTeIi.

Hezizei ce30ep: konkabammol 2Hcabbin, MacHempoHObl OYpKY, YuKenic Kodpuyuenmi,
MesiMOLNIK.
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Mexann4yeckoe 1 TPHO0JOrHYECKOE MOBeIeHNEe MHOTOCJIOMHBIX U
OHOCJIOMHBIX NOKPLITHHA HA 0CHOBE TiN

b.K. Kenxanues, A.K. KeH)KeI‘yJIOB*, A.A. MamaeBa, A.B. [1laanukun, b.b. Kmmbekopa

Hnemumym memannypeuu u oboeawjenus, Anmamor, Kazaxcman

*Aemop ons koppecnonoenyuu: kazakh 1403 @mail.ru

AnHoTanus. B naHHo#t paboTe uccienoBaHbl MEXaHUYECKHE U TPHOOJIOTUYECKIEe CBOWCTBa MOHOCIIOWHBIX MOKPbITHH TiN
U MHOrocHoWHBIX MOKphITUH TiN/TiCN, ocaIeHHBIX METOAOM MAarHeTPOHHOI'O pACHBUICHHS IMOCTOSIHHOTO TOKa Ha
tutaHoBbie Toioxkku (BT1-0). IIpoBeneHa ux xapakTepuCTUKa ¢ TOYKU 3PEHUS MUKPOCTPYKTYPbI, HAHOTBEPJOCTH, MOTYJIs
YIPYTOCTH U TPUOOIOTHUECKUX XapaKTEPUCTUK B YCIOBHAX TPeHHs co cMa3kod. CKaHHpYIOIIasi 3JIeKTPOHHAsT MUKPOCKOIIUS
(COM) noxkasana, 9T0 MOKPBITHSI UMEIOT OJJHOPOJHYIO MUKPOCTPYKTYPY 0€3 BUIUMBIX 1e(eKTOB M XapaKTEepHBIH CTOI0UATHII
poct. HcnblTaHuss MeTOJOM HaHOWH/AEGHTUPOBAHUS NPOJEMOHCTPHPOBANN, 4YTO MHoOrocioiHble mOKpbITUs TiN/TiCN
00amaroT MOBEIMIEHHOH TBepaocThio (1o 23.5 I'Tla) u momymem ynpyroctu (191 I'Tla) mo cpaBHeHHIO ¢ MOHOCTOHHBIM TiN,
YTO OOBSCHSACTCS MEXKCIOMHBIM YINPOYHEHHEM M IepepaclpefelieHneM OCTaTOYHbIX HampspkeHHH. Tpubosormyeckne
UCTIBITAaHHSA [0 CXEME «IIAP-AHCK» B YCIOBHAX CMa3aHHOT'O TPEHUS TTOKA3aJH, YTO MHOTOCIOHHBIE TOKPBITUS IEMOHCTPUPYIOT
3HaYUTENbHO MeHBINH Kod(p¢ummeHT TpeHus (0.1-0.13) ¥ MOBHIMIEHHYI0O W3HOCOCTOMKOCTH MO cpaBHeHHI0O ¢ TiN. Ot0
o0ycnoneno BBeneHueM cinoeB TiCN, KOTOpbIe CHIDKAIOT a[re3ui0, CIOCOOCTBYIOT PABHOMEPHOMY pacIpeAeICHHIO Harpy3KH
U (opmupoBaHMIO 3amUTHON TpuOOIUIEHKH. [loiydeHHbIE pe3yNbTaThl MOATBEPXKAAIOT, YTO MHOTOCJIOMHBIE MOKPBITHUS
TiN/TiCN o0naparoT yJay4ImIeHHBIMH MEXaHWYECKUMU M TPHUOOJOTMYECKUMH XapaKTePUCTHKAMH, 4TO JeNaeT UX
NEePCHIEKTUBHBIMHU I IPUMEHEHHUS B UHKCHEPHBIX KOMIIOHEHTaX, pab0TaONINX B YCIOBHUIX TPEHUS U H3HOCA.

Kniouesvle cnoga: mnozocnoiinoe nokpvimue, MAazHempoHHOe pAchnblienue, KodQ@uyueHm mpeHus, HAHOMBEEPOOCMb,
U3HOCOCHOUKOCMb.
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