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Abstract

The paper describes the two-periodicity of the compression and tension zones of the serial piston rings
surfaces and hardened with a TiN/CrN multilayer ion-plasma coating after bench tests at a sliding speed of 1.3
m/s. The assessment is made from photographs of the microstructure of the surfaces of the rings. The periods of
average values of negative, zero, and positive Laplacians were estimated for the columns and rows of
photographs. The periods were analyzed by the initial surface and the friction zone, as well as by the general
photograph of both ring variants. The result of the evaluation of individual zones revealed a significant
difference between the surfaces of the ring with a multilayer ion-plasma coating, both in columns and in rows,
which is associated with the wear of the effective coating layer and is confirmed by a decrease in nanohardness.
Assessment of the overall photograph revealed a 30 % difference corresponding to a hardened piston ring with
nanocoating with the same nature of the compression and tension zones formation, which reflects a sufficiently
high resistance to plastic deformation and wear.

Key words: multilayer nanocoating, piston ring, friction and wear, nanohardness, optical-mathematical
analysis, structure formation, plastic deformation.

Introduction

The results of previous studies about evaluating the degree and nature of wear of serial oil scraper
piston rings of the D100 diesel generator showed their insufficient wear resistance [1]. To increase their wear
resistance, the authors studied the possibility of applying a hardening multilayer ion-plasma coating of the
TiN/CrN system, which ensured a multiple increase in operational properties at different sliding speeds [2 - 4].

To assess the stress-strain state of various zones of serial rings during friction and hardened by an ion-
plasma coating, it became necessary to use the optical-mathematical method for describing structural changes on
their working surface [2, 4, 5]. This method allows to identify the relationship between the operating parameters
and the formed structure in the contacting surfaces of the products, which can be estimated by approximating
their digital images. Also, this method allows to assess the degree of generated stress and identify the zone of
their maximum concentration [6 - 10].

After in these studies on the surfaces photographs after testing the piston rings for wear, two-periodicity
of the compression and tension regions was revealed [2, 4, 5], it became necessary to describe these zones
analytically.

The aim of the study is an analytical description of the two-periodicity of the compression and tension
zones of the surfaces of serial piston rings and hardened by a TiN/CrN multilayer ion-plasma coating after bench
tests at a sliding speed of 1.3 m/s from their electron-microscopic photographs of the friction surface.

Research Methodology

To carry out the calculations, energy parameters were used and periods of average values of negative,
zero, and positive Laplacians were estimated from the columns and rows of photographs of the initial surface

Copyright © 2019 T.S.Skoblo, A.I. Sidashenko, T.V. Maltsev, V.N.Romanchenko.This is an open access article distributed under the
@ @ Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
& the original work is properly cited.



Problems of Tribology 7

and the friction zone of serial (Figs. 1, 3) and hardened rings (Figs. 2, 4), respectively. Additionally, we analyzed
the general images of the serial and hardened ring variants after the tests, Fig. 5, 6, respectively.

The calculation algorithm is implemented as a subroutine. The program itself sends the corresponding
values to the subroutine. In each photograph (Fig. 1 - 6), the subroutine searches for the values of the each
periods of its pixels in columns and rows. The cycle for trial periods was calculated in the range from 2 to 200
pixels, according to the following source data:

s, —array of average values;

§,; —average fraction of negative Laplacians by columns or rows;

§,; —average fraction of zero Laplacians by columns or rows;

8y, —average fraction of positive Laplacians by columns or rows.

Moreover, the indices in the algorithm have the following meaning:

g — the number of the sign (1 negative, 2 zero, 3 positive);

i — the group number of the same trial period;

J —the number inside the same group of the same trial period;

t — the trial period in pixels.

The number of periods was equal to the integer part of the number of pixels divided by the period.
Then, the total algebraic deviation from the average value of the fractions of negative, zero, and positive

Laplacians inside the trial period was calculated using formula (1).
t
25y
= —J/:l

1
= (1)

a

The calculation of the average values of the shares of negative, zero, and positive Laplacians inside the
trial period is carried out according to the formula (2).

bq:Z;(sqj—aq). (2)
=

After that, it was used the absolute value of the deviation from the average value according to the
formula (3).

b, = ‘bq‘. 3)

The total value of the functional inside the trial period was found from formula (4), and from it the
accumulation of functional according to formula (5).

¢, =b +b,+b,, “4)

f=f+c. (%)

Fig. 1. Microstructure of the initial surface
of the serial ring
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Fig. 2. Microstructure of the initial surface
of the hardened ring

Fig. 3. The microstructure of the friction surface
of the serial ring at a sliding speed of 1.3 m/s

Fig. 4. The microstructure of the friction surface
of the hardened ring
at a sliding speed of 1.3 m/s

Based on the results of the cycle calculation, an array of trial periods functionals was created. The
created array was sorted in descending of functionals to detect the most significant changes.

Table 1 - 4 presents the calculated periods, where the first column is the period in pixels, and the second
is the corresponding functional.

As the table 1 - 4 show, the values of the functionals of both ring options differ in the results of
counting in columns and in the rows of photographs of the initial and friction surfaces. However, if we compare
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the functionals exclusively in rows or columns, then we can highlight a certain pattern. When counting by
columns, the maximum functional of the initial surface of the serial ring is 13.7 % lower than its friction zone
(see Tables 1, 3), and the hardened one is 32 % higher (see Tables 2, 4). However, a row calculation shows that
the largest functional of the initial surface of a serial ring is 4 % higher than its friction zone (see Tables 1, 3),
and hardened - 8.2 % lower, respectively. In both cases, both in columns and in rows, the largest difference
between the surfaces is characteristic of a ring with a multilayer ion-plasma coating.

Table 1
Values of periods and corresponding functionals
of the initial surface photograph
of the serial ring
By columns By rows
period | functional | period | functional
2 0466 2 0883
3 0461 3 0866
154 0456 123 0855
5 0448 4 0813
114 0438 5 0807
59 0433 120 0791
17 0432 139 0779
53 0432 104 0771
158 0430 167 0765
21 0429 173 0764
Table 2
Values of periods and corresponding functionals o
f the initial surface photograph
of the hardened ring
By columns By rows
period | functional | period | functional
3 0559 2 0805
172 0514 3 0805
2 0502 127 0763
173 0500 200 0749
176 0497 89 0739
4 0489 157 0738
127 0486 5 0733
132 0483 4 0730
16 0481 18 0717
59 0478 65 0717
Table 3

Values of periods and corresponding functionals
of the friction surface photograph
of the serial ring

By columns By rows
period | functional | period | functional
2 0540 3 0848
3 0526 2 0837
176 0508 4 0795
170 0499 152 0752
131 0491 93 0733
166 0474 5 0731
75 0471 95 0725
130 0468 136 0725
12 0467 164 0721
4 0465 33 0718
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Table 4
Values of periods and corresponding functionals
of the friction surface photograph

of the hardened ring
By columns By rows
period | functional | period | functional
3 0380 3 0877
193 0375 2 0831
5 0373 159 0767
94 0365 7 0764
47 0364 6 0760
2 0362 5 0742
177 0362 138 0740
125 0359 4 0728
185 0359 134 0722
178 0355 9 0718

This result, most likely, is associated with the wear of the effective coating layer, which is confirmed by
a sharp decrease in the nanohardness of the hardened ring (initial microhardness of TiN/CrN was 53 — 59 GPa)
after testing, the level of which approached the - starting material (4 - 4.7 GPa).

This is also indicated by the value of the maximum functional of the rings (calculated according to the
rows of the friction zones, see Tables 2, 4).

Fig. 5. General photo of the initial (left) structure
and friction surface (right) of the serial ring

15kV XT0 200um 0001 Zon

Fig. 6. General photo of the initial (left) structure
and friction surface (right) of the hardened ring
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So, on average, in columns the maximum functional of a serial ring is lower than the hardened one. The
same indicator, that calculated in the rows, lower relative to the hardened ion-plasma multilayer coating of the
working layer on average 30 %, which reflects its higher plastic deformation resistance in the considered
directions. Moreover, the difference in columns and rows in both ring options is 26 %. This also indicates about
the same distribution of compression and tension zones under identical operating conditions.

Table 5
Values of periods and corresponding functionals
in the general photographof
the serial ring after operation
By columns By rows
period | functional | period | functional
3 1311 2 0969
2 1256 159 0922
5 1152 3 0921
4 1138 5 0881
139 1131 4 0853
89 1122 105 0846
7 1108 6 0832
156 1097 128 0824
13 1093 7 0823
114 1087 115 0820
Table 6

Values of periods and corresponding functionals
in the general photograph
of the hardened ring after operation

By columns By rows
period | functional | period | functional
3 1323 3 0973
2 1232 2 0932
4 1177 188 0896
5 1172 4 0867
175 1172 119 0857
182 1166 22 0849
103 1155 87 0848
7 1110 111 0840
116 1109 180 0839
114 1107 135 0835

It is possible that a high spread in the functionalities of individual ring surfaces (see Tables 1 - 4) is
directly related to the separation of the general image into individual fragments. Considering that the alternation
of compression and tension zones was previously recorded over the entire volume of the material of the ring
working surface [5], an additional assessment was made of the functionals calculated values (Tables 5, 6) of the
general photograph of both considered options (Fig. 5, 6) after testing, which show a distinctive regularity, both
in rows and in columns.

Conclusions

The studies of the nanostructured state showed the effectiveness of the proposed method for the
analytical assessment of the compression and tension zones of the piston rings after friction and wear tests,
namely:

- the greatest effect is achieved when calculating the functionals, the corresponding periods of the
structure variability for the general picture of the working surface and the boundary in the ring;

- the revealed pattern during hardening by nanocoating reflects its rather high resistance to plastic
deformation and wear;

- the difference corresponding to the variant of hardening by nanocoating of the piston ring reaches 30%
with the same character of the formation process of compression and tension zones.
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Cko0i0 T.C., Cupamenxo O.1., Manabues T.B. 3acrocyBaHHS ONTHKO-MaTEMaTUYHOTO METONY IS
OITUCY CTPYKTYPOYTBOPEHHS MPH TEPTI.

B po0oTi BHKOHAaHO OIMC JBYXIMEPIOJIYHOCTI 30H CTHCHEHHs i PO3TATyBaHHS IOBEPXOHb CepiitHMX
MOPUIHEBUX Kilenpb i, 3MIIHEHUX OaraTomapoBuM i10HO-1Ia3MoBUM MOKpUTTAM TiN/CrN micis cTeHnoBuX
BUNIpOOYBaHb TpH MIBUAKOCTI KoB3aHHS 1,3 m/c. OmiHka BHKOHaHa TO (ortorpadisx MIKPOCTPYKTYpH
MOBEPXOHB KiNlelb. bysu oliHeHi nepiofn cepeaHix 3HaueHb HEraTHBHUX, HYJbOBUX 1 TO3UTUBHUX JIAIjIaciaHiB
TI0 CTOBIISX 1 psinkax Qororpadiii. AHasi3 nepioniB 34iHCHIOBABCS TI0 BUXI/THIH ITOBEPXHI 1 30HI TEPTS, a TAKOXK
1o 3arajbHill (oTorpadii 000X BapiaHTIB Kijielb. Pe3yabTaT OI[IHKM OKpEMUX 30H BHSBUB ICTOTHY PI3HHUIIIO MiX
TIOBEPXHSMH KU 3 0araTonrapoBUM 10HHO-IIa3MOBHM TMOKPUTTSM, SIK 32 CTOBIISIMH, Tak 1 MO psiIkax, IO
TIOB'SI3aHO 31 3HOCOM €(EKTUBHOTO IIapy MOKPHUTTS 1 MiATBEPIUKYETHCS 3HW)KEHHSM HaHoTBepaocTi. OmiHka
saranbHOi  (ororpadii BusBmwia pisHuiro 30%, OO0 BIiANOBIZa€ 3MIIHCHOMY ITOPIIHEBOMY  KUIBITIO
HAHOMOKPHUTTSM TIPH OJIHAKOBOMY XapakTepi ()OpMyBaHHS 30H CTUCHEHHS 1 PO3TATYBaHHS, IO BiJoOpakae
JIOCUTh BUCOKHH OMip IUTACTHYHIN e opMaliii i 3HOIIYBaHHIO.

Karou4ogi ciioBa: GaraTomapoBe HAaHOIIOKPHUTTSI, MMOPIIHEBI KiJIbIIsA, TEPTS 1 3HOUIYBaHHS, HAHOTBEPAICTb,
OITHKO-MaTeMaTHYHUH aHalli3, CTPyKTYpOYTBOPEHH:I, TUIaCTUYHA Jedopmartis.



