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A method and application parameters for hardening of oil-scraper piston
rings by multilayer ion-plasma TiN/CrN nanocoating are proposed. An
increase in the microhardness of piston rings by 143 times relative to se-
rial rings is shown. An increase in the wear resistance of piston rings by
12 and 15.7 times is achieved at sliding speeds of 1 and 1.3 m/s, respec-
tively. The chemical-composition study of friction surface of the rings
with hardening is carried out. Structurization of the adjacent surface of
both variants of rings due to cyclic effects during friction is revealed. A
method for estimating diffusion of the Fe rings towards the strengthening
multilayer coating is proposed.

3ampoIoHOBAHO METOJ i mapaMeTpHW 3MillHEHHS MAaCTUJIO3HIMHUX IIOPIIHEe-
BUX Kijelnp GaraTorrapoBuM HOHHO-mIasMoBuM HaHOTMOKpuTTAM TiN/CrN.
IToxkasamo 30inbIlIeHHS MiKpPOTBEPJOCTH IIOPIIHEBUX Kijmenpb y 143 pasu B
MOPiBHAHHI 3 cepifiHUMU KinblgMu. JocArHyTo 30iJBbIITeHHA 3HOCOCTiMKOC-
TH TOPIITHeBUX Kijmens y 12 i 15,7 pasu mpu IMIBUAKOCTAX KOB3aHHA B 1 i
1,3 m/c BigmoBimuo. IIpoBemeHO AOCITimKeHHS XeMiUHOTO CKJIAAy MOBEPXHi
TepTa Kisenp i3 3sMinmHeHHAM. BuABJIEeHO CTPYKTYypU3allilo IPUJIETJIOol IOBe-
pxHi 000X BapisgHTIB Kijlemp Ipu IUKJJIIYHOMY BILJIHBiI Ipoliecy TepTda. 3a-
IPOIOHOBaHO MeTo[ oilinku audysii Fe kimens y 0ik smimHIOBaJIbHOTO 6a-
raToIIapoBOro MOKPUTTH.
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IIpeniio:keHBI METOA U IApaMEeTPhl YIIPOUHEHUSA MACJIOCHEMHBIX ITOPIITHEBBIX
KOJIel, MHOTOCJIOMHBIM MOHHO-IJIadMeHHBIM HaHomoKpweiTeM TiN/CrN. Ilo-
KasaHO yBeJIWYeHWE MWKDPOTBEDPAOCTH MOPINHEBHIX KoJjen B 143 pasa mo
CPaBHEHUIO C CEPUUHBIMU KOJbIlaMu. [[OCTUTHYTO yBeJIWUYeHTE M3HOCOCTOI-
KOCTH IOPIITHEBBIX KoJell B 12 u 15,7 pasa Ipu CKOPOCTAX CKOJb:KeHud B 1
u 1,3 m/c coorBercTBeHHO. IIpoBeeHO HccaenoBaHe XMUMUYECKOTO COCTAaBa
TIOBEPXHOCTH TPEHUS KoJell ¢ yinpouHeHueM. OO0HapyKeHa CTPYKTYpPU3aAIUA
IIpUJIETaoIiell MIOBEPXHOCTH O0OMX BApPMAHTOB KOJEI[ IPU IMKJINUYECKOM
BO3JelicTBUM Iporecca TpeHusa. lIpennosxen meton omeHku auddysuu Fe
KOJIeI] B CTOPOHY YHPOYHAOIIEr0 MHOTOCJIOMHOI'0 TOKPHITHS.

Key words: piston rings, ion-plasma multilayer nanocoating, wear, micro-
hardness, X-ray microanalysis, diffusion.
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1. INTRODUCTION

In operating conditions that differ in the type of engines, the pa-
rameters of the actual loads, both different sizes of piston rings
and the material for their manufacture are used. The main parame-
ters varying under their operating conditions are the speed of slid-
ing and pressure on their working surface. These processes deter-
mine their physicochemical and structural changes that characterize
wear. A detailed analysis of changes in operating parameters under
specific conditions can only be carried out based on the information
obtained about their influence and the choice of the most effective
method of hardening and the use of parts.

This study presents the results that analyse the effect of differ-
ent sliding speeds from 0.7 up to 1.6 m/s on the wear of hardened
piston rings with an ion-plasma coating. Of particular interest are
sliding speeds of 1.0 and 1.3 m/s, which are accompanied by both
the same ratio of components during the test and a sharp drop in
the proportion of the coating with a different friction path.

The results of previous studies conducted by the authors to de-
termine the degree and nature of wear of serial oil-scraper piston
rings of the diesel generator (engine) D100 confirmed their low
wear resistance [1].

To solve the problem of increasing their operational durability,
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the working surfaces of such grey cast iron rings were hardened
using TiN/CrN multilayer ion-plasma nanocoating and individual
wear resistance was evaluated under different friction conditions
[2, 3]. So, in each case, a multiple decrease in wear of the hardened
rings relatively to serial ones was revealed. However, when taking
into account different operating modes of the engine (acceleration
and braking) and, consequently, different moving speeds of the pis-
ton group, a consistent comparative assessment of the physical and
mechanical properties at different sliding speeds of such rings is of
great interest, since it does not appear to predict their changes in
operation possible.

Purpose of the work is determination of the wear rate at differ-
ent sliding speeds of the oil-scraper piston rings of the diesel engine
D100, hardened by multilayer ion-plasma nanocoating TiN/CrN and
evaluation of diffusion processes developing during the life cycle of
their operation.

2. OBJECT, MATERIALS AND RESEARCH METHODS

An object of the research is the process of wear of the oil-scraper
piston rings of the engine D100 before and after their hardening.
The cross section of the ring with a working surface of 0.2 mm
high, that Figs. 1 shows, was analysed. The working surface is de-
signed to remove the oil from the walls of the cylinder into the en-
gine crankcase, which prevents it from entering the combustion
chamber.

To assess the degree of the wear resistance increase of the rings,
a multilayer ion-plasma coating of the TiN/CrN system was applied
on Bulat-type equipment. The deposition of the coating was carried
out at an arc current I =100 A with a substrate bias voltage of
U =-200 V. Alternately, 6 layers of CrN and 5-TiN were applied,
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Figs. 1. A sketch of the cross section of the oil-scraper piston ring of D100
diesel engine.
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pre-spraying a sublayer of pure Cr of 50 nm thickness. The thick-
ness of the 1% layer of TiN is 49 nm, and the CrN is 240 nm. The
CrN/TiN ratio was 5.8. The total thickness of the multilayer coat-
ing reached 1.7 um (taking into account the chromium sublayer).

According to serial manufacturing technology, these products are
subjected to galvanic tinning to reduce the period of their burn-in
due to the formation of a tin layer on the working surface of the
ring. The tin coating has a non-uniform grain structure consisting
of individual fragments and ironed areas. Serial rings were tested
along with the TiN/CrN ion-plasma coating hardened ones for com-
parative evaluation of their tendency to wear.

To determine the nature and rate of wear of such rings, bench
tests were performed on a specialized machine under conditions of
sliding friction during reciprocating motion. In the machine was
installed one sample taken from the cylinder liner and two ones
from the piston rings of the compared variants. The moving part
was a sample cylinder liner. Samples of cylinder liners are made of

V, m/s
100 mm

Figs. 2. A scheme of bench tests samples of oil-scraper piston rings. 1—
sample cylinder liner; 2—drip feed oil pipe; 3—samples of oil-scraper pis-
ton rings; 4—cargo; 5—sample holder.
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Figs. 3. Wear samples of the cylinder liners at a speed of 1.3 m/s: 1—wear
of the cylinder liners that worked with the hardened rings; 2—wear of the
cylinder liners that worked with the serial ones.
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grey cast iron and subjected to phosphatization (serial technology).

The constant moving speed of the moving samples for each vari-
ant was 1 and 1.3 m/s. The value of the specific pressure on the
working surface of the ring was 0.8 MPa. This allowed obtaining a
modelling process of wear for a shorter test period. The scheme of
bench tests samples is presented in Figs. 2.

The length of the stroke of the cylinder liner sample was 100 mm
(Figs. 2). The feed of SAE 40 oil in the friction zone was 1-2 drops
per minute. The total test time was 100 hours, of which the first
stage was 3 hours, the second stage of the main tests was 25 hours,
and the third stage of the main tests was 72 hours. The total length
of the traversed friction path for specimens tested at a speed of 1
m/s was of 360 km, and at 1.3 m, it was of 468 km. Between the
stages of testing, the level of weight wear, the change in micro-
hardness, and the height of the working surface of the rings were
recorded. After testing, the working surface of the rings samples
was evaluated by X-ray microanalysis to determine changes in the
chemical elements of the ion-plasma coating.

3. RESEARCH RESULTS

For all stages of testing, the total weight wear of cylinder liners (I)
installed in a pair with the hardened rings is 6% lower at a speed of
1.3 m/s (Figs. 3), compared with the serial ones. At the same speed,
during the first stage of the test, the wear of the cylinder liner,
which worked in a pair with the hardened rings, is 3 times higher
than the serial ones. This is explained by the presence of tin coating
on serial products, intended for accelerated run-in of tribopairs. At
the second stage of testing, a higher wear (3 times) is observed for
the cylinder liner, which worked in tandem with the serial rings,
relatively the hardened ones by the coating. At the third stage of
testing, the weight wear of the cylinder liner, which worked with
the hardened rings, is by 13% lower than the serial ones. It should
be noted that the total wear rate of the cylinder liners, assessed by
weight loss, paired with the hardened piston rings is also by 6%
lower. Considering the high microhardness of rings with the ion-
plasma coating, the processes of local transfer of material from the
cylinder liner surface were recorded, which caused increased wear
at the initial stage of testing (Figs. 3).

Another picture is observed at a sliding speed of 1 m/s. The total
weight wear of the cylinder liners (I) tested with the hardened rings
is by 42% higher than serial ones (Figs. 4). It follows that in-
creased wear is characteristic of the cylinder liner that worked in a
pair with the hardened rings, which also falls on the period of run-
in. In this case, the weight wear is 3 times higher, compared with
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Figs. 4. Wear samples of the cylinder liners at a speed of 1 m/s: 1—wear
of the cylinder liners that worked with the hardened rings; 2—wear of the
cylinder liners that worked with the serial ones.

the cylinder liner, tested with the serial rings. This is explained by
the presence of tin coating on the serial products, intended for ac-
celerated run-in of tribopairs. However, at the second stage of test-
ing, at the same speed, the weight wear of the cylinder liner, which
worked in a pair with hardened rings, decreases by 43% compared
to the serial ones, and at the third stage, it decreases by 29%. At
the same time, the wear rate of cylinder liners, estimated by weight
loss, worked in a pair with hardened piston rings is by 42% lower.

A slight gain of the hardened rings of 1000 ug at the 2" and 3™
stages (Figs. 5) is also associated with the local adhesion of individ-
ual zones of the friction surfaces. Evaluation results are character-
istic of higher wear rates of the serial rings. Such process of hard-
ening by the ion-plasma coating at a higher speed of testing showed
that wear decreases by 12 times.

The increase of the samples weight of both variants of the rings
at the last stage of testing (Figs. 6) at a sliding speed of 1 m/s is
also associated with the local adhesion of individual zones of the
friction surfaces. The test results indicate about a high rate of the
serial rings wear, and with an ion-plasma coating ones, they show
that it decreases by 15.7 times.

Table 1 shows the increase of the working surfaces height of the
serial and hardened rings after testing at a sliding speed of 1.3
m/s, and Table 2 shows the same indicator of the rings at a sliding
speed of 1 m/s respectively. The height of the working surfaces of
the serial rings after testing increased on average by 0.04 mm, and
the height of the hardened rings increased by 0.01 mm. The ob-
served is the result of the process development of plastic defor-
mation of the rings working surfaces, especially in the absence of
hardening. The wear rate by changing the height of the ring work-
ing surfaces shows that, for hardened ones, it is lower by = 4 times
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Figs. 5. Degree of the oil-scraper piston rings wear at a sliding speed of
1.3 m/s: 1—wear of the hardened rings; 2—wear of the serial ones.
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Figs. 6. Degree of the oil-scraper piston rings wear at a sliding speed of 1
m/s: 1—wear of the hardened rings; 2—wear of the serial ones.

at both friction speeds.

The tin coating ensures the stability of indicators only during the
period of running-in, and after the 2" stage of testing, the differ-
ence in the degree of hardening is recorded (Figs. 7, a, b). This
trend is characteristic of both sliding speeds. The average initial
microhardness of the rings samples with TiN/CrN coating is 148
times higher than the serial ones before testing. The microhardness
of the hardened rings after the 2" stage of testing increases by 3
times, after the 3™—by 2 times relatively to the serial ones at a
speed of 1.3 m/s. The microhardness of the hardened rings after
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TABLE 1. Increasing the height of the working surfaces of the rings at a
sliding speed of 1.3 m/s.

Variant of piston rings Height
of the rings working surfaces, mm
) ) . sample No. 1 0.01
th the TiN/CrN t
W e TIN/CrN coating sample No. 2 0.01
le No. 3 0.04
the serial of piston rings EZEEIZ NZ. 4 0.04

TABLE 2. Increasing the height of the working surfaces of the rings at a
sliding speed of 1 m/s.

Variant of piston rings Height
of the rings working surfaces, mm
i ; .. sample No. 1 0.01
th the TiN/CrN t
™ ¢ TIN/CrN coating sample No. 2 0.02
le No. 0.05
the serial of piston rings sample No. 3
sample No. 4 0.07

the 2™ stage of testing at a speed of 1 m/s is higher by 3.6 times,
after the 3™ —by 17% relatively to the serial ones.

The microhardness of the rings samples with the ion-plasma coat-
ing after the 2" stage of testing decreases by 3.7 times when two
speeds are combined, and after the 3"—by 6 times at 1.3 m/s and
11 times at 1 m/s, respectively, relative to the initial value of the
traditional variant. The average microhardness of serial rings in-
creases by 11 times from the initial indicator of the second stage of
testing, and does not significantly change in the third (Figs. 7, a,
b).

The results of local X-ray microanalysis of friction working sur-
faces of the serial rings and TiN/CrN hardened by multilayer nano-
coating ones and tested at a speed of 1.3 m/s are presented in Table
3 and 4, and at a speed of 1 m/s, in Table 5 and 6, respectively. The
initial (before the tests) chemical composition and after the tests of
the serial ring surface at a speed of 1.8 m/s are shown in Table 3
(spectrum 1 and 2, respectively), and after testing at a speed of 1
m/s—in Table 5 (spectrum 2). Figure 8 shows the zones of deter-
mining the chemical composition of the initial surface (spectrum 1)
and the friction zone (spectrum 2) of the serial ring at a speed of
1.3 m/s, and similarly, Figs. 9 (spectrum 1 and 2)—of the hardened
ring tested at increased sliding speed. Figure 10 shows the zones
for determining the chemical composition of the initial surface
(spectrum 1) and the friction zone (spectrum 2) of the serial ring at
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Figs. 7. Microhardness of the rings hardened by ion-plasma coating (1, 2)
and the serial ones (3, 4): a—after the testing at a sliding speed of 1.3
m/s; b—at a sliding speed of 1 m/s.

a speed of 1 m/s, and Figs. 11 shows the similar zones (spectrum 1
and 2) for the hardened ones at the same speed. The depth of the
analysed zone was 2 um.

It should be noted that tin in the samples of serial rings, due to
their complete wear, was not found on either of the working surfac-
es in both test speeds. This is also confirmed by the increase in mi-
crohardness after the 2"! and 3™ stages of testing to the level of the
base metal (grey iron).

At the same time, the effect of plastic deformation of the area
was revealed, which is expressed in violation of the integrity of the
tin coating of the surface adjacent to the friction one (Figs. 8 and
10). This is due to the Saint-Venant’s effect [4] accompanied by the
localization of the stress—strain state of nearby material, as a result
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TABLE 3. Chemical composition of the initial (spectrum 1) surface and
friction zone (spectrum 2) of the serial piston ring tested at a speed of 1.3
m/s.

Analysis zone‘ C ‘ (0] ‘ Al ‘ Si ‘ Mn ‘ Fe ‘ Sn
spectrum 1 1.09 — 0.29 0.29 — 1.14 97.21
spectrum 2  2.69 — 0.23 1.86 1.25 94.20 —

TABLE 4. Chemical composition of the initial (spectrum 1) surface and
friction zone (spectrum 2) of the ring coated by TiN/CrN tested at a speed
of 1.3 m/s.

Analysiszone| C [0 | Al | 8i | P [Ca | Ti | Cr |Mn| Fe
spectrum 1 0.8 0.13 — 0.16 — — 14.5 83.77 0.63
spectrum 2 3.59 — 0.55 1.77 0.59 0.20 0.80 2.20 1.28 89.03

TABLE 5. Chemical composition of the friction surface (spectrum 2) of the
serial piston ring tested at a speed of 1 m/s.

Analysiszone | C | 0 |Al| Si | P |[cal cr [Mn | Fe | sn
spectrum 1 1.09 — 029029 — — — — 1.14 97.21
spectrum 2 2.23 — 0.23 1.65 0.52 — 0.42 1.66 93.28 —

TABLE 6. Chemical composition of the friction surface of the ring with a
TiN/CrN coating tested at a sliding speed of 1 m/s.

Analysis zone‘ C ‘ (0] ‘ Al ‘ Si ‘ P ‘ Ca ‘ Ti ‘ Cr ‘ Mn ‘ Fe
spectrum 1 0.8 0.13 — 0.16 — — 14.5 83.77 0.63
spectrum 2 4.41 0.91 0.60 1.25 — 0.77 10.7639.08 — 42.22

of which external loads are applied to the area of the working sur-
face. The change in the macrorelief in the area of contact of the in-
clined surface to the working one corresponds to a value close to the
size of 2 (0.45-0.5 mm.

The friction surface is characterized by the formation of longitu-
dinal bands on the working surfaces of all analysed variants of the
rings. They are formed due to friction in the direction of their
movement during operation. The appearance of friction and graph-
ite mesh on the working surface of the serial rings is also observed,
which are presented in the form of individual, chaotically located
and oriented black plate inclusions (Figs. 8 and 10, spectrum 2),
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Figs. 8. A zone of determining the chemical composition of the initial sur-
face (spectrum 1) and the friction zone (spectrum 2) of the serial ring test-
ed at a speed of 1.3 m/s (Table 3).

! 900 mxm 1 GneKTpOHHOE Ka06paKeHHe 1

Figs. 9. An area of local chemical analysis of the initial surface (spectrum
1) and the friction surface (spectrum 2) of the ring with the TiN/CrN
coating after testing at a sliding speed of 1.3 m/s (Table 4).

which corresponds to the original metal.

The analysis results of the initial surface of the samples tested at
a speed of 1.3 m/s of oil-scraper piston rings with the TiN/CrN
multilayer ion-plasma coating showed that the initial ratio of the
components of Cr/Ti coating was 5.77. The proportion of compo-
nents in the coating (in terms of the ratio of Ti and Cr) after test-
ing was 3% in total and the proportion of the base (C, O, Si, Mn,
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Figs. 10. A zone of determining the chemical composition of the initial
surface (spectrum 1) and the friction zone (spectrum 2) of the serial ring
tested at a sliding speed of 1 m/s (Table 5).

E 300 MKkm 1 3nexTponHoe H3oBpakeHue 1

Figs. 11. Local chemical analysis zones of the initial (spectrum 1) and
working surface (spectrum 2) of the ring with the TiN/CrN coating after
testing at a sliding speed of 1 m/s (Table 6).

Fe) increased up to 95.67% that indicates about significant wear of
the deposited coating at this speed of friction. At the same time,
the Cr/Ti ratio decreased from 5.77 to 2.75, where the proportion
of Cr after the tests decreased by 38 times, and the proportion of Ti
decreased by 18 times.



STRUCTURE AND PROPERTIES OF PISTON RINGS WITH NANOHARDENING 673

According to the previously proposed calculation method [5], the
residual thickness of the TiN/CrN coating after testing is 50 nm.
After the test, Al (0.55%), P (0.59%) and Ca (0.2%) were found on
the working surface. Perhaps the appearance of phosphorus is due
to its partial transfer from the surface of the counterbody (phos-
phated sample of the cylinder liner) during testing, and the appear-
ance of Al and Ca on the surface is possible due to friction under
lubrication conditions, which, in turn, can be the result of local ad-
hesion (characterized by weight gain of the ring samples at the 2
and 3™ stages of testing).

Total proportion of the coating of the ring tested at 1 m/s is
49.84% , and that of the base is 48.77%. The ratio of Cr/Ti de-
creased to 3.63 compared with the original one. The proportion of
Ti decreased by only 1.35 times, and Cr by 2.14 times in relation to
the initial composition of the coating. The residual thickness of the
coating was 850 nm. At the same time, there is a partial transfer of
phosphorus (Table 5, P=0.52%) to the surface of the serial ring
from its counterbody. The observed is due to the weight gain of this
sample after the tests (Figs. 6).

At the same time, the fact of a pronounced structuring of the tin
coating in the inclined surface of the serial ring adjacent to the
friction zone with a length of = 0.45-0.5 mm was revealed (Figs. 8
and 10, spectrum 1). It also indicates the degradation of the base
metal and its low resistance to cyclic exploitation. In this case, in
rings with the ion-plasma coating, a similar structuring of an in-
clined surface is not observed (Figs. 9 and 11, spectrum 1), which is
explained by the high degree of the coating resistance to the devel-
opment and propagation of deformations caused by cyclic friction.

The characteristic longitudinal stripes on the working surface of
both variants of the rings are formed due to friction in the direc-
tion of movement of the ring during operation. The formation of a
graphite grid in the working surface of the serial rings is also ob-
served, which are also presented in the form of individual, random-
ly arranged and oriented elongated and black inclusions (Figs. 8 and
10, spectrum 2) that corresponds to the structure of the original
metal.

To predict diffusion processes and wear by changing the propor-
tion of coating during friction, a method [6] was proposed, which
consists in estimating changes in the local chemical composition in
the friction zone taking into account the initial surface of the pis-
ton rings in depth taking into account the coating area, the transi-
tional layer and the layer formed after operation, that is a general
change in the content of components in the coating-base system.

As shown in Table 7, the initial ratio of the base element of cast
iron (Fe) to the elements of the ion-plasma coating of the piston
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TABLE 7. The ratio of the components of the substrate to the coating at
different sliding speeds.

Sliding |Concentration Sioftl?,i ifctj;e Ratio Characteristic of
speed, m/s of Fe, % g o > |(Fe)/(Ti,Cr) transition zone
(0]
Initial state 0,63 98,27 0,006 No d1ffus1f)n, high wear
of the system resistance

Low diffusion of Fe and

0,7 23,4 73,6 0,32 . .

high wear resistance

Moderate diffusion of

1,0 42,22 49,84 0,85 Fe and high wear re-
sistance

Diffusion of Fe and

1,3 89,03 3,0 29,7 coating wear increase
sharply

1.6 94,2 absent initial state Wear of the coating,

of the metal low wear resistance

ring (Ti,Cr) is 0.006. Operation at a speed of 0.7 m/s intensifies the
processes of diffusion and destruction of the coating on graphite
inclusions and the ratio is 0.32 (increases 53 times). After operation
at a speed of 1 m/s, the ratio increases by 142 times to 0.85 rela-
tive to the initial state with the coating, which indicates about sig-
nificant increase of the Fe diffusion into the coating due to friction
already with increasing speed. At a speed of 1.3 m/s, the total Fe
content is increased by 4950 times, to 29.7 from the original. At a
sliding speed of 1.6 m/s, as a result of friction, the ion-plasma coat-
ing completely wears out on the ring surface. At the same time, for
a speed of 0.7 m/s, an initial (relatively low) Fe content in the coat-
ing can be observed, which characterizes a high level of wear re-
sistance and a slight diffusion of iron from the substrate.

The results of the change in the concentration of iron and the
components of the coating at different sliding speeds are shown in
Figs. 12. As can be seen from the graph, a change in one of the
most important parameters of operation (sliding speed) affects the
intensification of the coating wear process and local diffusion of
iron toward the surface. This is especially noticeable at sliding
speeds of 1.3 and 1.6 m/s (Figs. 12).

Based on the results of an X-ray microanalysis, the scanning
probe of which forms a spherical zone when evaluating the chemical
composition of the ring friction surface with a penetration radius of
2 pm, a simultaneous assessment was made of the wear amount of
the coating and diffusion of the piston rings main element of Fe as
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Figs. 12. Dependence of changes in the concentration of the components of
the coating and the base at different sliding speeds: 1—the basic compo-
nents of the ion-plasma coating (Ti+ Cr); 2—the basic component of the
serial ring (Fe).
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Figs. 13. Scheme of changes in the concentration of the base (Sg,) and
coating (S cn): I—initial coating analysis zone (S ¢y = 5.9 um?, Sy, =0.4
um?®); 2—analysis zone at a speed of 0.7 m/s (S cy=5.3 um?, Sy, =1.0

(Fe)
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um?®); 3—analysis zone at a speed of 1 m/s (Suc,=3.8 um?, Sg,=2.5
um?®); 4—analysis zone at a speed of 1.3 m/s (S cy=0.2 um?, Sy, =6.1
nm?®); 5—analysis zone at a speed of 1.6 m/s (S cy=0.0 pm?, Sy, =6.3

pm?).

a result of operation. For this purpose, at each sliding speed, the
cross-sectional area of the residual coating was calculated from the
content of Ti, Cr, and Fe (Figs. 13), using the previously developed
method for such coatings [5]. After that, the difference in the
changes of the chemical composition before and after the test of the
coating and the base separately (%) were related to their area. The
difference in the chemical composition and area in the hardened
ring corresponds to an estimate of the local wear value, and the
same difference corresponds to an increase in the base fraction—the
level of diffusion of Fe. Table 8 presents the calculation results,
and Figs. 13 presents their influence.

Studies have shown that the wear resistance of such a coating


https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwj07pu8h8HhAhUFp4sKHWUyDREQFjABegQIAxAB&url=https%3A%2F%2Ftranslate.academic.ru%2F%25D0%25BC%25D0%25B8%25D0%25BA%25D1%2580%25D0%25BE%25D0%25BC%25D0%25B5%25D1%2582%25D1%2580%2520%25D0%25BC%25D0%25BA%25D0%25BC%2520%25C2%25B5m%2Fru%2Fen%2F&usg=AOvVaw23_kryeCiUCt_tS85mtNze
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwj07pu8h8HhAhUFp4sKHWUyDREQFjABegQIAxAB&url=https%3A%2F%2Ftranslate.academic.ru%2F%25D0%25BC%25D0%25B8%25D0%25BA%25D1%2580%25D0%25BE%25D0%25BC%25D0%25B5%25D1%2582%25D1%2580%2520%25D0%25BC%25D0%25BA%25D0%25BC%2520%25C2%25B5m%2Fru%2Fen%2F&usg=AOvVaw23_kryeCiUCt_tS85mtNze
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwj07pu8h8HhAhUFp4sKHWUyDREQFjABegQIAxAB&url=https%3A%2F%2Ftranslate.academic.ru%2F%25D0%25BC%25D0%25B8%25D0%25BA%25D1%2580%25D0%25BE%25D0%25BC%25D0%25B5%25D1%2582%25D1%2580%2520%25D0%25BC%25D0%25BA%25D0%25BC%2520%25C2%25B5m%2Fru%2Fen%2F&usg=AOvVaw23_kryeCiUCt_tS85mtNze
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwj07pu8h8HhAhUFp4sKHWUyDREQFjABegQIAxAB&url=https%3A%2F%2Ftranslate.academic.ru%2F%25D0%25BC%25D0%25B8%25D0%25BA%25D1%2580%25D0%25BE%25D0%25BC%25D0%25B5%25D1%2582%25D1%2580%2520%25D0%25BC%25D0%25BA%25D0%25BC%2520%25C2%25B5m%2Fru%2Fen%2F&usg=AOvVaw23_kryeCiUCt_tS85mtNze
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwj07pu8h8HhAhUFp4sKHWUyDREQFjABegQIAxAB&url=https%3A%2F%2Ftranslate.academic.ru%2F%25D0%25BC%25D0%25B8%25D0%25BA%25D1%2580%25D0%25BE%25D0%25BC%25D0%25B5%25D1%2582%25D1%2580%2520%25D0%25BC%25D0%25BA%25D0%25BC%2520%25C2%25B5m%2Fru%2Fen%2F&usg=AOvVaw23_kryeCiUCt_tS85mtNze
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwj07pu8h8HhAhUFp4sKHWUyDREQFjABegQIAxAB&url=https%3A%2F%2Ftranslate.academic.ru%2F%25D0%25BC%25D0%25B8%25D0%25BA%25D1%2580%25D0%25BE%25D0%25BC%25D0%25B5%25D1%2582%25D1%2580%2520%25D0%25BC%25D0%25BA%25D0%25BC%2520%25C2%25B5m%2Fru%2Fen%2F&usg=AOvVaw23_kryeCiUCt_tS85mtNze
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwj07pu8h8HhAhUFp4sKHWUyDREQFjABegQIAxAB&url=https%3A%2F%2Ftranslate.academic.ru%2F%25D0%25BC%25D0%25B8%25D0%25BA%25D1%2580%25D0%25BE%25D0%25BC%25D0%25B5%25D1%2582%25D1%2580%2520%25D0%25BC%25D0%25BA%25D0%25BC%2520%25C2%25B5m%2Fru%2Fen%2F&usg=AOvVaw23_kryeCiUCt_tS85mtNze
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwj07pu8h8HhAhUFp4sKHWUyDREQFjABegQIAxAB&url=https%3A%2F%2Ftranslate.academic.ru%2F%25D0%25BC%25D0%25B8%25D0%25BA%25D1%2580%25D0%25BE%25D0%25BC%25D0%25B5%25D1%2582%25D1%2580%2520%25D0%25BC%25D0%25BA%25D0%25BC%2520%25C2%25B5m%2Fru%2Fen%2F&usg=AOvVaw23_kryeCiUCt_tS85mtNze
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwj07pu8h8HhAhUFp4sKHWUyDREQFjABegQIAxAB&url=https%3A%2F%2Ftranslate.academic.ru%2F%25D0%25BC%25D0%25B8%25D0%25BA%25D1%2580%25D0%25BE%25D0%25BC%25D0%25B5%25D1%2582%25D1%2580%2520%25D0%25BC%25D0%25BA%25D0%25BC%2520%25C2%25B5m%2Fru%2Fen%2F&usg=AOvVaw23_kryeCiUCt_tS85mtNze
https://www.google.com.ua/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=2ahUKEwj07pu8h8HhAhUFp4sKHWUyDREQFjABegQIAxAB&url=https%3A%2F%2Ftranslate.academic.ru%2F%25D0%25BC%25D0%25B8%25D0%25BA%25D1%2580%25D0%25BE%25D0%25BC%25D0%25B5%25D1%2582%25D1%2580%2520%25D0%25BC%25D0%25BA%25D0%25BC%2520%25C2%25B5m%2Fru%2Fen%2F&usg=AOvVaw23_kryeCiUCt_tS85mtNze

676 T. S. SKOBLO, O. I. SIDASHENKO, I. E. GARKUSHA et al.

TABLE 8. The ratio of the percentage change in the elements of the coat-
ing and the basics of the rings.

Ratio Ratio
[(T3,Cr)yex — (T1,Cr), | | [(Fe)yex — (Fe),,

Residual coating| Base area

’ ’

Sliding
speed, m/s

area S + or)» um? S(reys pum? |S(Ti,0r)MCX _S(Ti,Cr)Tp |S(Fe)MCX _S(Fe)w
%/umz Y% /pmz
2
o &
= o
=¥ % 5.9 0.4 16.7 1.6
- Y= D
2o uw
=
0.7 5.3 1.0 41.1 38
1.0 3.8 2.5 23 19.8
1.3 0.2 6.1 16.7 15.5
1.6 0.0 6.3 16.7 16

substantially depends on nanolayers with titanium nitrides, which
are differed by higher hardness. Increasing their thickness to fur-
ther increase wear resistance in other conditions may not be effec-
tive due to the propensity for damage under operating conditions.
Probably, if necessary, this problem can be solved by increasing the
number of nanolayers TiN and reducing the thickness of CrN.

4. CONCLUSIONS

The technology of hardening of piston rings by multilayer ion-
plasma coating TiN/CrN is proposed. The coating was deposited
with an arc current I,=100 A and the substrate bias voltage
U,.=-200 V. Alternately, 6 layers of CrN and 5 layers of TiN were
applied, after spraying with a pure Cr sublayer =50 nm of thick-
ness. The thickness of the TiN layer is 49 nm, and the CrN layer is
240 nm. The CrN/TiN ratio was 5.8. The total thickness of the mul-
tilayer coating is 1.7 um.

Estimated wear characteristics of the oil-scraper piston rings at
different sliding speeds (0.7-1.6 m/s). As established, the wear oc-
curs both in weight and in increase of the height of the working
surface. The test results of the rings during hardening with a mul-
tilayer ion-plasma coating showed that the weight wear rate de-
creases by 12 times at a sliding speed of 1.3 m/s and by 15.7 times
at a speed of 1 m/s, which correspond to different values of friction
path. The height of the working surface in such rings is kept more
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stable to the original size with respect to the serial.

The evaluation of the local chemical composition of the friction
surface of the piston rings with TiN/CrN coating was carried out in
tests with a sliding speed of 1.3 m/s, equal to 468 km of the trav-
ersed friction path. At the same time, the chromium after tests de-
creased by 38 times, and the titanium—by 18. Tests at a sliding
speed of 1 m/s are characterized by a decrease of the titanium by
only 1.35 times, and the chromium by 2.14 relative to the original
composition.

The fact of structurization of an inclined surface adjacent to the
working surface of the serial piston ring is revealed by an amount
close to the height of the working surface (= 0.45-0.5 mm). This is
especially true for piston rings without a special multilayer coating,
which can lead to degradation of the structure in this zone and the
onset of damage.

Based on the obtained results about the effect of operating pa-
rameters and the features of structure formation in the process of
friction, it is recommended to use multilayer coatings, which differ
by levels of hardness and their ratio that determines the perfor-
mance and reliability of the product.
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