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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. 

Запропоновано метод і параметри зміцнення мастилознімних поршне-
вих кілець багатошаровим йонно-плазмовим нанопокриттям TiN/CrN. 
Показано збільшення мікротвердости поршневих кілець у 143 рази в 
порівнянні з серійними кільцями. Досягнуто збільшення зносостійкос-
ти поршневих кілець у 12 і 15,7 рази при швидкостях ковзання в 1 і 
1,3 м/с відповідно. Проведено дослідження хемічного складу поверхні 
тертя кілець із зміцненням. Виявлено структуризацію прилеглої пове-
рхні обох варіянтів кілець при циклічному впливі процесу тертя. За-
пропоновано метод оцінки дифузії Fe кілець у бік зміцнювального ба-

гатошарового покриття. 
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Предложены метод и параметры упрочнения маслосъёмных поршневых 
колец многослойным ионно-плазменным нанопокрытием TiN/CrN. По-
казано увеличение микротвёрдости поршневых колец в 143 раза по 
сравнению с серийными кольцами. Достигнуто увеличение износостой-
кости поршневых колец в 12 и 15,7 раза при скоростях скольжения в 1 
и 1,3 м/с соответственно. Проведено исследование химического состава 
поверхности трения колец с упрочнением. Обнаружена структуризация 
прилегающей поверхности обоих вариантов колец при циклическом 
воздействии процесса трения. Предложен метод оценки диффузии Fe 
колец в сторону упрочняющего многослойного покрытия. 

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, 

 

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 1st 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 m (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 

 

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. 

 

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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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 g at the 2nd and 3rd 
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 

 

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. 
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at both friction speeds. 
 The tin coating ensures the stability of indicators only during the 
period of running-in, and after the 2nd 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 2nd stage of testing increases by 3 
times, after the 3rd—by 2 times relatively to the serial ones at a 
speed of 1.3 m/s. The microhardness of the hardened rings after 

 

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. 

 

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. 
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the 2nd stage of testing at a speed of 1 m/s is higher by 3.6 times, 
after the 3rd—by 17% relatively to the serial ones. 
 The microhardness of the rings samples with the ion-plasma coat-
ing after the 2nd stage of testing decreases by 3.7 times when two 
speeds are combined, and after the 3rd—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 1.3 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 

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 

with the TiN/CrN coating 
sample No. 1 0.01 

sample No. 2 0.01 

the serial of piston rings 
sample No. 3 0.04 

sample No. 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 

with the TiN/CrN coating  
sample No. 1 0.01 

sample No. 2 0.02 

the serial of piston rings 
sample No. 3 0.05 

sample No. 4 0.07 
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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 m. 
 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 2nd and 3rd 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 

 
a 

 
b 

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. 
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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 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), 

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 С О 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. 

Analysis zone С О Al Si 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. 

Analysis zone С О Al Si P Ca Cr Mn Fe Sn 

spectrum 1 1.09 — 0.29 0.29 — — — — 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 С О 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 10.76 39.08 — 42.22 
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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, 

 

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). 

 

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). 
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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. 

 

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). 

 

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). 
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 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 2nd 
and 3rd 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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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 m, a simultaneous assessment was made of the wear amount of 
the coating and diffusion of the piston rings main element of Fe as 

TABLE 7. The ratio of the components of the substrate to the coating at 
different sliding speeds. 

Sliding 

speed, m/s 

Concentration 

of Fe, % 

Coating of the 

ring (TiCr), 

% 

Ratio 

(Fe)/(Ti,Cr) 

Characteristic of 

transition zone 

Initial state 

of the system 
0,63 98,27 0,006 

No diffusion, high wear 

resistance 

0,7 23,4 73,6 0,32 
Low diffusion of Fe and 

high wear resistance 

1,0 42,22 49,84 0,85 

Moderate diffusion of 

Fe and high wear re-

sistance 

1,3 89,03 3,0 29,7 

Diffusion of Fe and 

coating wear increase 

sharply 

1,6 94,2 absent 
initial state 

of the metal 

Wear of the coating, 

low wear resistance 
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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 

 

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). 

 

Figs. 13. Scheme of changes in the concentration of the base (S(Fe)) and 
coating (S(Ti,Cr)): 1—initial coating analysis zone (S(Ti,Cr)5.9 m2, S(Fe)0.4 
µm2); 2—analysis zone at a speed of 0.7 m/s (S(Ti,Cr)5.3 m2, S(Fe)1.0 
µm2); 3—analysis zone at a speed of 1 m/s (S(Ti,Cr)3.8 m2, S(Fe)2.5 
µm2); 4—analysis zone at a speed of 1.3 m/s (S(Ti,Cr)0.2 m2, S(Fe)6.1 
µm2); 5—analysis zone at a speed of 1.6 m/s (S(Ti,Cr)0.0 m2, S(Fe)6.3 
µm2). 
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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 Id100 A and the substrate bias voltage 
Ucm 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 m. 
 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 

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