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Bench tests results analysis of the engines modelled elements

Abstract: This paper presents an analysis of the bench tests results of an internal combustion engines
modelled elements. The investigated samples was made through the technology used to manufacture the cylinder
and piston rings. The original materials and coatings were retained. The aim of this research was to determine
the influence of employed coatings on friction and friction pairs wear resistant in an internal combustion
engines. The emphasis was given here on the variant investigation in which the counterface was made of nitrided
cast iron or was not subjected to this process.
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Analiza wynikow stanowiskowych badan modelowych elementéw silnikéw spalinowych

Streszczenie: W artykule przedstawiono analize wynikéw stanowiskowych badan modelowych elementow
silnikow spalinowych. Badaniom poddano probki wykonane z uzyciem technologii stosowanych do wykonywania
cylindrow oraz pierscieni tlokowych. Zachowano oryginalne materialy oraz powfoki. Celem badan bylo
okreslenei wplywu powlok przecizuzyciowych na tarcie i zuzycie par trqcych stosowanych w silniakch
spalinwoych. Badania przeprowadzono wariantowo z zastosowanieim przeciwprobek zeliwnych azotowanych i
nie poddanych procesowi azotowania.

Stowa kluczowe: silnik spalinowy, zuzycie, swobodna energia powierzchniowa (SFE), tarcie

1. The Introduction a)

The development of new materials for friction _
pairs requires a series of research, ranging from !
numerical investigation through experiments per- T
formed on tribotester, as well as qualitative and L
quantitative research on the real object [3, 4]. So
given a complete research program provides an
authoritative response of a technical object. At each
stage of the research it is necessary to implement
the repetition of tests to enable statistical analysis of
the results. This paper presents the second stage of
the research of developed friction pair sealing the
piston ring - cylinder dedicated for the internal
combustion engine. This stage constitutes the mod-
el tests on a tribotester..

Fig.1. Scheme of tester T05 [2]. a) uniform rota-
tional speed, b) oscillating motion:

1 — specimen (block), 2 — counterface (roll), 3 —
semicircular insert, 4 — specimen grip,

5 — strain gauge of friction forces

The TO05 device contains following elements:
rotating counterface resembling a roll and fixed
specimen, in the form of a block [2]. Figure 2
shows the ring-shaped counterface, whereas the

2. The selection of the Tribotester and specimen for simulating the spread contact is

execution of test items shown in Figure 3. The specimen has a concave
surface, which being adjacent to the roller contacts

Taking into account a large number of possible the counterface on the area of 100 mm2. A
solutions, significant importance constitutes selec- counterface was made of cast iron EN-GJL-200
tion of the appropriate tribotester. Considering (see Fig. 2). There were 20 counterfaces prepared
presented in the papers [9, 10] descriptions of test for the tests, 10 of which were subjected to the
equipment, it appears that the most suitable vacuum nitriding process [8]. The specimens were
tribotester for testing the rings - cylinder friction made of the grey cast iron marked according to EN
pair is a roll — block type. A suitable device is the 1560 as EN-GJL-350 (Fig. 3). The working surfac-
tribotester designed and manufactured at the Insti- es of the specimens was coated with titanium ni-
tute of Sustainable Technologies in Radom, denot- tride coating, using, as described in [14] arc - vacu-
ed with TO5 symbol. This type of tribotester is um technology of plasma enhanced (PAPVD) gas

preferred for the coating of low friction, including
titanium nitride coating. The TO05 tribotester scheme
is depicted in Figure 1..
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Fig.2. The shape and dimensions of the
counterface (roll) [2]
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Fig.3. The shape and dimensions of specimen
(block) with concave friction face [2]

3. Research on tribotester
3.1. The choice of the load and the determination
of the scope of research

Essential factor when conducting the ex-
periment on tribotester is the load on the tested
friction pairs, including unit pressure and the linear
velocity. Therefore, during the first comparison
test, the schedule of farther investigation has been
established by considering the appropriate values of
the linear velocity and pressure (see Table 1). The
study assumed a linear velocity equal to 1.25 m/s
and a pressure equal to 5 MPa. Such a large values
of pressure and low speed causes extreme hardship
of friction pairs, similar to those prevailing in the
area of the first piston ring TDC at the beginning of
the expansion stroke in an internal combustion
engine [5, 6]. This choice led to the phenomenon of
mixed friction, which is evident from the values of
the coefficient of friction that considerably exceeds
a value close to 0.01, which is considered as a typi-
cal fluid friction.

The scope of study included the measurement of
friction force and the mass temperature of the spec-
imen, which were archived as time characteristics
and values of wear, basic description of which
constitutes the contents of this paper. Equal values
of cycles, with constant linear velocity, under con-
stant load emerged in a lubricant were established
here. The tests were conducted on 19 friction pairs.
This enabled necessary repetitions required for
selection of the friction matchings (see Table 1).

1. The specimen coated with TiN cooperating
with the counterface made of cast iron, lubricated
with mineral oil 15W40 SPORTI elf (five combina-
tions Nos. 3, 5, 6, 8, 10);

2. The specimen coated with TiN cooperating
with the counterface made of nitrided cast iron,
lubricated with mineral oil 15W40 SPORTI elf
(four combinations Nos. 2, 4, 7, 9);

3. The specimen coated with TiN cooperating
with the counterface made of cast iron, lubricated
with  synthetic oil elf SYNTHESE 5W50 (five
combinations Nos. 3, 5, 6, 8, 10);

4.  The specimen coated with TiN cooperating
with the counterface made of nitrided cast iron,
lubricated with synthetic oil elf SYNTHESE 5W50
(five combinations Nos. 11,14, 16, 19);

Table 1. Programme of research on the tribotester

T-05
No | Counterface Load | Velocity Kind of
of . m/s oil
Sp. MPa
1 Cast iron 5 1,25 Mineral
2 Nitrided castiron |5 1,25 Mineral
3 Cast iron 5 1,25 Mineral
4 Nitrided castiron |5 1,25 Mineral
5 Cast iron 5 1,25 Mineral
6 Cast iron 5 1,25 Mineral
7 Nitrided castiron |5 1,25 Mineral
8 Cast iron 5 1,25 Mineral
9 Nitrided castiron |5 1,25 Mineral
10 | Castiron 5 1,25 Synthetic
11 | Nitrided castiron |5 1,25 Synthetic
12 | Castiron 5 1,25 Synthetic
13 | Castiron 5 1,25 Synthetic
14 | Nitrided castiron |5 1,25 Synthetic
15 | Castiron 5 1,25 Synthetic
16 | Nitrided castiron |5 1,25 Synthetic
17 | Nitrided castiron |5 1,25 Synthetic
18 | Castiron 5 1,25 Synthetic
19 | Nitrided castiron |5 1,25 Synthetic

Length of friction in one test run was set at 1350
m. Total friction distance was set at 10 runs of the
tester working for specimen lubricated with the
mineral oil and 20 runs lubricated with synthetic
oil. Extension of the friction distance, in case of the
synthetic oil, was dictated by intends to use the oil
as a target one in cooperation with the friction pair.
The total wear of the friction pair with respect to
the friction distance was determined here. During
the tests the temperature of the specimen was
measured. Linear wear measurement using a dial
gauge graduated to We = 0.002 mm was employed.
After cooling of the friction pair each run was end-
ed with the wear measurement, which was the sum
of the consumption of specimen and counterface
wear. The experiment was conducted according to
the static, determined, complete schedule.

3.2. Elaboration of the tests results

Linear wear
Wear measurements was performed after each run
of tested friction pair (specimen- counterface), by
reading the value of total wear of each of those
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elements. This was due to the necessity of non-
invasive measurement, i.e. without disassembling
the test station. Otherwise, interference resulting
from repeated disassembly and installation of the
test station would result in multiplication of the
random errors that would have affected the final
results. In consequence, the only possible meas-
urement was to measure the total value of wear of
the specimen and the counterface after each test
run. Measurements were carried out after the fric-
tion pair was cooled to the ambient temperature.
The total values of the specimen and counterface

linear wear are depicted in figures: 4, 5,
14
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Fig.4. Total linear wear of: TiN coated speci-
men, cast iron counterface and bearing joint as
function of friction distance and synthetic oil as
lubricant.
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Fig.5.Total linear wear of: TiN coated speci-
men, nitrided cast iron counterface and bearing
joint as function of friction distance and synthetic
oil as lubricant.
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The values of the total linear wear of the friction
pair combined of specimen coated with titanium
nitride and cast iron counterface, lubricated with
mineral oil (16 pum) are less than in the case of
nitrided cast iron counterface (20 pm). whereas the
values of the total linear wear of the friction pair
combined of specimen of titanium nitride coating
and cast iron counterface lubricated with synthetic
oils (5 pm) tends to be insignificantly lower than in
the case when the nitrided cast iron counterface was
employed (5 pm).

It is worth noting that more than a threefold in-
crease in the total wear occurred compering the
titanium nitride specimen coating and counterface
of cast iron in the presents of the mineral oil (16

um), with the corresponding friction pair set lubri-
cated with the synthetic oil (5,0 um) similar situa-
tion arose in the case when nitrated cast iron
counterface was employed to the friction pair. Here,
the value of total wear in the presence of mineral oil
equal to 20 um is more than four times greater than
the total wear of this friction pair in the presence of
synthetic oil (5 um).

After a 27000 m run the values of the linear
wear of the friction pair with employed cast iron
counterface (10,7 um) are also lower than in the
case of nitrided cast iron counterface (9 pm).

The wear of the friction pair with cast iron
counterface was characterized by static kinetics of
the process, i.e. similar values of the wear occurring
during a particular test run. Whereas, the kinetic of
friction pair with nitrided cast iron counterface
exhibits a clear decreasing tendency. Furthermore
the maximum values of the wear tends to occur
after the second run. This indicates that the friction
pair are wearing-in. Previously conducted organo-
leptic tests confirmed the possibility of intensive
wear during the initial period due to the fact that the
vacuum nitriding process [8] causes the increase of
surface roughness, which must be compensated in
the initial period of cooperation.

The temperature of the specimen

During the test, the temperature of the specimen
was measured during the overall test cycle. For this
reason the average temperatures of particular runs
for each friction pairs were calculated. Wherein the
temperature of the friction pair after completed run
are used in the calculations. . Obtained values are
shown in Table 2

Table 2. An average temperature of the speci-
men of individual specimen

No. | Counterface Kind of | The average | The
oil value of the | standard

specimen deviation

tempera-

ture,

°C

1 Cast iron Mineral | 37,2 1,61
2 Nitrided cast iron | Mineral 29,2 0,29
3 Cast iron Mineral | 41,3 8,14
4 Nitrided cast iron | Mineral | 32,7 1,53
5 Cast iron Mineral | 65,0 1,00
6 Cast iron Mineral | 54,0 17,35
7 Nitrided cast iron | Mineral | 39,7 13,32
8 Cast iron Mineral | 36,7 3,06
9 Nitrided cast iron | Mineral | 51,7 15,63
10 Cast iron Synthetic | 46,0 14,42
11 Nitrided cast iron | Synthetic | 53,0 29,46
12 Cast iron Synthetic | 46,7 12,90
13 Cast iron Synthetic | 78,0 38,59
14 Nitrided cast iron | Synthetic | 32,7 11,37
15 Cast iron Synthetic | 92,3 2,08
16 Nitrided cast iron | Synthetic | 42,0 4,36
17 Nitrided cast iron | Synthetic | 67,3 17,16
18 Cast iron Synthetic | 74,3 28,94
19 Nitrided cast iron | Synthetic | 32,3 10,79
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Based on the results showed in Table 2 it was
found that the average temperature of the specimen
coated with TiN cooperating  with cast iron
counterface, in the presence of mineral oil (Sample
No. 1, 3, 5, 6, 8, 10) is equal to 46.8 ° C, in the
presence of oil synthetic (samples No. 12, 13, 15,
18) the temperature of the specimen had a value of
67.5 °. The temperature of the specimen coated
with TiN cooperating with nitrided cast iron
counterface in the presence of mineral oil (sample
No. 2,4, 7, 9) was equal to 38.3 ° C, in the presence
of synthetic oil (sample No. 11, 14, 16, 17, 19) the
temperature of the specimen was equal to 45.5 °.
The measured temperature of the specimens con-
firm the higher value of the tangential forces arising
from the TiN coated samples of cast iron
counterface compared to the one cooperating with
nitrided counterface. The Differences in average
temperatures were equal to 18.2% of mineral oil
and synthetic oil 32.6%.

4. Discussion of the results

The conducted comparative studies allowed to
determine the coefficient of friction of the investi-
gated friction pairs, lubricated with mineral and
synthetic oil as well as the wear values and the
specimen temperatures (see table 3)

Table. 3. Friction force, coefficient of friction, and
wear values for the investigated material arrange-
ments along the friction path equal 13,500 m (in
brackets — the values of the friction path equal
27,000 m)

Mean Mean Mean | Mean value
Kind of arrange- value of value value | of tempera-
ment friction of the of the ture
force | coefficient | wear of speci-
N of friction um men
°C

Specimen with
TiN 20,9 0,042 16 46,8
Counterface: cast
iron

Mineral oil elf
sporti 15W40

Specimen with
TiN 8,9 0,018 20 38,3
Counterface:
nitrided cast iron
Mineral oil elf
sporti 15W40

Specimen with
TiN 35,0 0,067 5(11) | 67,5(54,5)
Counterface: of (28,1) (0,044)
the cast iron

Synthetic oil elf

synthese 5W50

Specimen with

TiN 15,3 0,031 5(9) | 45,5 (40,5)
Counterface: (8,0) (0,015)

nitrided cast iron
Synthetic oil elf
synthese 5\W50

Basing on the conducted examination of the
specimen and the counterface it can be concluded
that virtually entire total wear falls on a
counterface. Otherwise, one would expect complete
removal of the TiN due to its thickness of about 3
pum. This is confirmed by the sample images of the
first friction pair (Fig. 6) as well as the second
friction pair (Fig. 7). The TiN coating wear
identified on the basis of the inspection carried out
after the tests was negligibly small (immeasurable),
even when the friction distance reached 27000
meters.

W

Fig.6. Photograph of TiN-coated specimen and cast
iron counterface after examination (friction path
equal to 13 500 m)

Fig.7. Photograph of TiN-coated the specimen and
nitrided cast iron counterface after examination
(friction path equal to 27000 m)

The total relative wear of the friction node with
nitrided counterface cooperating with the specimen
coated with TiN, lubricated with mineral oil ap-
peared to be greater for 18% compering with the
cast iron counterface cooperating with specimen
coated with TiN in the presence of this same lubri-
cant. However, in the presence of a synthetic oil the
wear was lower by about 9%. It should be noted,
however, that with such a small linear wear in order
of several um, a significant impact on measurement
uncertainty has a progressive wear and position of
the bearing tester.

Moreover, basing on the conducted experiment,
it was found that more than twofold vale of the total
wear occurs in the case of the friction pair com-
bined of titanium nitride specimen and cast iron
counterface, lubricated with mineral oil (16 pm;
table 3) compering with the corresponding friction
pair lubricated with synthetic oil (5 um; table 3). In
the case of friction pair equipped with the nitrided
cast iron counterface, lubricated with mineral oil,
the value of the wear (20,0 um; table 3) was over
two times greater than in the case when the synthet-
ic oil was used to lubricate this same friction pair (5
um; table 3).




Despite the higher values of the calculated fric-
tion coefficient for both material matching in the
presence of synthetic oil in comparison to mineral
oil, a significantly smaller value of the total wear
was noticed when operating in the presence of syn-
thetic oil.

5. Summary

The development of a well-bonded surface
lubricating is conditioned by a number of factors.
Starting from the surface microstructure through the
properties of the lubricant and many other.
Generally, stability of the lubricating layer is the
greater, the greater is its binding to the substrate
[12, 13]. the stability is understood here, as the
time that it may endure certain damaging effects.
This layer has a fundamental importance, from the
point of view of co-operation with the surface of
another element, when the local oil film break due
to load increase when it comes to contact surface
asperities. In other words, the better it is connected
with the surface, the lower the generated friction
coefficient.

The reasons for smaller values of wear are
believed to be caused by largely reduced intensity

of adhesive wearing during the mixed friction, as a
consequence of the micro contacts of rough
surfaces [3]. This attribute demonstrates coatings
with low value of the componential sum of the
dispersion and the polar surface free energy,
including used during the experiment titanium
nitride coatings. During cooperation with the
counterface with high value of componential sum
of the dispersion and the polar, surface of which is
well bonded with the lubricant layer, the conditions
allowing to reach low values of tangential forces as
well as low values of the wear, even when the
system is subjected to large loads.

Another factor contributing to the prevention of
the adhesive wear, in this case, is employment of
the synthetic oil as a lubricant. Synthetic oil
properties [1, 11], especially its ability to form an
oil film from the moment of start, combined with
the properties of the specimens surface, i.e. low
intensity and adhesive wear and counterface
properties, and good maintenance of lubricating
layer allowed to achieve low wear values.

Nomenclature/Skroty i oznaczenia

SFE  Surface Free Energy/swobodna energia
powierzchniowa

TDC Top Dead Center/ ZZ zwrot zewnetrzny

Bibliography/Literatura

[1] Hermann D., Szczerski B., Zastosowanie
metody trapezu spadku lepkosci do oceny
trwatego i przemijajqcego spadku lepkosci
olejow zawierajqcych modyfikatory lepkosci,
Journal of Kones’97, Warsaw 1997.

[2] Instrukcja obstugi T-05 Tester typu Rolka-
Klocek, Zaktad Tribologii, Radom 1993.

[3] Kazmierczak A., Tarcie i zuzycie zespotu
ttok-pier$cienie-cylinder, Oficyna Wydawni-
cza Politechniki Wroctawskiej, Seria Mono-
grafie nr 32/2005, Wroctaw, 2005.

[4] Koszalka G.: Predicting the durability of the
piston-rings-cylinder assembly of a diesel en-
gine using a piston ring pack model.
Eksploatacja i Niezawodnosc — Maintenance
and Reliability 3(51)/2011, pp. 40-44.

[5] Koszalka G.: Application of the piston-rings-
cylinder kit model in the evaluation of opera-
tional changes in blowby flow rate.
Eksploatacja i Niezawodnosc — Maintenance
and Reliability Nr 4(48)/2010, pp. 72-81.

[6] Koszalka, G., Hunicz, J., and Niewczas, A., A
Comparison of Performance and Emissions of
an Engine Fuelled with Diesel and Biodiesel,
SAE Int. J. Fuels Lubr. 3(2):77-84, 2010,
doi:10.4271/2010-01-1474.

[12]

[71 Lugscheider E., Bobzin K., Barwulf St.,
Horning Th., Oxidation characteristics and
surface energy of chromium-based
hardcoatings use in semisolid forming tools,
Surface and Coating Technology, No 133-
134/2000, Elsevier, 2000, 5.540-547.

[8] Materiaty rekiamowe technologii NITROVAC,
Instytut Inzynierii Materiatlowej i Technik
Bezwiorowych, Politechnika t.0dzka.

[9] Piekoszewski W., Szczerek M., Wisniewski

M., Metody oceny wiasciwosci eksploatacyj-

nych weztéw tarcia, Zagadnienia Eksploatacji

Maszyn, Zeszyt 1 (181), 1990, s.151-163.

Piekoszewski W., Szczerek M., Wisniewski

M., Wulezynski J., Eksperymentalne badania

tarcia, zuzycia i smarowania. Metody i urzq-

dzenia, Tribologia 4-1992, Warszawa 1992,

5.88-93.

Pytko S., Pytko P., Problemy smarowania

silnikéw spalinowych w przysztosci, Tribolo-

gia 3-1991, Warszawa 1991, s.57-60.

Smoczynski M., Sygniewicz J., Analiza

wplywu obcigzen mechanicznych na kqtowe

polozenie pierscienia tlokowego wzgledem tu-
lei cylindrowej, Konstrukcja, Badania, Eks-
ploatacja, Technologia Pojazdow samocho-

[10]

[11]

847



dowych i Silnikow Spalinowych, PAN w Kra-
kowie, INTERKONMOT'98, Krakow 1998.

[13] Starosta R., Wplyw wlasnosci warstwy
wierzchniej stali na trwato§¢ powierzchniowej
warstwy oleju, Rozprawa Doktorska, Poli-
technika Wroctawska, Instytut Konstrukcji i
Eksploatacji Maszyn, Wroctaw 1982.

[14] Walkowicz J., Smolik J., Miernik K., Bujak J.
Comparative investigation of the wear behav-

Mr Andrzej Kazmierczak DSc., DEng. —
Professor in the Faculty of Mechanical
Engineering at Wroclaw University of
Technology.

Dr hab. inz. Andrzej Kazmierczak —
profesor na Wydziale Mechanicznym
Politechniki Wroctawskiej.

ior of TiN monolayer coatings, Ti(C,N)
multicomponenet coating and
TiC/Ti(C,N)/TiN multilayer coating deposited
by the vacuum arc method, Thin Films, ed. G.
Hecht, E. Richter, J Hahn,
Informationsgesselschaft Verlag, Oberrursel,
1994, 5.587-590.

848



