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The paper presents basic information on the production, structure and tribological properties of a composite
chromium-ceramic coating deposited electrolytically on a cast-iron piston ring for a combustion engine
designed for sliding against a composite cylinder liner. The results of comparative tests of two contacts,
i.e. cast-iron GJL-250/AIMC and GJL250+Cr-ALO,/AIMC, are described. The deposition of the Cr-AlO,
coating on the cast-iron piston ring reduces almost trifold the wear of the piston ring and about 20% the
friction resistance in the contact due to the presence of aluminium oxide particles and fibres. The reinforcing
phase removed from the chromium layer polishes the chromium and composite sliding surfaces. The places
left by the removed particles serve as depots for oil, which reduces the friction forces and minimises oil
consumption. The Al,O, wear debris decreases the roughness of the surfaces in contact, which additionally
reduces the friction forces according to the friction hypothesis of Ernst and Merchant.

srodki transportu, pierscienie tlokowe, materialy kompozytow, czastki ceramiczne, powtoka chromowa.

Streszczenie: W artykule opisano podstawy wytwarzania, budowe i wlasciwosci tribologiczne kompozytowej powtoki
chromowo-ceramicznej naniesionej elektrolitycznie na zeliwny pierscien ttokowy silnika spalinowego prze-
znaczony do wspodtpracy z kompozytowa tuleja cylindrowa. Opisano wyniki badan porownawczych dwoch
skojarzen, tj. zeliwa GJL-250/AIMC i GJL-250+Cr-Al,O,/AIMC. Naniesienie powtoki Cr-Al,O, na pierscien
zeliwny zmniejsza ponad trzykrotnie zuzycie pierscienia i okoto 20% opory tarcia skojarzenia dzigki obec-
nosci czastek i widkien tlenku aluminium. Usunigta z chromu faza zbrojaca dziata polerujaco na wspotpra-
cujace powierzchnie chromu i kompozytu. Miejsca po usunigtych czastkach stuza do gromadzenia oleju, co
zmniejsza sity tarcia i zuzycie oleju. Produkty zuzycia Al,O, zmniejszajg chropowato$¢ wspétpracujacych
powierzchni, co dodatkowo zmniejsza sily tarcia zgonie z hipoteza tarcia Ernsta i Merchanta.

INTRODUCTION » increasing the strength of composites when

compared to the matrix (in wrought alloys up to

For many years, university research centres dealing 30% and in cast alloys to 40%),

with materials engineering and tribology and many  « Jowering friction forces and wear (several

factories have been devoting increasingly more times) by improving lubrication resulting from

time to the design, production, investigation and the biplanar nature of the composite surface
application of composite materials in the construction layer (the reinforcing phase protrudes above the
of technical means of transport [L. 1, 2]. The benefits matrix surface as a result of the large difference
of using composite materials result mainly from three in the hardness of the matrix and reinforcing
of their basic properties, i.e. phase, from fractions of a micrometre to several

micrometres, Fig. 1),
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* increasing the thermal conductivity, e.g. in
brake discs after adding SiC, for which A = 100
—300 W/(m-K), at A = 130 — 160 W/(m-K) for
the matrix material made of silumin,

* diminishing the thermal expansion to reduce the
montage clearance of the engine piston up to
10% [L. 2].

Thanks to the use of composites, it is possible
to reduce the weight of vehicles, their fuel
consumption, and the quantity of pollution they
emit. This is of particular importance in automotive
and aviation transport. The composites used in
the construction of the Boeing Dreamliner have
reduced its fuel consumption by 30% and even

more in the Airbus A350F. The weight of trains in
the USA (Amtrak) has been reduced by almost 12
tons owing to composite brake discs. Many works
dedicated to metal, ceramic and polymer composites
used in short- and long-distance transport can be
found in the literature. In many papers, information
about the production of AIMCs, their properties
and applications can be found.

In practically most publications [L. 3-4]
information can be found on raising the wear
resistance of the matrix material by increasing
the reinforcing phase (RP) content and extending
the durability of vehicle components made of
composites as a consequence of less wear.
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Fig. 1. Surface of cylinder sleeve made of composite with Al,O, particles with a diameter of 15 pm (a) before sliding, 3D
(b) and 2D (c¢) roughness profile during sliding against Cr-AlL O, coating: M — matrix, RP — reinforcing particles,
C1P - contact point, L — lubricant, C — cavities after removal of reinforcing phase, filled with oil

Rys. 1. Powierzchnia tulei cylindrowej wykonanej z kompozytu z czgstkami Al,O, o $rednicyl5 pum (a) przed wspotpracg $li-
zgowg oraz profile chropowatosci 3D (b) i 2D (c) podczas wspotpracy z powtoka Cr-AlLO,: M — osnowa, RP — czgstki
zbrojace, CP — punkt styku, L — smar, C — przestrzenie po wykruszonej fazie zbrojgcej wypehione olejem

Less space, or even none at all, is devoted to
the partner sliding against the produced and studied
composites. This is very important because the cast
iron piston rings slide on the composite surface of
the combustion engine cylinder liner, whose wear,
not only that of the sleeve, significantly impacts
the engine's durability. The gap between them
decides the compression ratio, engine efficiency,
and the amount of emitted pollutants. The presence

of a hard reinforcing phase (Vickers hardness
14-17 GPa for AL, O,; 25 GPa for SiC [L. §]) in
the cylinder sleeve increases the wear of the piston
rings (180-240 HB or 192-253 HV for GJL-150).
The author's own research [L. 6] and a few
other authors show that the presence of an RP, most
often ceramic (Al,O,, SiC) in the form of fibres or
particles, dramatically changes the conditions in
sliding contacts. Depending on the stereological
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features of the RP, such as the surface fraction (NA),
average particle diameter (d), shape ratio (&) and the
chemical composition (Al O,, SiC, glassy carbon,
mica), the stresses and strains change in the contact
zone of the partner sliding against the composite.
In unfavourable cases (e.g. a large diameter of the
reinforcing phase particles), local stresses occur
that exceed the value of stresses permissible for
given materials, and the accompanying local
deformations contribute to the growth in friction
resistance and excessive wear of the partner [L. 8].

Appreciating the importance of this problem,
some centres began to develop new materials and
already-known research from other applications
intended for sliding against composites containing
a ceramic reinforcing phase. The piston rings of
internal combustion engines are cast iron with
lamellar and spheroidal graphite, steel, and stainless
steel.

New technologies were also developed to
protect the previously used materials against
excessive wear sliding against composites
[L. 9-11]. Piston rings are covered with chromium,
molybdenum, phosphate and nitride coatings. One
of the earlier solutions known from diesel engines
[L. 12], is the covering of cast iron piston rings
with composite coatings (CKS) sliding against
a cast iron cylinder liner or a cast iron sleeve
covered with hard chromium [L. 9, 13], which
extends their durability up to several times. This
coating consists of chromium, dispersed particles
(diameter 2-5 pum), and short aluminium oxide
fibres (diameter 2-3 um). Since 2004, composite
coatings (GDC) with a diamond reinforcing phase,
containing synthetic diamond particles with an
average diameter of 0.5 um, have been used in
lorries [L. 9]. The wear of the rings covered with
this coating is about four times lower than the
chromium coating and two times lower than the
chromium-ceramic coating. For sliding against
a chromium-plated (th. 30 pm, 700 HVO0.1) cast
iron sleeve, when lubricated with oils containing
diamond nanoparticle additives, Cr plated, and
nitrided rings (CrN — 1100 HV0.1) are also used
[L. 14]. In the combustion engine manufacturing
community, such rings are sometimes referred to as
ceramic rings.

In 2012, diamond-like carbon coatings with
a thickness of up to 25 pm (5000 HVO0.2) were
introduced, reducing ring friction forces to 100
N in a cylinder liner with a diameter of 130 mm
(Euro 6 requirements). In the next stage of the

development of composite coatings, nanoparticles
were used, e.g. mixtures of cerium (CeO,) and
cerium compounds with an addition of yttrium
(8YDC) deposited in a nickel coating. However,
the dimensions of the nanoparticles (8—28 nm) and
agglomerates (2.6 um) or stronger adhesion to Ni
do not reduce friction forces (n 0.5-0.7) as well as
the Cr-AlLQO, coating [L. 15].

The reinforcing phase in the composite coating
with a hard chromium matrix plays a slightly
different role. ALO, particles and fibres crumble
to form reservoirs for oil (C in Fig. 1d) with a
2-5 pm diameter. Their wear products reach the
friction surfaces, reducing their roughness and
friction resistance.

The presented short analysis of the applications
of chromium-ceramic coatings shows that, to date,
they have been employed as protection against the
intensive wear of cast iron sliding against cast iron
or steel sleeves covered with chromium, nickel and
composite coatings with a Cr or Ni matrix.

It is difficult to find information on the
applications of these coatings for sliding against
composites containing ceramic particles or
reinforcing fibres, which intensify the wear of the
sliding partner cooperating with containing them.

This article describes the results of an attempt
to use cast iron rings covered with a chromium-
ceramic  (Cr-AlLO,) composite coating for
cooperation with composites based on aluminium
alloys in conditions of limited lubrication, which
can reduce the emission of pollutants by technical
means of transport powered by internal combustion
engines.

THEORETICAL BASES OF PRODUCING
MATERIALS TO SLIDE AGAINST
COMPOSITES

The hypothesis of friction developed by Ermnst
and Merchant [L. 16] (Formula 1) shows that the
appropriate selection of materials can shape the
coefficient of sliding friction. There should be one
material with low shear strength (t) and one with
high hardness in the contact.

p=1HB+tg )

The roughness of the surfaces of the sliding
parts should be small (tga in Formula 1), i.e. the
angle of inclination of the peaks of the surface
irregularities should be small. A polished piston
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ring with a chromium-ceramic composite coating
sliding against a silumin matrix composite
containing very hard Al,O, particles or fibres and
a low shear strength oil can provide low wear.
Acting as a polishing paste, the fibres and Al O,
particles present in the entire volume of the coating
contribute to the continuous run-in of the sliding
surfaces and the reduction of friction forces. If we
use limited lubrication (a reduced amount of oil fed
to the friction zone) in this contact, the emission
of harmful oil combustion products will also be
reduced.

From the tribological point of view, the
presence of hard chromium on the surface of the
ring with evenly distributed Al,O, particles and
fibres, as well as the content of AlLO, fibres or
particles in the cylinder liner surface (Fig. 1b), will
ensure minimal wear of the surface and oil.

Oils and greases are quickly removed from
the friction zone by the mutually moving parts,
e.g. the engine oil ring. To ensure the constant
presence of oil in the friction zone, it should be
"anchored" to the surfaces of the sliding parts. In
the discussed composite coating, oil reservoirs are
created in places left by ceramic particles and fibres
crushed during friction (Fig. 2). In the contact of
a ring covered with the Cr-AlO, coating with the
composite cylinder sleeve, there are additional oil
reservoirs resulting from the biplanar nature of the
composite as a result of the protrusion of RP above
the surface of the matrix (Fig. 1b and 1c¢). These
reservoirs make it possible to reduce the amount of
oil fed to the contact, which reduces operating costs
and environmental pollution. The wear products
of the short oxide fibres serve as a polishing
material for the contact surfaces, which reduces the
roughness and coefficient of friction.

Fig. 2. Piston ring with Cr coating with Al O, particles and fibres; SEM: a — polished cross-section with visible cast iron
(CD), Cu interlayer and Cr-AlO,coating; b — Cu transition layer between cast iron and coating increasing adhesion
of Cr; ¢ —friction surface of Cr-AlLQO, — coating before sliding — visible areas after removed Al,O, fibres and particles;
d — a magnified fragment of the cavity after removed RP functioning as a lubricant reservoir

Rys. 2. Pierscien Zeliwny pokryty powloka chromowg z czgstkami i wtoknami Al,O,; SEM: a — zgtad z widocznym zeliwem (CI),

miedzywarstwa Cu i powloka Cr-Al

2

0,; b — warstwa przejsciowa z Cu pomiedzy zeliwem i powloka zwigkszajaca przy-

czepno$¢ Cr; ¢ — powierzchnia robocza powtoki Cr-Al O, przed wspotpracg $lizgowa — widoczne miejsca po usunigtych

widknach i czastkach ALO,;
smarnego

d —powigkszony fragment wglebienia po wykruszonym Al,O, stanowigcego zasobnik $rodka
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SELECTED PROPERTIES OF MATERIALS
FOR SLIDING AGAINST COMPOSITES

When two hard materials slide against each other,
a third body with low shear strength is needed.
In most lubricated contacts, it is the lubricant.
To ensure low friction resistance, a lubricant
film is needed to separate the protrusions of the
unevenness of the sliding bodies. It is known
from practice that not all engineering materials
allow a film of lubricant to be maintained on them.
A classic example is chromium, on the surface of
which it is difficult to sorb oils. In the contact of
a cast iron ring covered with a layer of chromium
with a composite containing Al O, particles or

fibres, it is difficult to create an oil film; therefore,
the developed chromium coatings modified with
aluminium oxide particles and fibres can be used.

A copper interlayer is deposited on the cast iron,
increasing chromium adhesion to the cast iron. The
Cr-Al,O, method produces the electrolytic coating
with the alternating polarisation of the electrodes.
When cast iron is connected to a negative pole of
the current source, chromium ions are deposited
on it, and after changing the polarity, the polarised
Al O, particles and fibres are incorporated into the
chromium. The effects of the polarisation change
can be seen in the multiple layers exposed after the
coating is etched (Fig. 3).

Fig. 3. Surface of a polished cross-section of composite Cr-AlO, coating electrolytically deposited on cast iron piston ring;
chromium layers reinforced with AL O, (two-stages etching in 10% NaOH+10%HCI aqueous solution, visible Cr

layers and dark Al O, inclusions)

Rys. 3. Powierzchnia zgladu poprzecznego wytworzonej elektrolitycznie na pierscieniu zeliwnym kompozytowej powtoki chro-
mowo-ceramicznej; warstwy chromu zbrojone Al O, (trawione dwuetapowo w 10% wodnym roztworze NaOH+10% HCI,

wyraznie widoczne warstwy Cr i ciemne wtracenia Al O,)

The task of the AL, O, particles is to chip during
sliding and create reservoirs for the lubricant
(Fig. 2¢, 2d). At the same time, the oxide chipped
and fragmented due to friction, facilitates run-
in of the sliding surfaces, which decreases their
roughness and coefficient of friction. The view
and cross-section of the sliding surface of the ring
covered with the Cr-ALO, coating, designed for
sliding contact, are shown in Figures 2 and 3.

CONDITIONS AND COURSE OF TESTS

Comparative tests of the discussed materials
were carried out on a tribological testing machine
(Fig. 4), the contact of which reproduces the
operation of the piston group, i.e. the rings and the

cylinder liner surface or the piston skirt and the
cylinder liner in conditions of limited lubrication
[L. 2, 8]. These conditions are similar to the cold
start of an internal combustion engine. The sample
consists of sectors of the piston ring or piston
skirt and the counter-sample of sectors along the
generating line of the cylinder sleeve (Fig. 5).
The contact is lubricated with oil mist supplied by
the system, which gives the possibility to control
the type of oil used (the injection conditions are
adjusted to the viscosity), injection frequency and
dose size.

Samples in the form of cuboids (10x10x13)
were cut out from a piston ring with a working
surface covered with a Cr-AlL O, coating. Counter-
samples in the form of a cuboid (65x15x8) were
made of the A1Si12NiMgCu (AC-47000) composite
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reinforced with 15% Al O, particles and cut out of

the cylinder sleeve (marked as AIMC in Fig 6). The

test was conducted under the following conditions:

+ relative velocity: v =2.5 m/s,

* unit pressure: p =3 MPa,

 friction: lubrication with Lotos Synthetic oil
(5W/40), oil dose approx. 2 mg every 30 min,

» testtime: t=>5 x 10 h in 4 repetitions,

» samples: cast iron ring with a chrome-ceramic
coating (GJL-250+Cr-Al,0,),

» counter-samples: investigated composite AC-
47000+15% ALO,,.

Fig. 4. Diagram of tribological tester: 1 — counter-sample,
2 —sample, 3 — guide, 4 — articulated sample holder,
5 — force transducer, 6 — strain gauge bridge,
7 — hydraulic cylinder, 8 — articulated pusher,
9 — hole for thermocouple, 10 — 4/2 manipulator,
11 - pressure gauge, 12 — hydraulic pump,
13 — output to Spider 4

Rys. 4. Schemat testera tribologicznego: 1 — przeciwprdbka,
2 — probka, 3 — prowadnica, 4 — przegubowy uchwyt
probki, 5 — przetwornik sity, 6 — mostek tensome-
tryczny, 7 — sitownik hydrauliczny, 8 — przegubowy
popychacz, 9 — otwor pod termopare, 10 — rozdzie-
lacz 4/2, 11 — ci$nieniomierz, 12 — pompa hydrau-
liczna, 13 — wyjscie do rejestratora Spider 4

Fig.5. Sample — GJL-250+Cr-AlLO, (top) and counter-
sample AC-47000+15% Al O, (bottom) after
tribological tests

Rys. 5. Probka — GJL-250+Cr-AlO, (géra)i przeciwprobka
AC-47000+15% AlLO, (dét) po badaniach tribolo-
gicznych

TESTS RESULTS

During the tests, the weight losses (Am) of the
samples and counter-samples, as well as the
coefficient of friction (u), were measured. The
obtained results are presented in Fig. 6. Equations
describing the dependence of the sample weight
losses and coefficient of friction as a function
of the sliding time (t) as well as the values of
the correlation coefficients (R), significance
coefficients (a) and standard deviations (G, GH)
of the equations from the measurement results are
given below the graphs.

H —+ GIL-250/AIMC

0,07 1=
- —_ - e} = !
06 e GIL-250+Cr-ALOyAIMC

0,05
0,04 +—

0,03
0,02
0,01
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AMT " GIL-250/AIMC

1;:33_ +—s GIL-250+Cr-ALOJAIMC _.

15 4

10 4
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Amgy,as0 =-0.016T+1 42¢-11.6
a=0.01; R=0.96; 5,,=3

Ay apo: =-0.0067 +0.51-4
a=0.05; R=0.98; &.,=0.83

B 2s0=0.00001 v
0,001 t+0.06599
a=0.08; R=0.94,
Her A0y =0.00457
+0,117°-0.757+0.32
a=0.05; R=0.98;
a,=0.00035

=0.05

Fig. 6. Dependences of coefficient of friction (a) and mass
decrease (b) on sliding time (t) in GJL-250/AIMC
and GJL-250+Cr-ALO,/AIMC contacts lubricated
with oil mist 2 mg/cm? every 30 min, p = 3 MPa,
v =2.5m/s)

Rys. 6. Zaleznosci wspoétczynnika tarcia (a) i ubytku masy
probek (b) od czasu wspoétpracy (t) w skojarzeniach
GJL-250/AIMC i GJL-250+Cr-ALO,/AIMC smaro-
wane mglg olejowg 2 mg/cm? co 30 min, p =3 MPa,
v =2,5m/s)
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b)

Fig. 7. Piston ring surface made of EN GJL-250 (a) and GJL-250 coated with Cr-ALO, layer (b) after sliding against
composite including Al,O, particles with a diameter of 15 pm (b) — visible traces of abrasion wear along the direction

of movement (p =3 MPa, v = 2.5 m/s)

Rys. 7. Widok powierzchni pierScienia z zeliwa EN GJL-250 (a) i GJL-250 pokrytego powtoka Cr-Al,O, po wspotpracy z kom-
pozytem zawierajacym czastki Al,O, o $rednicyl5 pm — widoczne §lady zuzywania $ciernego wzdtuz kierunku ruchu (p =

3 MPa, v=2,5 m/s)

The surfaces of the samples after the
tribological tests were investigated utilising
a Hitachi S-4200 scanning microscope. At selected
points of the friction surface of the samples with
the composite coatings, the chemical composition
was analysed using the SEM equipped with an EDS
phase composition analysis device. The results are
presented in Figs. 7-9. Fig. 7a shows the surface
of the cast iron sample, and Fig. 7b displays the
surface of the cast iron sample with the composite
coating.

DISCUSSION OF RESULTS

Fig. 7a shows mild abrasive wear (scratches
along the direction of movement) of the cast
iron surface by protruding Al O, particles and
hard silicon precipitates (bright Si-grains in
Fig. 1a) that dominated the contact. Wear exposed
flakes of graphite. In contact with the composite
coating, abrasive wear was also dominant but less
intense — almost three times lower after 50 hours
of cooperation (Fig. 6b). In order to show the
scratches from abrasive wear, a photograph with
5.5 times magnification was used (Fig. 7b).

Fig. 8. Composite surface containing reinforcing particles 15 pm in diameter after sliding against piston ring GJL-250 (a)

and GJL-250+ Cr-ALO, (b)

Rys. 8. Widok powierzchni kompozytu z czastkami o $rednicy 15 um (a) po wspoétpracy z pierScieniem GJL-250 (a) i GJL-250+

Cr-ALO, (b)
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Figure 9a shows points (1-4) where
qualitative and quantitative analyses of selected
elements were performed. The first point is
a continuous chromium coating without a ceramic
reinforcing phase (Cr peaks in Fig. 9b). At Point
2, Cr surrounds an AL O, particle. It was exposed
due to wear of the chromium layer, as shown in
Fig. 7b. This is confirmed by the Al and O peaks in
Fig. 9c. Chromium wear products were deposited
on the AL O, particle, as indicated by the Cr peaks.
At Point 3, an ALO, fibre emerges from the Cr
layer, with an Al O, particle next to it (shown in
Fig. 7b), which is confirmed by the Al, O and Cr
peaks (Fig. 9¢). At Point 4, AL,O, emerges from
under the Cr layer (Fig. 9d).

The value of the coefficient of friction
in contact with the composite coating (GJL-
250+Cr-ALO,/AIMC) did not exceed 0.04 after
running in with a small amount of oil of 2 mg/cm?
applied every 30 minutes. The worn aluminium

oxide mixed with oil was a good lubricating and
polishing substance, which facilitated the running-
in of the contact, as evidenced by the stabilisation
of both the coefficient of friction and wear after about
10 hours of sliding. In the contact without the coating
(GJL-250/AIMC), the coefficient of friction stabilised
atahigherlevel (u = 0.05) after about 25 h of sliding.

Greater friction forces in contact with uncoated
cast iron may cause decohesion at the matrix-
reinforcing phase boundary in places with weaker
wetting of the surface of the particles with liquid
silumin, which results in the removal of these
particles, leaving traces with dimensions similar
to the average diameter of the particles (Fig. 8a).
No such traces were observed on the surface of
the composite after sliding against the composite
coating.

A comparison of the weight loss and
coefficient of friction graphs clearly shows that the
ceramic reinforcing phase in the chromium coating
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Fig. 9. Chemical composition of friction surface of GJL-250+Cr-AlO, ring after sliding against AIMC
Rys. 9. Skiad chemiczny powierzchni roboczej pierScienia GJL-250+Cr-AlO, po wspotpracy z AIMC
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accelerates running-in, reducing friction forces and against chromium-plated cylinder liners of
wear in contact with the silumin matrix composite internal combustion engines, is also suitable
also containing Al,O, particles. for sliding against silumin matrix composites

reinforced with ceramic particles;
CONCLUSIONS + The presence of AL O, particles and fibres in

the chromium coating accelerates the running-
Based on the results of the conducted research, the in twofold, reducing the friction forces (about
fo]]owing conclusions can be drawn: 20%) and wear (about three times) of the cast
« The Cr-Al,O, composite coating, deposited on iron ring in contact with the silumin matrix

cast iron piston rings, developed for sliding composite also containing Al,O;, particles.
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