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Abstract

It is well known that machine lifetime, reliability and
performance are strongly related to wear. The wear of cylinder
bores can increase blow-by, oil consumption, power losses
and emissions. Moreover, it can produce axial wear scratches
that can harm hydrodynamic support of piston rings, increasing
wear even further. The comprehension of the main factors
responsible for wear in cylinder bores is, therefore,
indispensable for the increase of the efficiency of engines.
Despite the great work reported in literature regarding to the
analysis of wear in engine cylinders, the study of the types of
oxides and tribofilms formed in the surface of the cylinders
remains poor. Therefore, the present work aims to correlate
wear of cylinder bores from flex-fuel vehicles with engine
operating conditions. Although most publications show that top
dead center (TDC) is the region of the cylinder with highest
wear rates, the present work shows favorable conditions to the
formation of certain oxides and tribofilms capable to minimize
wear of TDC, making it even lower that the wear usually
experienced by bottom dead center (BDC).

Introduction

Driven by stricter governmental legislations and increasingly
demanding markets, automakers and original equipment
manufacturers (OEMs) have developed new engine
technologies capable of increasing engine performance by
reducing pollutant emissions, oil consumption and power
losses. Several solutions have been proposed, but some
tribological problems have arisen from them. Engine
temperature has increased due to turbocharging, oil viscosity
has decreased [1-4], exhaust gas recirculation (EGR) have
been widely used to reduce NOx emissions and ethanol has
also been used in high concentrations in flexible fuel vehicles
in Brazil, North America and Sweden. Despite the great
advantages from these technologies, they can contribute for
the intensification of oxidative wear in engine components.
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Higher temperatures and loads inside the combustion chamber
associated to the use of low viscosity lubricants can lead to oil
film break down, increasing the tendency to oxidation [5]. The
condensation of the moisture present in recirculated exhaust
gases and the water contamination of ethanol can both
increase the corrosion in combustion chamber [6-10]. Direct
injection of ethanol can even worsen corrosion of engine parts.
Therefore, one can notice the great tribological challenges
existing in flex-fuel engines.

Classical and recent publications agree that oxidative wear is
one of the most important wear mechanisms in cylinder bores
for both Otto and Diesel cycle engines [11-14]. If we consider
that the wear of cylinder bores is closely related to the increase
in oil consumption, pollutant emissions and power losses, one
can notice that the comprehension of oxidative wear in internal
combustion engines has a great potential for increasing engine
lifetime, reliability and performance.

Oxide formation can increase or decrease friction and wear
depending on its hardness and adherence to the substrate
[15]. Bisson [16] showed that films of graphitic carbon on cast
irons, wustite (FeO) and magnetite (Fez04) can reduce friction
and wear on ferrous materials, while abrasive films such as
hematite (Fe»O3;) have detrimental tribological properties.
Regarding to iron oxides, Hutchings [15] states that Fe,Os
dominates at low speeds and temperatures, while FeO is
formed at high speeds and temperatures. Under intermediate
conditions, FesOs predominates. It is well known that
temperature is the most important variable affecting oxidation
rate and oxide composition. Therefore, the wide range of
speeds and temperatures inside the cylinder bore -
responsible for the occurrence of different lubricating regimes
and wear mechanisms [17, 18] — can give rise to several types
of oxides and tribofilms with different tribological properties.

Besides the importance of bulk temperature — which is very
important for static oxidation — local temperature at the
interface (flash temperature) due to friction power dissipation



can also be responsible for oxide formation and wear [15, 19].
Kennedy [20] observed flash temperatures much higher than
the contact (or nominal) temperature for lubricated and
unlubricated sliding wear. While nominal contact temperature
is usually lower than 500°C [21], thermoelectric and pyrometry
measurements show that flash temperature rises may exceed
1100°C [15, 22]. Therefore, both the temperature distribution
within the cylinder and the piston dynamic can affect the
formation of oxide films.

Due to the great effect of oxide and tribofilm formation in terms
of friction and wear, the present study aims to correlate oxide
and tribofilm formation with engine operating conditions and,
thereafter, with the wear of the cylinder bores from flex-fuel
engines.

Materials and Methods

In this work, a typical 1.4 L flex-fuel engine from Brazilian
market with 4 cylinders in line was tested in vehicle. Table 1
shows the chemical composition of the gray cast iron cylinder
liners.

A Horiba XploRA ONE Raman spectrometer with 532 nm
DPSS laser equipped with a 1200 lines per mm grating was
used to characterize oxides and tribofilms. A Taylor Hobson
CCl MP optical profilometer was used to analyze the
topography of the cylinder bore and to quantify its wear by the
assessment of volume losses. The region below the bottom
dead center (BDC) was used as a reference height, since it
does not wear out.

The contact temperature was obtained by summing bulk and
flash temperatures, as shown in Equation 1.

Flash temperature for line contact was obtained by employing
the Jaeger formulas [23]:
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where u is the coefficient of friction, W is the normal load [N],
Up and U, are the surface velocities for piston and cylinder
[m/s], K is the thermal conductivity [W/mK], [ is the half length
of the contact rectangle [m], x is the thermal diffusivity [m2/s], U
is the velocity for piston or cylinder, b is the half width of the
contact rectangle [m], g = u W |Up — U|/(4bl) is the rate of
heat supply per unit area [W/m? and L = Ub/(2y) is the Peclet
number.

Oxide composition was estimated by using the software
FactSage 7.0.
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Results and Analysis

The pressure-crank angle diagram (Fig. 1) was used to
estimate contact pressures between compression ring and
cylinder bore during the power stroke assuming that the
pressure behind the first compression ring varies according to
the cylinder pressure [18]. Fig. 2 shows the calculated contact
temperatures for top and bottom dead centers (0° and 180°,
respectively). Even though Jaeger formulas cannot be applied
to estimate contact temperatures for hydrodynamic lubrication,
a dashed line was added in Fig.2 to show that cylinder
temperature tends to decrease when relatively thick oil films
prevent metal-to-metal contact.
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Figure 1. Pressure-crank angle diagram for compression and power
strokes (1300 rpm).
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Figure 2. Temperature of the cylinder during power stroke.




Fig. 3 shows the simulation for oxide composition at 200°C and
700°C. As can be seen, for reducing atmospheres and high
temperatures wistite (FeO) dominates, while hematite (Fe>O3)
is formed for oxidant atmospheres. Under intermediate
conditions, magnetite (Fe30,) is formed. Reducing and oxidant
atmospheres alternate at each stroke of the engine. Also,
combustion produces water, which promotes the formation of
hematite [15].

200°C
100% 4
g
£ 80% -
2
L)
£ 60% —+—Fe
3 =—f=—FeO
S 40%
3 / \ / \ —i—Fe304
(-8
E 20% —o—Fe203
; A—I—l—l—:l’A
0%
0,0 0,2 0,4 0,6 0,8
Oxygen mole fraction
700°C
100% '
s )/\
£ 80%
F
2
= 60% - —o—Fe
k]
c —@—FeO
S 40%
g —h—Fe304
o
E 20% —o—Fe203
) AA—A—AMM
0%
0,0 0,2 0,4 0,6 0,8
Oxygen mole fraction

Figure 3. Estimation of oxide composition.

Jaeger and Archard flash-temperature models for high-speed
sliding [23, 24] indicates that the maximum flash temperature is
inversely proportional to the real contact area divided by v/b (or
by the square root of the radius, for circular contacts). Since
real contact area can vary substantially with surface finishing,
material properties at the working temperature and contact
pressures [25, 26], these may be the main factors affecting
oxide and tribofilm formation in cylinder bores from internal
combustion engines.

Even though flash-temperature models do not allow a precise
estimation of contact temperatures [27, 28], they can be used
to indicate trends and, as can be seen in Fig.2, higher contact
temperatures are expected to be found at TDC. That was

exactly the region of the cylinder bore with higher

concentration of corrosion pits (Fig. 4), suggesting that
oxidation preferably occurred for higher contact pressures and
temperatures.

Figure 5. Positions at TDC in which oxides and tribofilms were
analyzed (10x amplification).

Table 1. Chemical composition of the cylinder liner.

Mn
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Cr
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0,473%

0,017%

0,005%

0,018%

0,002%

0,004%
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Characterization of Oxides

Raman spectroscopy was used to study oxide and tribofilm
formation at top and bottom dead centers and in the mid-stroke
region of the cylinder. Figs. 5-7 show the analyzed positions for
each region of the cylinder bore.

Figure 6. Positions in the mid-stroke region of the cylinder in which
oxides and tribofilms were analyzed (10x amplification).

Figure 7. Positions at BDC in which oxides and tribofilms were
analyzed (10x amplification).

Fig. 8 shows Raman spectra at TDC for Raman shifts 100-
1200 cm™ and 1200-2000 cm™. The spectra were split into two
single graphs to ease the study of oxides and carbon tribofilms
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separately. Raman spectra for magnetite, graphite and
graphite tribofilm were added as a reference for comparison.
All reference spectra were obtained for a laser excitation
wavelength at 532 nm. Graphitic materials present the so-
called D band at 1350 cm™, the G band ant 1582 cm™ and the
D’ band at 1620 cm™ [29]. The D’ band and the ratio of the D
and G band intensities are both related to any kind of disorder
or defects in the graphitic structure [29-31]. In addition to the
above mentioned bands for graphite, Raman spectrum of
graphite tribofilm may present vibration frequencies centered at
about 1430 cm™, which can be explained by the chemisorption
of hydrogen on graphite [32-34]. Analyzing the Raman
spectrum for the four selected regions at TDC, one can notice
that the higher temperatures and contact pressures at TDC
gave rise to the formation of magnetite in the darker regions of
Fig. 5. Also, with exception of the white region, all the others
presented the formation of a graphite tribofilm with relatively
small amount of defects.
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Figure 8. Raman spectra at TDC.

Fig. 9 shows Raman spectra for the selected positions of the
mid-stroke region of the cylinder. Position Il presented the
formation of magnetite and relatively ordered graphite tribofilm,
while positions 1l and IV presented the formation of hematite
and a highly disordered graphite tribofilm.
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Figure 9. Raman spectra in the mid-stroke region of the cylinder.

Fig. 10 shows Raman spectra at BDC. One can notice the
presence of hematite and a highly disordered graphite tribofilm.
No evidences of magnetite formation were found.

Quantification of Wear

3D topographies were obtained from TDC to the region below
BDC with certain overlap between them and an algorithm for
relocation [35] was implemented in Matlab to precisely join the
topographies (Fig. 11). During the stitching operation, one
topography was moved relative to the other and the cross-
correlation coefficient was calculated. The perfect alignment
between the common areas corresponds to the minimum value
for the cross-correlation coefficient, which can be given by:

T {l0Gca—x2) Gep—xED1 )}

- \/[Zi,j(xA(iJ)—XT)Z][Ei,j(xs(i-}')—xgl)z]

®)

where A and B are the indexes of the analyzed topographies,
x4(i,j) and x5 (i, j) are the z coordinates for the position (i, j) of
topographies A and B and xJ* and xJ' are the average values

for topographies A and B, so that x™ = [X} X7 (x; ;)] /(n x m).

Fig. 12 shows the profile of the cylinder bore after stitching all
the topographies. As can be seen, the wear process created a
step between BDC and the unworn region of the cylinder.
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Figure 10. Raman spectra at BDC.

Wear was computed by comparing the heights of worn and
unworn regions. One can notice lower wear rates in the mid-
stroke region of the liner — which occur due to hydrodynamic
lubrication, preventing metal-to-metal contact — and higher
wear at BCD — which can be confirmed by the lower roughness
of plateau (Sk) and peaks (Spk) averaged along this region.

Figure 11. Stitching operation to join the surfaces.
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Figure 12. Cylinder profile, variation of Sk family parameters and wear.
Conclusions

Temperature, contact pressures and oxygen availability vary
several times per second during engine normal operation,
making oxide and tribofilm estimation a hard task.
Nonetheless, the present work has shown that local contact
conditions — which are strongly related to both the roughness
of cylinder bore and temperature/pressure inside the
combustion chamber — are the main factors affecting oxide and
tribofilm formation in cylinder bores from internal combustion
engines.

In the present work, a flex-fuel engine was analyzed in terms of
quantification of wear and characterization of oxides and
tribofilms. Although literature indicates that higher wear rates
are expected to be found at TDC [14, 36, 37], the analyzed
flex-fuel engine surprisingly presented higher wear at BDC.
Raman spectroscopy analysis revealed that magnetite and
more ordered graphite tribofilm were more likely to be found in
the top region of the cyllnder Therefore, the low shear strength
from magnetite and sp carbon networks may have prevented
scuffing and reduced friction and wear at this portion of the
cylinder. On the other hand, hematite and more disordered
graphite tribofilm were essentially found closer to BDC (where
wear rates achieved its maximum value). These factors may
have increased abrasive wear and enhanced the propensity for
scuffing, increasing both friction and wear [15, 38].
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