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Abstract
Engine crank case designs for passenger car applications are based today on two main material technologies: grey cast iron 
and an increasing share of aluminium-based concepts. Due to the low wear resistance of aluminium, the latter concepts 
require a wear protective layer for the cylinder bore surface. Iron-based thermal spray coats are widely used for this purpose. 
The coating improves the tribological behaviour significantly, as previous studies have shown. Additionally, aluminium-based 
concepts offer advantages regarding engine weight and thermal management. The aim of the presented work was the discus-
sion of these technological concepts regarding the tribological and sealing properties of the piston/bore interface. The study 
was carried out based on the AVL FRISC Floating Liner Engine. While the basic engine remained unchanged, the cylinder 
bore surface was varied. In addition to the floating liner friction measurement, the blow-by and lube oil consumption were 
also measured. A state-of-the-art multi-body dynamic simulation model complements the experimental study, while both 
simulation and measurement lead to similar conclusions.
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Abbreviations
ATS  Anti-thrust side
BDC  Bottom dead centre
EHL  Elasto-hydrodynamic lubrication
FMEP  Friction mean effective pressure
IMEP  Indicated mean effective pressure
LOC  Lube oil consumption
MBD  Multi-body dynamics
TDC  Top dead centre
GDI  Gasoline direct injection
TS  Thrust side
TWA   Twin wire arc spray process
WOT  Wide open throttle

1  Introduction: piston/bore interface 
technologies

Grey cast iron as the main material for engine crank case 
concepts in passenger car applications is still in competition 
with aluminium. The specific material properties of grey cast 
iron and aluminium have a major impact on engine design. 
In Table 1, the basic physical properties of common cast 
alloys for engine crank case applications are listed. Alumin-
ium offers significantly higher heat conductivity and thermal 
expansion. This will result in a different piston clearance 
during fired engine operation. The density of an alumin-
ium alloy is almost a third of that of grey cast iron, given a 
similar tensile strength. This leads to significant reductions 
in engine weight [1], which is the main motivation for the 
usage of aluminium as the favoured crank case material.

Not only do the physical properties of the presented mate-
rials differ, but the tribological performance is also differ-
ent. Grey cast iron is known for its graphite content, offer-
ing self-lubrication under dry-running conditions, which 
is bringing benefits in the mixed lubrication regime. This 
appears at the piston ring/cylinder bore surface contact, 
especially at the dead centres.

Common aluminium alloys do not offer sufficient wear 
and scuffing resistance; therefore, they usually have to be 
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coated. For that purpose, many different coating technolo-
gies and material combinations are known.

Nickel–silicon carbide coatings, such as  Nikasil®, 
are corrosion sensitive and the production is linked to 
problematic disposal of toxic nickel slurry. Additionally, 
casting porosities in the aluminium substrate can lead to 
detachments of the coating. Due to these drawbacks, this 
technology is not currently in wide use for passenger car 
applications [2].

Monolithic aluminium crank case concepts are not based 
on coating, but on hard silicone precipitations in hypere-
utectic aluminium–silicon alloys. Bad cutting properties 
yield a shortened tool service lifetime for all the necessary 
machining operations at the crank case. The required chemi-
cal etching process and the challenging assurance of a proper 
distribution of the silicon precipitations during the casting 
process result in higher costs and prevent the widespread 
usage of this technology. Furthermore, the wear and cor-
rosion resistance is lower than for other technologies [3].

Thermal spray coatings are now increasingly applied for 
that purpose. The process of thermal spraying combines 
a heat source, such as a combustion flame, an electric arc 
or a plasma torch, with a gas flow that propels the molten 
coating material droplets to the substrate. Due to the partial 
solidification of the coating material and the distribution of 
the particles sprayed on the substrate, these coatings offer a 
specific porosity depending on the chosen process and the 
process parameters. This porosity is capable of retaining oil 
within the surface, to ensure a proper lubrication of the ring 
pack. The specimens used for this investigation have been 
steel coated (0.1 percent carbon content), with the aid of a 
twin wire arc spray process (TWA).

Independent of the chosen coating technology, a sufficient 
bore surface finish (honing process) is needed. Due to the oil 
retention properties of the porous spray coating, the surface 
of the liner can be made smoother than in grey cast iron 
concepts. Different investigations have shown a major fric-
tion reduction of thermal spray-coated aluminium cylinder 
bore surfaces as seen in Schommers et al. [4], An [5] and 
Biberger [6].

2  Analysis methods

The decision, whether new technologies are implemented 
in engine concepts, is based on various analysis methods, 
including tribological metrology. Widely spread strip 
down measurements (motored engine operation only) and 
tribometric rig tests have disadvantages in reproducing 
the thermomechanical and pressure conditions that appear 
at the piston group during fired engine operation, while 
the indicated method lacks in the ability of distinguish-
ing influencing parameters and separating different tribo-
logical systems of the engine. Advanced analysis methods, 
such as floating liner friction measurements, lube oil con-
sumption (LOC) measurements and sophisticated simula-
tion models, allow a fundamental investigation of the main 
parameters for the friction reduction potential of coated 
aluminium cylinder bore surfaces in the context of actual 
engine operation conditions, as presented in this work.

The combined method approach, considering friction, 
blow-by, wear and LOC, complemented by a simula-
tion model, as earlier presented in Edtmayer et al. [7], is 
applied for this comparative study.

3  Floating liner measurement

The floating liner concept allows a direct measurement of 
friction forces during fired engine operation and combines 
ideally the access of tribological quantities and applica-
tion orientation, in terms of the load situation occurring 
in real driving conditions. The concept utilizes a cylinder 
liner assembly that is decoupled from the crank case to 
enable the installation of force sensors for capturing the 
friction forces, appearing within the piston/bore interac-
tion. Due to the complexity of the system, this method 
is limited to single-cylinder research engines. The actual 
system, the presented investigations are based on, is the 
AVL FRISC Floating Liner Engine, previously presented 

Table 1  Physical material 
properties

1 [11]
2 [12]
3 [13]

Alloy Symbol Unit Aluminium Grey cast iron
AC-46200S2 EN-GJL-2503

Density ρ t

m3
2.751 7.20

Therm. exp. coeff. (20–200 °C) α �m

mK
21.0 11.7

Heat conductivity (200 °C) λ W

mK

110–130 47.5

Elastic modulus E GPa 751 103–118
Tensile strength Rm MPa 240 250–350
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by AVL and the authors [8, 7]. Compared to other avail-
able floating liner systems, this specific engine has some 
advantages. One of the most critical parts of the floating 
liner concept, in general, is the gasket sealing. Several 
different solutions are available for this. The AVL FRISC 
solution with a metallic sealing excels through high ther-
mal and mechanical resistance to meet rising requirements 
on highly charged downsizing concepts. The utilization 
of three-component, piezoelectric load cells enables the 
investigation of piston lateral forces. Another uniqueness 
compared to other floating liner devices is the ability to 
easily adapt to different engine types, regarding crank case 
materials, crank train geometry and combustion process. 
This ability was also a main enabler for the study, pre-
sented in this paper.

For that purpose, various different cylinder liners were 
installed, including grey cast iron and aluminium liners, as 
well as liners with different surface finish and bore shape. 
The engine, used for this study, offers 500 ccm displacement 
and is operated using a GDI combustion system, derived 
from a passenger car application.

4  Simulation model

Besides sophisticated measurement equipment for fric-
tion optimization, in engine development and also in this 
publication, simulation models still gain importance. The 
simulation of engine friction losses requires a combination 
of multi-body dynamics (MBD) and elasto-hydrodynamic 

lubrication (EHL) models as indicated in Fig. 1. For this 
study, the structure of the FRISC engine was implemented 
in the commercial MBD tool AVL Excite. In detail, the 
tools Excite Piston and Rings and Excite Power Unit were 
combined to assess the friction behaviour of the specimen 
investigated in the FRISC engine.

The simulation tool combination considers the main 
physical effects and offers good accordance with the meas-
ured friction forces from the floating liner engine, as seen 
in Fig. 2. The figure shows a typical friction force curve 
for the piston/bore interface drawn over one engine cycle: 
beginning with the intake stroke (down movement of the pis-
ton), compression, combustion and ending with the exhaust 
stroke. The simulation has one big advantage compared to 
the measurement: it is possible to separate the ring pack 
friction from the global piston share. The simulation with a 
validated model enables a detailed insight into the influence 
of the material properties. In return, the simulation benefits 
from the measurement with the ability of validation and 
extraction of friction parameters.

5  Analysis of the friction behaviour

The difference in the friction behaviour of the presented 
cylinder bore surface technologies was investigated using 
the previously shown floating liner method, complemented 
by the simulation approach. The focus of the investigation 
was on the differences in material properties and the surface 
structure of the presented cylinder bore concepts, while pis-
ton, piston rings, engine oil and crank train geometry were 
similar.

Fig. 1  Model definition, 
required for considering tribol-
ogy, dynamics, and thermome-
chanics [10]
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6  Thermomechanical impact

The different thermomechanical behaviour, especially the 
thermal expansion coefficient (given in Table 1) of the 
materials, combined with the temperature distribution at 
the cylinder liner due to the heat load of friction losses and 
combustion (Fig. 3), results in divergent piston clearance. 
For the investigation of the temperature distribution, the 
cylinder liner used in the AVL FRISC engine is equipped 
with twelve thermocouples. The thermocouples are placed 
0.75 mm beneath the liner surface and are distributed over 
three levels (TDC, midstroke, BDC) and at TS, ATS, front 
and rear of the engine. The temperature distribution is 
strongly dependent on the engine load and also very tran-
sient. The temperatures given in the figure is representing 

thermally stabilized load points. However, in real driving 
situations, this temperature distribution will be different, 
depending on the driving profile, ambient temperature and 
engine thermal management.

The resulting shape of the liner running surface of multi-
cylinder engines differs for various engine architectures 
and from cylinder to cylinder. Influencing parameters to the 
so-called liner distortion are the coolant circuit, the local 
stiffness properties and wall thicknesses of the crank case. 
This can be shown using the presented simulation tools, 
especially finite element models. For the investigation of 
the influence of liner distortion on the friction behaviour, the 
simulation offers the opportunity for keeping the tribologi-
cal properties constant, while changing only the thermome-
chanical properties of the cylinder bore surface. Figures 4 
and 5 show the impact of the thermal expansion coefficient 

Fig. 2  Comparison of the 
simulated piston friction with 
floating liner measurements for 
a grey cast iron cylinder liner

-360 -270 -180 -90 0 90 180 270 360
Crank Angle in deg

-200

-150

-100

-50

0

50

100

150

Fr
ic

tio
n 

Fo
rc

e 
in

 N

Friction force at 2500 rpm, 800 kPa IMEP

Simulation
Measurement
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on piston clearance, resulting in a completely divergent fric-
tion performance.

While for the aluminium liner (Fig. 4) the piston offers a 
low friction share compared to the ring pack, a significant 
friction increase of the piston skirt for the grey cast iron 
cylinder liner can be observed in this load point (Fig. 5). 
The location of the friction increase at middle height of the 
cylinder bore surface (e.g. 0°–90° crank angle) is a charac-
teristic caused by the temperature distribution given above. 
The ring friction in this simulation was not noticeably influ-
enced by the differing thermal expansion coefficient of the 
cylinder bore material. However, the piston skirt friction 
is changed dramatically, as a result of piston overlap. The 
nominal piston clearance in cold conditions is 55 microns. 
For the aluminium cylinder bore, this is changed to almost 

zero in warm conditions, at the given load point (2500 rpm, 
800 kPa IMEP). Due to the surrounding water jacket, the 
cylinder bore has a significantly better heat dissipation than 
the piston. This causes the reduced clearance, even though 
piston and cylinder liner have the same material properties. 
Considering the lower thermal expansion coefficient of grey 
cast iron (Table 1), the piston clearance gets negative. This 
means that the piston has a dimension of approximately 
40 microns greater than the liner. This is especially the case 
in the middle range of the cylinder bore surface, as a result 
of the temperature distribution given in Fig. 3 (Fig. 6).

The floating liner measurement leads to the same con-
clusion. At lower loads (Fig. 7), the friction behaviour of 
both crank case technologies is quite similar. This meets the 
expectations, since the surface structure of both variants is 

Fig. 4  Simulated piston friction 
for a TWA-coated aluminium 
liner. No friction increase due to 
piston overlap is identifiable
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Fig. 5  Simulated piston friction 
for a grey cast iron liner under 
the same tribological parameters 
and operating conditions as seen 
in Fig. 4. Grey cast iron leads to 
a drastic friction increase due to 
piston overlap
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also similar, due to a grey cast iron-specific honing applied 
on the TWA coating of the aluminium liner. However, the 
friction behaviour deviates dramatically at higher loads 
(Fig. 7), as observed previously in the simulation results. 
The increased heat impact on the piston at this load point 
leads to higher piston temperatures and in case of a grey 
cast iron cylinder bore, eventually this causes an overlapping 
piston. Taking the friction mean effective pressure (FMEP) 
into consideration, representing the friction power loss and, 
therefore, the impact on fuel consumption, the aluminium 
technology leads to a reduction of about fifty percent of the 

friction power at the piston/bore interface, in this particular 
case.

7  Contour‑honed cylinder bore surface

The friction increase due to an overlapping piston can be 
prevented by a specific honing profile of the liner, offer-
ing a greater cylinder diameter in regions, where the piston 
is prone to overlapping. This technology is already imple-
mented in series production by some manufacturers, as 

Fig. 6  Measured friction force 
for a grey cast iron- and a spray-
coated aluminium cylinder bore 
surface at low loads (1200 rpm, 
650 kPa IMEP) without piston 
overlap
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Fig. 7  Measured friction force 
at increased loads (2500 rpm, 
800 kPa IMEP), indicating a 
severe piston overlap situation
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presented in Landerl et al. [9]. Figure 8 shows the compari-
son of two contour-honed cylinder liners with a wider diam-
eter at the bottom. It can be seen that the friction increase 
due to the negative piston clearance can be avoided. Both 
grey cast iron and thermal spray-coated aluminium liners 
show a similar friction behaviour, even at higher loads and 
also regarding friction power. However, the blow-by volume 
flow is also increased for the grey cast iron liner.

The different stiffness and damping properties of alu-
minium and grey cast iron can also be seen in this figure. 

The aluminium variant shows a significantly higher vibration 
content due to different elasticity and density.

8  Surface structural impact

For the analysis of the surface structural impact on the fric-
tion behaviour, the material was kept constant and the sur-
face structure was defined by different surface coatings and 
honing process parameters.

Fig. 8  Friction force for a grey 
cast iron cylinder bore surface 
with a contoured shape and a 
spray-coated aluminium cylin-
der bore surface, showing that 
the profiled shape is preventing 
piston overlapping
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Figure 9 shows the comparison of the friction force signal 
of two different surface structures on coated aluminium cyl-
inder liners: one curve showing the friction force signal of a 
porous TWA spray coating with a smoothed plateau surface, 
as it is common for this technology; the other curve show-
ing the increased friction due to the roughness properties of 
a common grey cast iron technology on a TWA spray coat 
with reduced porosity. Due to a special polishing process, 
the peak roughness of the smoother variant is only a quarter 
of the grey cast iron variant. The oil retention volume is pro-
vided by the porosity of the coating (porosity < 5 percent) 
instead of the honed structure with the typical spiral grooves. 
The friction reduction can be investigated especially in the 
charge cycles, resulting in a significant drop in friction mean 
effective pressure of around 25 percent. In the compression 
cycle and due to the peak firing pressure, a slight increase 
of friction is noticeable. This has tribological reasons and is 
subject to further investigations. The main friction reduction 
mechanism of TWA spray coatings in comparison to other 
technologies is caused by the smoother plateau surface by 
still providing oil within the porous coating.

9  Oil consumption and blow‑by behaviour

The friction analysis for both simulation and floating liner 
friction measurement shows a clear advantage for thermal 
spray-coated aluminium cylinder bore technologies, due to 
the smoother surface and the avoidance of piston overlap.

However, the optimization of the piston/bore interface 
includes not only friction reduction but also wear behaviour 
and the sealing properties of the ring pack. The function of 
the ring pack is to ensure a sufficient sealing of combustion 
gases and lubricant. For that issue, the  Lubrisense® LOC-
measurement system [14] was applied to the floating liner 
engine, in combination with blow-by measurement.

By enlarging the scope of the presented friction analysis 
to blow-by and LOC, the advantage of aluminium technolo-
gies decreases, as indicated in Fig. 10. The wider cylinder 
bore in warm conditions, due to the doubled thermal expan-
sion coefficient, leads to an increased blow-by volume flow 
and LOC. This demonstrates that an isolated tribological 
optimization can lead to solutions that have a non-optimal 
overall performance of the PBI, omitting the sealing func-
tionality of the ring pack.

10  Summary

Thermal spray-coated cylinder bore surfaces of aluminium 
crank cases are very common engine concepts and many 
manufacturers introduce new engine families based on this 
technology. The technology offers significant tribological 
and thermomechanical advantages in addition to the weight 
reduction, compared to grey cast iron crank cases. The fric-
tion reduction is mainly based on the smooth surface with 
oil retained in the porous surface and the different piston 
clearance during engine operation. The drawback of the grey 
cast iron technology in piston clearance can be overcome by 
a specific contour honing of the cylinder bore, avoiding an 
overlapping piston.

Higher piston clearances lead to increased blow-by and 
LOC in both aluminium-based concepts and grey cast iron 
concepts with contour-honed bore shape.

The presented work shows that engine designs, using new 
materials, coating technologies, cylinder bore and piston 
shapes as well as measures regarding the piston–ring pack, 
have to be checked against all these performance attributes. 
Future engines will need to offer low friction, blow-by and 
LOC while the expected service life must not be reduced. 
The challenge is in providing an optimal trade-off for a wide 
operation range, including real driving situations. Piston 

Fig. 10  Blow-by and LOC for an aluminium and a grey cast iron variant for various load points, indicating the inferior sealing properties of the 
aluminium cylinder bore
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overlap or increased blow-by is strongly dependent on the 
load point and also sensitive to transient operation since the 
thermal expansion of piston and cylinder liner is delayed to 
a change in heat impact.

The optimization and, therefore, also analysis methods 
for the piston/bore interface must consider all these topics. 
A combination of various, high-resolution analysis methods 
and a sophisticated modelling approach, as introduced in 
this work, is key to face this challenging optimization task 
in future.
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