
Citation: Alshwawra, A.; Abo

Swerih, A.; Sakhrieh, A.; Dinkelacker,

F. Structural Performance of

Additively Manufactured Cylinder

Liner—A Numerical Study. Energies

2022, 15, 8926. https://doi.org/

10.3390/en15238926

Academic Editors: Haifeng Liu and

Zongyu Yue

Received: 20 October 2022

Accepted: 21 November 2022

Published: 25 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Structural Performance of Additively Manufactured Cylinder
Liner—A Numerical Study
Ahmad Alshwawra 1,* , Ahmad Abo Swerih 1, Ahmad Sakhrieh 2,3 and Friedrich Dinkelacker 1

1 Institute for Technical Combustion, Leibniz Universität Hannover, 30823 Garbsen, Germany
2 Mechanical and Industrial Engineering Department, School of Engineering,

American University of Ras Al Khaimah, Ras Al-Khaimah 10021, United Arab Emirates
3 Mechanical Engineering Department, The University of Jordan, Amman 11942, Jordan
* Correspondence: alshwawra@itv.uni-hannover.de

Abstract: Climate change is exacerbated by vehicle emissions. Furthermore, vehicle pollution con-
tributes to respiratory and cardiopulmonary diseases, as well as lung cancer. This requires a drastic
reduction in global greenhouse gas emissions for the automobile industry. To address this issue,
researchers are required to reduce friction, which is one of the most important aspects of improving
the efficiency of internal combustion engines. One of the most important parts of an engine that con-
tributes to friction is the piston ring cylinder liner (PRCL) coupling. Controlling the linear deformation
enhances the performance of the engine and, as a result, contributes positively to its performance.
The majority of the tests to study the conformability between cylinder liner and piston were carried
out on cylinder liners made of cast iron. It is possible to improve the performance of piston ring
cylinder liner couplings by implementing new and advanced manufacturing techniques. In this work,
a validated finite element model was used to simulate the performance when advanced manufactured
materials were adapted. The deformation of the cylinder liner due to thermal and mechanical loads
is simulated with five different additive manufactured materials (Inconel 625, Inconel 718, 17-4PH
stainless steel, AlSi10Mg, Ti6Al4V). Simulated roundness and straightness errors, as well as maxi-
mum deformation, are compared with conventional grey cast iron liner deformation. Some additive
manufactured materials, especially Ti6Al4V, show a significant reduction in deformation compared to
grey cast iron, both in bore and circumferential deformation. Results show that Ti6Al4V can reduce
maximum liner deformation by 36%. In addition, the roundness improved by 36%. The straightness
error when Ti6Al4V was used also improved by 44% on one side, with an average of 20% over the four
sides. Numerical results indicate that additive manufactured materials have the potential to reduce
friction within the piston liner arrangement of internal combustion engines.

Keywords: additive manufacturing; additively manufactured cylinder liner; finite element method;
engine design; thermal deformation; cylinder liner; internal combustion engine

1. Introduction

The increase in the number of automotive vehicles worldwide indicates a need to
improve fuel economy and reduce emissions in an effort to improve sustainability [1,2].
Reducing the energy loss inside the engine would improve fuel efficiency and maximize
the benefit of conversion to sustainable fuels such as hydrogen and biofuels in internal
combustion engines [3]. Power cylinders account for roughly half of the mechanical friction
losses in an engine [4,5]. According to a study by Holmberg et al. [6], friction within the
piston assembly accounts for 45% of energy losses in an internal combustion engine. The
performance of internal combustion engines depends significantly on cylinder liners, one
of the most important components of these engines. This has led in recent years to intensive
research to improve the performance of piston ring cylinder liner (PRCL) couplings.

Conformability between piston rings and cylinder liners is crucial since it affects the
consumption of lubricating oil and greenhouse gas emissions [7]. This conformability
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is altered by the liner deformation in the hot state [8]. The failure of the piston ring to
adapt to the deformed cylinder liner bore decreases the engine efficiency and increases
emissions due to the loss of combustion pressure and the leak of lubricant oil into the
combustion chamber. Therefore, additional tightness is required for the piston rings to
maintain the required sealing capabilities. This additional tightness decreases the engine
efficiency due to the increase in frictional losses and increases the emission as more fuel
will be consumed [7,9]. Enhancing the geometrical performance of the cylinder liner to
increase its roundness in the hot state represents a good solution for this dilemma [10–13].

Enhancing the geometrical performance of the cylinder liner can be achieved through
controlling its deformation from the cold state to the hot state. One of the methods is to
start the engine in the cold state with a non-circular liner. Alshwawra et al. [14] showed
through advanced simulation techniques that starting the engine with an elliptical liner can
reduce the roundness error significantly in the hot state. Further enhancement in the liner’s
geometrical performance can be achieved with a superposition of this elliptical shape with
a conical liner form in the cold state [15]. Flores [13] presented a methodology to control the
liner deformation and to enhance its geometrical performance through advanced honing
techniques. Alshwawra et al. [16] studied the improvement of the geometrical performance
of a freeform honed liner at different operational loads. Edtmayer et al. [17] experimentally
found that friction can be reduced by using a liner with a larger bore diameter in its
lower half.

Another method to control the liner deformation in the hot state is changing the liner
material [12]. Materials or processes for the in-cylinder components of internal combustion
engines have been investigated for better friction and performance [18,19]. The majority
of the tests to study the conformability between cylinder liner and piston were carried
out on cylinder liners made of cast iron [20]. Other materials for cylinder liners are rarely
investigated. Thermal stress in cylinder liners made of magnesium alloy and titanium and
varying in thickness by 0.5, 1, and 1.5 mm were analyzed. In comparison to cast iron and
magnesium alloy, titanium alloy used for cylinder liners has a high heat transfer rate [21].
The grey cast iron liner shows a better geometrical performance compared to an aluminum
alloy liner. However, the trends of the deformation and the influence of deformation orders
are almost the same for both materials [12]. The thermal expansion coefficient dominates
other material properties, including thermal conductivity, Young’s modulus, and Poison’s
ratio, in terms of the deformation of the liner to improve the conformability between
cylinder liner and piston. The conformability between the cylinder liner and piston can be
greatly improved by materials with a negative thermal expansion coefficient [22].

Furthermore, the deformation of the liner can be controlled by redesigning the liner
to apply an advanced internal local heating and cooling system. In this regard, advanced
additive manufacturing (AM) techniques can be useful. Recently, additive manufacturing
technologies have gained a lot of attention and have great potential in the engine manufac-
turing industry [23]. The main advantage of AM over traditional manufacturing processes
is the ability to freely shape complex parts without using traditional manufacturing meth-
ods such as extrusion, forging, casting and secondary machining processes [24–27]. The
near net shaping capability makes AM a cost-effective technique because it minimizes
waste [25]. In addition, AM offers great flexibility in terms of the type of raw materials [21].
By using AM techniques, non-traditional liner design can be achieved to improve the
geometrical performance of the liner and therefore to enhance the engine efficiency [16].

To be able to use the AM techniques for cylinder liner manufacturing, it is important
to investigate the compatibility of AM materials for this type of application. Although
AM techniques were considered for the production of some of the parts of the internal
combustion engine such as the piston [28,29], they have still not been fully investigated for
cylinder liners. This work aims for the investigation of the compatibility of AM materials
for the fabrication of a cylinder liner from a structural and the geometrical perspective.
This article provides a quantitative study of the deformation of AM liners and the trends in
their deformation. Cast iron is used as a reference material since it is the most common
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material used for cylinder liners today. Thermal and mechanical bore deformation of the
liner has been investigated. The finite-element model is established in this study to predict
bore roundness changes for several AM liners and for the reference liner.

The significance of this work can be summarized by: (i) investigation of the structural
compatibility for using AM materials in a cylinder liner, (ii) analyzing the geometrical
performance of an additively manufactured cylinder liner, and (iii) providing a compara-
tive analysis for the geometrical performance of different AM materials compared to the
conventional grey cast iron.

2. Methodology
2.1. Finite Element Techniques

The changes in conformability between piston rings and cylinder liners have also
been attributed to mechanical and thermal factors [30,31]. Many researchers have tested
the deformation of the cylinder liner and its influencing factors experimentally [32,33].
However, it is often difficult to quantify frictional losses at full scale when examining
different engine configurations. Cycle-to-cycle variations, vibrations, thermal effects, and
other factors contributing to noise often overshadow frictional differences [34]. Therefore,
researchers used simplified rig component testing. Alternatively, different computational
approaches have been used for the prediction and modeling of liner deformation [10,35].
An important and useful tool for analyzing and optimizing the geometry of cylinder liners
is the use of finite element analyses (FEA) [36]. Structural analysis of cylinder liners is one
of the areas where FEA can be efficiently used [37,38]. Applying this method to the engine’s
cylinder liner can predict its deformation and stress distribution, which can be used to
improve the design and reliability of the cylinder liner [39]. Additionally, FEA is powerful
for studying the dynamic phenomena associated with piston assembly components [40].

This work uses the ANSYS mechanical solver to calculate the liner deformation nu-
merically. This solver has been used in earlier works as well as in the literature to simulate
the liner deformation due to its capability to handle the various non-linarites in the finite
element model [14,30,41]. The greatest challenge for FEA is the computing requirements
and computing capacity, namely computing power, memory and computing time. It is
therefore very important to work with sufficiently simple but accurate models [14].

2.2. Physical Model

The simulation model is developed based on the NISSAN CA18 engine. It is a four-
stroke, water-cooled, four-cylinder gasoline engine, arranged in a row, with 83 mm cylinder
bore, 83.6 mm piston stroke, and a displacement of 1809 cm. The engine was modified
to utilize a 1.6 mm thick cylinder dry liner that is made of grey cast iron. The clearance
between the engine block and the liner was 80 µm. The liner deformation was measured
experimentally for this modified engine at different operational loads [32,33]. The measured
deformation was performed at depths varying between 10 mm from the top of the liner
and 90 mm from the top of the liner. For the simulation work, the operational point of
4000 rpm/full load was selected, as it represents the highest thermal load and therefore
the highest deformation. Further information about this engine, including its detailed
specifications and dimensions, can be found in [42].

2.3. Simulation Model

The simulation in this research followed the model validated by Alshwawra et al. [14].
The model focused on the first and half of the second cylinder to capture the different
thermal loads generated by adjacent cylinders and their surroundings. It is expected that
the deformation of the first and fourth cylinder liners would be more complicated and
asymmetric than that of the second or third cylinder liner due to the asymmetric thermal
load [12]. The first and half of the second cylinders are shown in Figure 1 as well as their
positions in the engine.
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Figure 1. One and a half cylinder model used in this study with the different sides of the cylinder.

At any specific point, the directional local deformation can be found using the follow-
ing equation:

dδi = ε(i)di (1)

where δi and ε(i) represent the local deformation and local strain in i direction, respectively.
The above-mentioned local strain is the total summation of elastic strain εel and thermal
strain εth. Hook’s law can be used to find the elastic strain:

{εel} = [D]−1{σ} (2)

Here, {σ} represents the stress vector, and [D] represents a matrix related to the
material’s mechanical properties. To find the thermal strain:

εth =
∫ T

Tre f

α(T)dT (3)

with the thermal expansion coefficient α(T), the strain free temperature Tre f , and the
operating temperature T.

2.4. Computational Mesh

Finite element analysis (FEA) simulation requires accurate meshing in order to produce
realistic results. On one hand, a high-density mesh provides the best results, but it also
requires a lot of computing time and storage space. On the other hand, the coarse mesh can
lead to unrealistic results. Therefore, an adaptive mesh that is neither too fine nor too coarse
is used. Grid independency was tested for multiple mesh sizes starting from 25 thousand
nodes and 16 thousand elements up to one million nodes and half a million elements. Bases
on this test, a mesh size of 197,666 elements and 112,944 nodes was selected. The average
calculation time for a supercomputer with 96 processors is 25 h per run. The detailed mesh
properties, grid independence test and circumferential position dependent deformation are
provided in [14].

2.5. Boundary Conditions

The temperatures of the liner and block inner wall at 4000 rpm/full load were mea-
sured experimentally [32]. The measured liner temperature varies between 155 and 198 ◦C
while the measured block temperature varies between 103 and 180 ◦C. The temperature of
the coolant is given to be 80 ◦C. It was also assumed that the temperature of the outer walls
of the block is equal to the coolant temperature, and the bolt pre-tension is 80,000 N. For the
calculations, it is assumed that the upper surface is fixed in the axial direction (from top to
bottom). As the model is subjected to both thermal and mechanical loads, it is numerically
solved using the direct coupled approach, in which the mechanical and thermal matrices
are solved in parallel. The accuracy in this case is higher compared to the use of sequential
approaches. However, more computational time is required.
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The thermal deformation increases with the physical time until it reaches the steady
state. The simulated liner deformations were compared with the measured line deformations
for the terminal cylinder at 4000 rpm/full load. The simulated deformations showed a good
agreement in term of values and trend with the corresponding experimental deformations at
different elevations. Based on that, the model is considered to be valid. The detailed model
configuration, boundary conditions, temperature distributions, and model validation are
explained in [14] for this reference case (grey cast iron liner at 4000 rpm/full load).

2.6. Liner’s Materials

The validated model was used to simulate the liner deformation for different AM
materials at 4000 rpm/full load. For the purpose of this study, five additive manufactured
materials (Inconel 625, Inconel 718, 17-4PH stainless steel, AlSi10Mg, Ti6Al4V) were ana-
lyzed along with the reference cast iron material. Despite having different properties, all the
selected materials were used in high-quality, complex-designed products that are exposed
to strong mechanical and thermal loads. The properties of the materials are summarized in
Table 1.

Table 1. Properties of AM materials vs. grey cast iron [36–39].
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Density g/cm3 7.2 8.44 8.2 7.75 2.68 4.4
Melting Range ◦C 1180–1380 1290–1350 1260–1335 1400–1450 557–596 1692–1698

Thermal expansion coefficient µm/m ◦C
(150 ◦C) 11.7 12.8 13 10.7 23.6 10

Elastic modulus GPa 110 162 165 204 76 107
Tensile strength MPa 250 655 648 970 251 1098

Thermal Conductivity W/mk
(200 ◦C) 47.5 12.5 13.7 18.3 113 7.5

3. Results and Discussion

The deformation of the liner was simulated at three different depths from the top deck,
as well as 10, 50 and 90 mm. The analysis considered front, rear, thrust and anti-thrust sides
as shown in Figure 2.
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A variety of methods were used to assess the compatibility of additive manufacturing
materials for the cylinder liner. As a starting point, the maximum deformation method was
used, since it is the simplest method to study the influence of different materials on the
structural behavior of the liner. Data can be collected directly from the ANSYS interface,
which shows an overview of the direction and the amplitude of liner deformations. The
deformations in the Z direction are very small compared to the deformations in the XY
plane; thus, the maximum deformation in the Z direction can be ignored and the comparison
is only conducted in the XY plane. The maximum deformation at the three mentioned
depths is depicted in Figure 3.
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It can be seen from the figure that the maximum deformation in the thrust and anti-
thrust directions is almost equal but varies in the front and rear directions. This is expected
due to the different heat boundary conditions in the front–rear direction. AlSi10Mg increases
the maximum deformation of the cylinder liner, as the deformations are almost twice as large
as the reference material. This can be referred to as the high thermal expansion coefficient
of AlSi10Mg alloy compared with grey cast iron as shown in Table 1. The maximum
deformation of the liner decreased when using the Ti6Al4V alloy. Other materials show
close maximum deformations to the grey cast iron. Table 2 summarizes the maximum
deformation deviations from the grey cast iron.

Table 2. Deviation of max. deformation at elevations of 10, 50 and 90 mm from the top compared
with the reference material.

Deviation of Max. Deformation at Elevation 10 mm (in %)

Material

Side
Thrust Anti-Thrust Front Rear

Grey cast iron (ref.) - - - -

Inconel625 −9.5 −9.2 −5.5 −7.9

Inconel718 8.2 8.4 13.4 12.5

17-4PH −14.3 −14.3 −10.2 −11.7

AlSi10Mg 107.5 106.9 106.5 109.4

Ti6Al4V −34.1 −33.9 −32.7 −36.5

Deviation of Max. Deformation at Elevation 50 mm (in %)

Material

Side
Thrust Anti-Thrust Front Rear

Grey cast iron (ref.) - - - -

Inconel625 −7.1 −6.8 −5.1 −9.3

Inconel718 10.5 10.7 11.6 10.1

17-4PH −12.8 −12.8 −12.2 −13.3

AlSi10Mg 107.0 106.4 106.2 110.0

Ti6Al4V −32.8 −32.5 −29.8 −35.9

Deviation of Maximum Deformation at Elevation 90 mm (in %)

Material

Side
Thrust Anti-Thrust Front Rear

Grey cast iron (ref.) - - - -

Inconel625 −6.6 −6.3 −0.9 −9.7

Inconel718 10.1 10.1 12.6 9.2

17-4PH −13.8 −13.8 −13.1 −14.0

AlSi10Mg 107.0 106.6 104.6 109.2

Ti6Al4V −29.8 −29.6 −21.8 −35.3

Table 2 shows the percent deviation of maximum deformation from the reference
material (grey cast iron). Compared to the reference material, the distortions are greater
when the deviation is positive but less when it is negative. Inconel625, 17-4PH and Ti6Al4V
decreased the maximum deformation by different percentages. Ti6Al4V alloy shows
the maximum reduction (−36.5%) at 10 mm from the deck. The other AM materials
(AlSi10Mg and Inconel718) increase the maximum deformations. The tables also show that
the deviation of maximum deformation is consistent at all sides for each material. This
means that the deviation is either positive or negative at all sides.
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The structural compatibility of the additive manufactured materials for the cylinder
liner was also evaluated through the analysis of the change in liner radius. This method
enables determining the deformation at all points of the cylinder liner circumference. The
radial deformation is calculated at each point using the following set of equations:

R =
√
(X2

new + Y2
new) (4)

where
Xnew = Xo + De fx (5)

Ynew = Yo + De fy (6)

Xnew: X-coordinate of the points after deformation;
Ynew: Y-coordinate of the points after deformation;
Xo: Initial x-coordinate (before deformation);
Yo: Initial y-coordinate (before deformation);
De fx: Value of deformation in x-direction;
De fy: Value of deformation in y-direction.

Figure 4 shows the radius of the liner cross-section changes at different levels when
using AM materials. This change, whether increasing or decreasing, is due to the thermal
deformation in the liner. The changes are not in the same direction. The radius increases on
the thrust and anti-thrust sides but decreases on the other two sides (front and rear). All
materials, including the grey cast iron, show the same behavior. Based on this observation, it
can be concluded that more comprehensive details about liner deformation can be obtained
by analyzing the deformation at those four points.

AlSi10Mg has a significantly higher change in radius than the other materials. There
is a difference of 60–70 µm between the ideal shape radius (0.0391 m) and the radius on
the four main sides of the liners (thrust, anti-thrust, front, and rear). The radius of the
Ti6Al4V alloy liner was the closest to the non-deformed liner. Other additive manufactured
materials showed different deformation behaviors. Inconel625 and 17-4PH show a slight
improvement in the radius curve compared to the grey cast iron.

This figure illustrates the circumferential deformations at the different main eleva-
tions of the cylinder liner (10, 50, and 90 mm). Due to the observed differences in radius
between the elevation layers, the bore deformation along the elevation was studied. The
investigation of the bore deformation plays an important role in obtaining a comprehensive
description of the deformations of the additively manufactured liners. As observed previ-
ously, the greatest deformation in the cylinder liners occurs on the four main sides (thrust,
anti-thrust, front, and rear). These four sides were therefore selected for investigation, as
shown in Figure 5.

It is apparent in Figure 5 that deformation varies from side to side. There is usually
more deformation in the upper part than in the lower part. Inconel625, 17-4P, Ti6Al4V
and Inconel718 have a very similar bore deformation trend similar to the grey cast iron.
These liners were deformed into a conical shape in the thrust–anti-thrust direction. The
difference in deformation on the thrust and anti-thrust was less than 5 µm. In the case of
AlSi10Mg, the bore deformation looked different. The top part was even more deformed
than the other materials. There could have been a difference of up to 15 µm, and the shape
remained conical.

In order to determine whether additive manufactured materials affect the roundness
of the liner’s cross-section, the roundness errors were calculated at different elevations
(10, 50, and 90 mm) using the least squares circle (LSC) method. In this method, a specific
center point of the circle is set in such a way that the sum of the squares of the deviation is
minimized for the measured profile. The inscribed circle and the circumscribed circle are
drawn next. The roundness error ∆R is the difference between the radius of the inscribed
circle and the radius of the circumscribed circle as shown in Figure 6a.
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While the straightness error represents the change in radius over depth, the roundness
error represents the change in radius over circumference. Figure 6b shows how to calculate
the straightness error as the minimum distance between two straight lines that contain all
the points. Table 3 shows the roundness error of the six liners (five additive manufactured
materials and grey cast iron). Keeping in mind that in the cold state, all materials exhibited
no roundness error, the roundness errors in the fired state increased significantly. There
was a variation in the roundness error of the six liners. Figure 7 shows the deviation of the
roundness error (RE) from the roundness error of the grey cast iron liner.

Table 3. Roundness deviation of the liner in µm.

Fired State

Material

Liner Height
10 mm 50 mm 90 mm

Grey cast iron (ref.) 59.5 57.2 58.5

Inconel625 54.8 53.5 56.4

Inconel718 65.8 63.5 65.3

17-4PH 52.0 49.9 50.6

AlSi10Mg 123.2 118.2 120.5

Ti6Al4V 39.6 39.2 43.4
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Materials such as Ti6Al4V and 17-4PH have a significant improvement in roundness
compared to grey cast iron. With an approximate roundness error of 39 µm, Ti6Al4V
had the lowest roundness error. The two Inconel materials show different performances.
While Inconel 625 had better roundness values than grey cast iron, the roundness error was
greater for Inconel 718 than for grey cast iron. AlSi10Mg had about a 120 µm roundness
error, which is very high compared to the grey cast iron. A larger roundness error implies
that the piston rings need increased pretension to prevent leakage. This increases the
frictional losses to a certain extent [1]; therefore, the friction with AlSi10Mg could increase
compared to the grey cast iron. In contrast, friction can be reduced when Ti6Al4V and
17-4PH materials are used.

Table 4 shows the straightness error of the six liners (five AM materials and grey cast
iron), while Figure 8 shows a deviation in the straightness error (SE) of the AM materials
from the straightness error of the grey cast iron. Note that there was no straightness error
in the cold state. The table shows that Ti6Al4V had the best and smallest straightness
error between all material alloys but not from all sides. On the rear side, the straightness
error value (9.5 µm) was higher than the value for the reference material. The straightness
error with Inconel625 on the rear also had a higher value compared with grey cast iron.
Again, AlSi10Mg had the largest straightness error on both sides: front and rear (15.5 and
13.5 µm). In general, the ranking from this analysis remains the same as for the elevation of
the roundness error.

Table 4. Straightness deviation of the liner in µm.

Fired State

Material

Side
Thrust Anti-Thrust Front Rear

Grey cast iron (ref.) 5.9 6.1 7.2 6.9

Inconel625 4.6 4.7 6.3 8.9

Inconel718 5.8 5.9 7.4 8.0

17-4PH 4.8 4.8 5.9 5.3

AlSi10Mg 12.4 12.6 15.5 13.5

Ti6Al4V 3.3 3.4 4.8 9.5
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These results show that AM materials can be used as an alternative to conventional
materials from a structural point of view. Some of these AM alloys will even enhance the
geometrical performance of the cylinder liner and therefore enhance the overall efficiency
of the engine. For example, the Ti6Al4V alloy reduces the average roundness error by 30%
and the average straightness error by 21% compared with the grey cast iron.

4. Conclusions

Materials used in additive manufacturing have proven themselves in many fields for
years. Thus, this technology can possibly be used in new areas that require revolutionary
design and manufacturing processes. This technology provides a good development op-
portunity for the piston ring cylinder liner coupling, which is considered as an important
component of internal combustion engines. The utilization of AM techniques for the manu-
facturing process of liners can allow for new degrees of freedom in terms of cooling and
forming of the liner. This can improve the conformability of the piston ring to the cylinder
liner, which is essential since the lack of conformability can affect engine performance and
energy consumption.

One of the biggest barriers for using additive manufacturing in liners is the lack of
knowledge about whether AM materials are suitable for use in cylinder liners. In this work,
the structural compatibility of additive manufactured materials for the cylinder liner was
investigated using a validated finite-element model. The influences and effects of the AM
materials on the liner deformation at 4000 rpm/full load were simulated and compared to the
conventional grey cast iron. Based on simulation results, the maximum deformation, the bore
and circumferential deformation, and the roundness and straightness errors were determined.

The results show that the maximum liner deformation as well as the bore and cir-
cumferential deformations of the AM liners are comparable to the grey cast iron. Ti6Al4V,
Inconel 625 and 17-4PH materials can reduce the maximum deformation on average by
32%, 7%, and 13%, respectively, while AlSi10Mg and Inconel 718 increase the maximum
deformation on average by 107% and 11%, respectively. From a geometrical performance
aspect, the roundness error at hot state decreased by using Ti6Al4V, Inconel 625 and 17-4PH
materials. Maximum reduction of 36% compared to grey cast iron was achieved when
using Ti6Al4V material. The straightness error at hot state was reduced by about 20% for
the 17-4PH material. The enhancement of the geometrical performance of the liner using
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Ti6Al4V, Inconel 625 and 17-4PH materials can be reflected on the efficiency on the PRCL
coupling and therefore on the total energy efficiency.

These results indicate that additive manufactured materials can be used as a liner
material from a structural point of view. However, a full understanding of the additively
manufactured cylinder liners and their impacts on the tribological performance of the
piston group would require more detailed investigations. Moreover, a revolutionary design
for cylinder liners can be achieved in order to control the liner deformation and tribological
behavior. This can improve internal combustion engine technology and maximize the
benefits of conversion to fuels. The findings of this work present a step in this direction.
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