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Abstract

Reducing vehicle weight is a key task for automotive engineers to meet future emission, fuel
consumption, and performance requirements. Weight reduction of cylinder head and crankcase
can make a decisive contribution to achieving these objectives, as they are among the heaviest
components of a passenger car powertrain.

Modern passenger car cylinder heads and crankcases have greatly been optimized in terms of
cost and weight in all-aluminum design using the latest conventional production techniques. However,
it is becoming apparent that further significant weight reduction cannot be expected, as processes
such as casting have reached their limits for further lightweighting due to manufacturing restric-
tions. Here, recent developments in the additive manufacturing (AM) of metallic structures is offering
a new degree of freedom.

As part of the government-funded research project LeiMot [Lightweight Engine (Eng.)] borderline
lightweight design potential of a passenger car cylinder head with the use of automated structural
optimization is investigated. A four-cylinder 2.0 L series production Diesel engine cylinder head is
taken as basis in terms of bolting and gas flow channels.

With the newly gained design freedom by AM, it is demonstrated that a cylinder head with up to
30% weight reduction in comparison to the reference cylinder head can be realized through a novel
stiffness concept, while fulfilling the mechanical requirements. The optimized design is initially validated
by CAE methods for the hot operational conditions and worst-case circumstances. Required material
properties are determined through manufactured specimens. A prototype cylinder head is manufac-
tured using the LPBF (laser powder bed fusion) process, and hardware durability is validated on a
hydro-pulse test bench under the maximum cylinder pressure of the reference Diesel engine.
Subsequently, a material analysis is performed, and optimization potentials at the component geometry
and printing parameters are investigated to further improve material properties and hence
fatigue performance.
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eight reduction has been one of the most impor-

tant goals of vehicle design due to its environ-

mental impact, costs, vehicle dynamics as well
as customer satisfaction. There is continuous research
on new design approaches, alternative materials, and
manufacturing processes to achieve further lightweighting
02 3 4]

From the establishment of the first-ever automobile
emission control regulations in 1966 to the first Euro
emission standards in 1991 [5], the transport industry is
under continuously tightened obligation to produce
vehicles with less fuel consumption and exhaust gas emis-
sions in all major markets [6, 7, 8], as a main contributor
of global emissions [9]. Figure 1 shows the potential
impact of 100 kg weight reduction on CO, emission and
fuel consumption reductions in a WLTP cycle. For gasoline
and Diesel engines, secondary savings are considered
(constant power-to-weight ratio) in addition [10]. Including
primary and secondary savings, a 100 kg weight reduction
results in approx. 0.24 L/100 km less fuel consumption
for a Diesel powertrain in the low part of the WLTP cycle
(with speeds below 60 km/h) and 8 g/km CO, reduction.
Primary savings are considered direct savings due to
weight reduction without any other vehicle adjustments.
Further adjustments such as engine downsizing or opti-
mization of torque curves are considered secondary
savings. In addition to the impact of reduced energy
requirement through lightweighting, the reduced material

m Effect of 100 kg vehicle mass reduction on CO,
emission and fuel consumption reductions for constant power-
to-weight ratio.
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Gasoline Diesel

volume also has a direct contribution to emission reduc-
tion during the engine cold start phase, where the highest
portion of total emissions occur [11]. During transient heat
transfer, components reach their operational tempera-
tures faster due to reduced thermal inertia, increasing
the warm-up rate of lubricant and coolant [12]. In addition
to the positive impacts of lightweighting on the environ-
ment and costs, it also contributes to driving performance
and hence to customer satisfaction with improved
maneuverability, acceleration, and braking.

Powertrain weight accounts for approx. 25% of the
total weight of a passenger car [13] and 16% of the total
weight of a light-duty commercial vehicle [14]. Finding
solutions to reduce the mass of the heaviest compo-
nents of a powertrain, such as cylinder head and crank-
case, can make a decisive contribution to meet the
above-mentioned objectives. Under continuously
increasing performance demands, e.g., due to down-
sizing concepts [15], cylinder head, and crankcase in all-
aluminum design have been continuously optimized in
terms of cost and weight using the latest conventional
production techniques. However, it is becoming apparent
that further significant weight reduction while satisfying
durability requirements cannot be expected with conven-
tional techniques, which is shown in Eigure 2. As
processes such as casting have reached their limits due
to manufacturing restrictions, recent developments in
additive manufacturing (AM) are offering new possibili-
ties for further weight reduction. Significantly fewer
manufacturing restrictions of AM allow bionic design

m Development of weight-to-power ratio of series
engines over time.
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tailored to load paths within the structure with thinner
and nonuniform wall thicknesses, holes with smaller
diameters, and compact design. Nevertheless, the
maximum size of producible components is restricted
by machine size. In addition, closed volumes should
be designed suitably for ease of depowdering and to
avoid eventual limitations in function due to the forma-
tion of support structures [16, 17].

In case of lightweight design for AM, following a
conventional parametric component design approach for
the purpose of maximum weight reduction prevents
taking full advantage of the design degree of freedom
brought by AM. Since the definition of optimization poten-
tial is conventionally highly dependent on engineering
judgment without exact knowledge of structural load
patterns, integrating automated topology optimization
as an effective computer-aided engineering (CAE) method
[18] into the concept design phase may help achieve a
borderline lightweight concept. In this work, a new
cylinder head design process based on automated
topology optimization (TO) is proposed with the target
of achieving a borderline lightweight passenger car
cylinder head for AM.

According to extensive literature research, no similar
application of TO is known to the authors of this work
until now. On the other hand, within other powertrain
components, pistons have been widely analyzed in terms
of its weight reduction potential using TO for AM [19]. In
fact, a topology-optimized and additively manufactured
lightweight piston is already being used in a small series
high-performance engine, enabling a significant increase
in the rated power of the engine [20]. Brackets [21, 22],
subframes [23], and chassis [24, 25, 26] are among other
vehicle parts, which have been investigated for the appli-
cation of automated TO.

It has been demonstrated that with use of TO further
weight reduction can be achieved in comparison to a
manually optimized cylinder head, where series develop-
ment criteria in terms of function and durability are fully
met. The durability of the cylinder head has been initially
validated by CAE with worst-case boundary conditions.
After CAE validation, a prototype cylinder head was
manufactured with LPBF (laser powder bed fusion)
process using AISiTOMg alloy, and fatigue durability of the
hardware was validated with a hydro-pulse test under
the maximum cylinder pressure of the reference cylinder
head. Subsequently, cylinder pressure has been further
increased in order to analyze the fatigue limit of the
cylinder head and validate the CAE simulation approach.
The fracture mechanism and the microstructure of the
AM material have been analyzed and further optimization
potentials for improved component durability have
been discussed.

As reference the cylinder head of a four-cylinder, 2.0
L, 120 kW series production Diesel engine has been
obtained with a weight-to-power ratio of 1.2. Global prop-
erties such as bore, cylinder distance, gas flow channels,
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and mounting parts have been kept unchanged. A highly
efficient cooling concept (arterial cooling) has been adopted
from another lightweight cylinder head prototype, which
is developed in the scope of the LeiMot research project
for AM and introduced in previous publications [27, 28, 29].

In general terms, structural optimization is defined as
realizing the best possible structural design with a defined
objective and some limitations [30]. To develop a novel
stiffness concept, this study investigates the application
of TO, which is the most general form of structural opti-
mization as a material distribution problem. Hence, other
types of structural optimization, shape, and size optimiza-
tions [31] are not considered in the scope of this work.

For the automated TO, Altair Optistruct 2021 has
been used, which is one of the major software packages
used in the commercial market for structural optimization
[32]. Optimization has been performed with the SIMP
(solid isotropic material with penalization) method [33] as
the most used method for TO in the commercial field
[34]. The optimization problem is defined as finding the
optimal material distribution, which minimizes the compli-
ance (optimization objective), in other words, maximizes
the stiffness, while being subjected to an upper volume
boundary (optimization constraint). The general optimiza-
tion problem can be formulized as follows [35]:

Find: p = {pw, o pN}
Minimize: C = u,

Subjected to:

N
Zpeve <V
e=1

O<:DminS eS1

p indicates the vector of design variables, whereas an FE
model with an N total number of FE, each element owns
an artificial density. After every optimization iteration,
each element density can obtain a value between O (void)
and 1 (full material). Compliance C, which is the inverse of
stiffness, is defined as the virtual work of the loads on
the displacements of application points [36] and calcu-
lated by the multiplication of the external force f and the
displacement u vectors for the nodal degree of freedom
p. Since the displacement vector is dependent on the
global stiffness matrix, at the SIMP method Young’s
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modulus of each FE is calculated as a function of the
artificial element density p according to equation [35]:

Ee :ngO

where E, indicates the Young's modulus of the bulk
material and n is the penalization factor, which penalizes
the intermediate densities to 0 and 1to achieve a discrete
optimization result [37]. Finally, according to the defined
optimization constraint sum of the individual artificial
volume of each FE (p.v.) should be equal to or lower than
the given volume as the optimization constraint. The
result of the optimization with the described objective
and constraint functions (minimum compliance and
volume constraint) has been compared with other possible
alternative problem definitions and regarded as the most
suitable problem definition for this application.

The optimization process is shown in Figure 3. Initially,
a finite element analysis (FEA) is performed and subse-
quently, convergence of the results is checked for the
defined optimization problem. If convergence criteria are
not fulfilled, a sensitivity analysis is performed to deter-
mine the sensitivity of structural responses with respect
to design variables. For the efficiency of the calculation,

m |teration process of SIMP.
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approximate explicit models are built and design variables
are updated for the next iteration [38].

FE Model Setup

Usage of the reference cylinder head geometry for the
optimization would lead to suboptimal results, since a
novel and bionic stiffness concept using the full potential
of the available package cannot be achieved but may only
serve for the optimization of the structure within its
existing geometrical boundaries. In order to provide the
optimization algorithm with the highest possible design
freedom and to obtain an optimal material distribution,
the largest available package volume should be consid-
ered in the created FE model as “design space” of the TO.

Features that are necessary for the function of the
cylinder head cannot be included in the discretized domain
for the optimization (non-design space). Gas, coolant, and
pressured oil channel surfaces, bolt boss as well as
contact surfaces to the other components (injector, glow
plug, valve seat and valve guide, valve spring, hydraulic
valve adjuster (HLA), cylinder head gasket, camshaft
ladder frame, intake and exhaust manifolds) have been
considered in the optimization model as a separate solid
FE component with 3 mm wall thickness, which is the
defined minimum wall thickness for the cylinder head.
Modeling of the non-design space as a solid 3D structure
is advantageous over modeling with 2D FE surfaces due
to more realistic stiffness distribution in the global model
and for the ease of the subsequent design step. Oil return
channels haven't been considered in the optimization
model in order to use the topological features of the
optimization result for the guidance of the oil. Figure 4
shows the FE model for the TO with the design and non-
design spaces, having a total of —12 million first-order FE
elements and —2.5 million nodes. Cylinder head design/
non-design spaces and dummy crankcase have been
discretized with linear tetrahedrons, whereas cylinder

m FE model of the cylinder head and dummy
crankcase compound in exploded view.

Cyl. head
bolts

Cyl. head
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head bolts including washers and gaskets are discretized
with linear hexahedrons. A parameter study on the 3D
discretization parameters showed that in order to obtain
a smooth and bionic surface contour, element growth
shouldn’t be allowed during the automated 3D discretiza-
tion. The usage of established 3D FE discretization param-
eters of a typical stress analysis will lead to bad topo-
logical contour in the optimization results, where bigger
3D element sizes are allowed at the areas far away from
the surface to reduce the computational times in a
stress analysis.

Load Case Definition

Load steps in a typical FE analysis for high-cycle fatigue
(HCF) evaluation are defined according to the real load
sequence during engine operation, where initially assembly
loads are applied at cold conditions with subsequent
thermal expansion of the structure and cylinder pressure
loads according to the given firing order of the engine.
Since for the fatigue analysis mean and amplitude stresses
are calculated from cyclic loads, consideration of above-
mentioned loads in discrete load cases is necessary.
Since the task of TO is different than a HCF analysis,
it is possible to reduce the simulation time significantly by
considering all mechanical load cases in a single load case
for the FEA during the optimization iterations. In order to
validate the approach with simplified load case definition,
for each load source individual analyses have been
performed and strain energy distributions within the struc-
ture have been compared with the combined load case.

At rated power, the combustion chamber heat load
causes thermal expansion of the aluminum material with
structural temperatures up to 260°C. Consideration of
thermal expansion for the compliance calculation tends
to reduce material volume. As thermal load dominance
increases in the system in comparison to mechanical
loads, this behavior may result in topologies with lower
strength [39]. As thermal loads do not influence the main
load patterns of the cylinder head, during the TO of this
work only mechanical loads are considered. Nevertheless,
thermal expansion can be considered as a separate load
step during the FE analysis prior to the mechanical load
step in order to constrain structural deformations at
critical areas. As an example, constraining the valve guide
misalignment relative to the valve seat rings can result
in stiffening of the corresponding area and hence less
wear at the valve edges during the operation of the
engine. According to the optimization definition, the opti-
mization algorithm alters artificial element densities to
meet the defined volume target with the highest possible
overall structural stiffness. This results in the highest load
source dominating the optimization result, in this case,
cylinder head bolt pretension. In an extreme case, no
proper connection of structures with the main body will
occur, e.g,, for the bolt bosses at the outer periphery of
the cylinder head. In order to realize the structural connec-
tion of all load-carrying functional surfaces, a sensitivity
study has been performed in which applied loads are
artificially adjusted. Figure 5 shows the considered
mechanical loads for the TO.

During the LPBF process support structures are
used to allow thermal dissipation, printability, and part

m Applied mechanical loads in the topology optimization.

Cylinder head bolt
pretension forces

Section A-A

External
bolt bosses
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balance [40]. An objective of design for AM (DfAM) is
minimizing the necessity for support structures by
adapting the component topology, which saves material
and reduces production and post-processing times [41].
For this purpose, an overhang constraint has been
defined according to the predefined build direction of
the cylinder head on the build plate. Other considered
optimization parameters include minimum dimension
(MINDIM) to avoid the formation of walls with small
thicknesses, checkerboard control to avoid discrete solu-
tions between neighboring FE [42], and penalty factor
to penalize the artificial element densities.

TO Simulation

TO performed with 98 CPUs and 2 MPI processes on two
nodes in “in-core” mode has a runtime of ~25 h. A
minimum compliance objective with linear—static FEA has
been achieved after 18 iterations.

As can be seen in Figure 6, purposed design topology
shows an overall bionic architecture without sharp edges,
where the load transfer is realized from the shortest path
possible. Results show that the material is mainly gathered
around the cylinder head bolt bosses, serving as a pivot
structure for the structural integrity. Large cavities are
formed between the cylinders, which are opening to the
outside of the cylinder head. Non-design materials, which
are located on the load transfer paths have been
connected with the optimized design domain and used
for the global stiffness. At the outer periphery all bolt
bosses are connected with the main structure and HLA
housings are supported in a vertical direction above the
gas exchange ports. A density threshold of 0.7 has been
selected for the export of the optimization results for final
geometry creation in CAD.

Final Design with CAD

Based on the TO result the final geometry of the cylinder
head has been modeled in CAD. In order to validate the
reliability of the optimization method, it is pursued to
generate the final geometry without any deviation from
the optimization results. Important features, which are
additionally considered during the design of the final
model, include:

¢ Radii between the design and non-design domains

¢ Qil sealing wall with 2 mm thickness above the gas
channels. A honeycomb pattern is implemented to
reduce the negative effect of thin walls on
NVH performance

e Qil return channels for the transfer of oil to the
crankcase oil return channels using the existing
material for channel boundaries

The developed oil return concept takes advantage of
the existing cavities in the topology without impairing the
cylinder heads’ stiffness concept. Collected oil over the
bottom plate of the cylinder head is transferred to the
oil return channels of the crankcase at both the intake
and exhaust sides of the cylinder head.

Figure 7 shows the final CAD model of the cylinder
head as the raw part to be used for the LPBF process,
where thread holes, as well as flange surfaces for other
components, are considered with sufficient material for
the machining process.

After creating the final machined model in CAD, a
30% weight reduction over the cylinder head of the refer-
ence engine is achieved. Consideration of additional
geometrical features such as sealing wall and connection

m Result of the automated topology optimization with design (light gray, density threshold 0.7) and non-design (dark
green) domains; isometric view (left) and cross-sectional views (right).

Section Y-Z plane
(view from transmission side)

Section Z-X plane
(view from exhaust side)
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Final CAD model of the cylinder head as raw part
for LPBF process.

m FE model for the HCF analysis of the cylinder
head (cylinder head shown as transparent).

Oil sealing walls
with honeycomb

Connection between design
and non-design domains

radii between the design and non-design domains
increased the overall weight only by —400 g (Eigure 8).

Validation of Durability
with CAE

HCF Analysis

HCF performance of the cylinder head has been analyzed
with Abaqus 2017 and FEMFAT 6.14 according to the
worst-case series development criteria for the rated
power operation point of the reference engine (120 kW
at 3250 1/min, lower boundary of the rated speed range
due to worse cooling-performance). Discretized FE model
of the cylinder head and crankcase compound including
the relevant parts for the analysis have been shown in
Figure 9. Initially, a thermal analysis has been performed
in order to obtain the nodal temperatures to be consid-
ered in the thermomechanical analysis. Heat transfer
coefficient (HTC) distribution of the coolant as well as HTC
and temperature distribution of the combustion gas at

m Final cylinder head mass comparison with the
reference cylinder head.
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the areas close to the structure surfaces have been
obtained from 3D CFD analyses and mapped to the FE
model as boundary conditions for the thermal analysis
[43]. Subsequently, a quasi-static nonlinear thermome-
chanical analysis has been performed with linear elastic
material properties. For each simulated load step material
stresses are obtained to be used in the subsequent dura-
bility analysis for the evaluation of fatigue safety factors
for 90% component survival rate based on the cyclic mean
and amplitude stresses.

Additionally, contact pressures have been analyzed
in a separate analysis, e.g., to evaluate the sealing perfor-
mance of the cylinder head gasket.

Thermomechanical analysis for HCF evaluation has
been performed according to the below load case
(LC) sequence:

e LC1T (cold assembly): Application of maximum bolt
forces to the cylinder head, ladder frame, and
injector, maximum press fits of the valve seats and
valve guides

e | C2 (thermal load): Thermal expansion of the
structure according to the mapped
nodal temperatures

e LC3:150 bar max. cyl. pressure at cyl. 1
e |C4:150 bar max. cyl. pressure at cyl. 3
e | C5:150 bar max. cyl. pressure at cyl. 4
e LC6: 150 bar max. cyl. pressure at cyl. 2

e | C7: Relaxation to warm assembly

In order to consider the worst-case contact situation
during cold engine start, a contact evaluation has been
performed without the application of thermal load
according to the following LC sequence:
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e LC1 (cold assembly): Application of min. bolt forces to
the cylinder head, ladder frame, and injector bolt
forces, minimum Press fits of the valve seats and
valve guides

e LC2:150 bar max. cyl. pressure at cyl. 1
e [C3:150 bar max. cyl. pressure at cyl. 3
e |C4:150 bar max. cyl. pressure at cyl. 4
e LC5:150 bar max. cyl. pressure at cyl. 2
e | C6: Relaxation to cold assembly

AlISi1OMg LPBF Material
Properties

Consideration of correct material properties in CAE is
necessary for validating component durability. Material
properties of casted components in AISiITOMg are well-
known nowadays and show statistically small scattering
with well-established heat treatment parameters.
Compared to cast material, components produced by
LPBF show a unique and fine microstructure in as-built
condition, where in contrast to cast material quasi-static
strength values, tensile and yield strength are the highest,
however with low ductility. In order to increase the elon-
gation at break a subsequent heat treatment process
iS necessary.

Test samples have been manufactured in different
build directions to determine the material properties for
the CAE analysis and a quasi-static tensile test has been
performed at room as well as at elevated temperatures.
A T6 heat treatment is applied with two different artificial
aging durations for the comparison of its effect on final
mechanical properties:

e HT1: Solution annealing for 6 h at 515°C, water
quenching at 80°C, and artificial aging for 12 h at
200°C

e HT2: Solution annealing for 6 h at 515°C, water
quenching at 80°C, and artificial aging for 3 h at
200°C

Results show a typical temperature dependence,
where the highest ultimate strength and Young's modulus
are obtained at the 20°C room temperature, as can
be seen in Figure 10. Values between different build
directions show a larger scattering at higher tempera-
tures. On the other hand, average values between
different build directions are on a similar level, which
supports the findings of other research work that
material anisotropy is minimized after heat treatment
[44, 45, 46]. Shortening the artificial aging duration to 3
h resulted in less scattering in the results and an increase
in the average tensile strength and Youngs's modulus at
250°C. Hence, for the CAE analyses isotropic material
properties have been defined using the worst material
values from the tensile test samples with 3 h artificial
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m Ultimate strength and Young's modulus of the
AISiITOMg test samples manufactured with LPBF and heat

treated with different artificial aging (AA) durations.
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aging. In comparison to the reference cast material, LPBF
samples showed significantly lower ultimate strength
and Young's modulus values at the elevated tempera-
tures of 130°C and 250°C. Despite the differences in
manufacturing techniques and heat treatment param-
eters, the Cu content of the reference aluminum alloy
significantly contributes to the deviation at elevated
temperatures. On the other hand, higher material
strength due to Cu content trades off with lower heat
conductivity, which may lead to critical areas at the flame
deck region due to high structural temperatures [47, 48].

The fatigue performance of LPBF AISiTOMg is mainly
defined by inherent defects within the material in the
form of porosities, incomplete fusion holes, and cracks
[49]. To determine the alternating strength of the LPBF
material test samples have been manufactured and a
fatigue test has been performed according to the stair-
case method (R = —1). Results are shown in a Wohler
diagram in Figure 11. Four samples showed no defect
after 107 load cycles; however, a large scattering in their

Copyright © 2024 TME | RWTH Aachen University. All Rights Reserved
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m Wohler diagram for the fatigue test of AISI10Mg
samples manufactured with LPBF.
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stress amplitudes is observed. In the CAE analysis, the
worst-case material properties are considered by using
a minimum measured alternating strength of 100 MPa
from the four run-out samples.

Simulation Results

Thermal analysis results showed that similar surface
temperature distributions prevail at each cylinder section,
where the highest structural temperatures appear at the
flame deck region of cylinder Twith a maximum of 257°C,
which is below the admissible maximum temperature of
the material (Figure 12). On the other hand, the highest
water jacket surface temperatures appear at a local
region, closest to the combustion chamber surface, having
a maximum value of 219°C. According to the additional
boiling analysis no risk of film boiling is observed.

Thermomechanical durability has been evaluated by
calculating fatigue safety factors at each FE node. In order
to consider a probability of one defect per million parts,
a minimum safety factor of 1.5 has been obtained for
constant mean stress (o,, = const.) and 1.25 for constant
stress ratio (R = const.) as design criteria. Analysis showed
that automated TO proposed an overall durable stiffness
concept. The lowest fatigue safety factors are observed
at the lower section of large cavities between the cylin-
ders. These local areas are subjected to high mean
stresses due to their locations directly above the stiff
stopper bead section of the cylinder head gasket.
Nevertheless, safety factors fall below the design criterion
only at a local point, as shown for ¢,, = const. in Figure
13, which is deemed as uncritical.

The minimum safety factor on the surface of the
water jacket is 1.29 for R = const,, located on a local area
between the cylinders (Figure 14). It can be concluded

m Temperature distribution on the flame deck
surface of cylinder 1 (upper) and the water jacket surface

(lower) at rated power.
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that the arterial cooling concept with small channel diam-
eters (—3 mm) increased the overall stiffness at the flame
deck area and provided TO with a larger design domain
for optimal material distribution. In comparison, relatively
large coolant channel volumes of a conventional cylinder
head typically lead to high stresses and hence lower
safety factors at the highly loaded flame deck area.

Only a few local areas of the cylinder head with high
stress concentrations require optimization by radius
adjustments, so that the fatigue safety of the overall
cylinder head remains above the defined design criteria
with sufficient margins.

The sealing performance of the cylinder head gasket
has been validated under worst-case conditions by evalu-
ating the contact pressures on the bead sections at cold
conditions with minimum bolt pretension forces. Due to
the higher thermal expansion of aluminum during engine
operation the constraining steel bolts lead to an overall
higher level of contact pressure on the combustion
chamber beads compared to cold conditions. On the
other hand, due to the thermal deformation of the
component lower contact pressures are observed at the
outer regions of the cylinder head in warm conditions,
where water and oil beads are located. Nevertheless,
minimum contact pressure values remain above the
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m Areas with relatively low safety factors on the
bottom plate of the cylinder head.

m Minimum line pressure on water and

pressurized oil beads of the cylinder head gasket.
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defined design target for both water and pressurized oil
beads, as can be seen in Figure 15.

Minimum contact pressures on the combustion
chamber beads of each cylinder are higher than the
design criterion (5 x peak firing pressure of the engine)
under operating conditions, as shown in Figure 16.
Maximum overall gap movements of the full beads during
the firing of the cylinders remain far below the design
target (max. 20 pm), hence no fracture is expected.

CAD & CAE Workflow

In Eigure 17, cylinder head development processes with
CAD/CAE are compared for the conventional casting
process and a lightweight cylinder head designed for AM.
Higher interaction between CAD and CAE is required for

m Lowest safety factor on the surface of the
coolant channel.

SFA, R =const.

o

Lower limit
oNnu~NOoON U
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the development process of an additively manufactured
cylinder head, where CAE is not only used for validation
and design optimization purposes but also as a major
tool for defining the stiffness concept in the early concept
stage. A design process driven by automated TO also
requires incorporating manufacturing during the early
concept stage for the consideration of process related
restrictions according to DFAM (e.g., definition of build
direction for the manufacturing of channels without
support structures).

m Minimum line pressure and maximum overall
sealing gap movement of the combustion chamber beads.
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Comparison of cylinder head development
processes with CAD/CAE: Conventional vs. to driven design
approach for additive manufacturing.
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The cylinder head was manufactured using the LPBF
process. The machine used was an X Line 2000 R including
the newest BCX upgrade, which features a build volume
of 400 x 800 x 500 mm and two 1000 W lasers, one for
each half of the build envelope. The lasers are operating
in staggered order to ensure a clear and smoke-free
optical trajectory for both lasers. Additionally, the process
chamber features an optimized upper and lower gas flow.
The upper gas flow is a high-volume gas flow to keep the
chamber windows free of smoke and powder particles.
The lower gas flow features a high flow uniformity and
high velocity over the powder bed to remove the smoke
and spatter quickly out of the process area.

The powder used for the process was AlSiTOMg gas
atomized powder with spherical particles of an average
diameter between 45 and 75 pm. The aluminum alloy
consists of 9.9% silicon and 0.39% magnesium. The
machine features a closed-loop powder handling system
including completely inertized hoses for powder trans-
portation, inertized sieving station, and inertized silo for
storage. Unused powder during the recoating in the
process as well as the unused powder after the process
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are constantly recycled and regularly refreshed with
new powder.

In pre-production, the cylinder head was virtually
placed in the build envelope of the machine and a build
direction was chosen regarding geometry, estimated
process time, and need for support structures. While
designing the still necessary support structures, the focus
was on preventing deformation and warpage of the part
during the process. Another important topic was the later
removal of the support structures and the time to print
them. To prevent warpage, all areas below a building angle
of 45° were supported by block supports. Additionally,
cone supports were added for smaller critical points and
areas like overhangs or bridges. Cone supports were used
as well for thermal dissipation. Internal cavities especially
the oil and cooling channels were kept free of support
structures. Larger internal cavities, which were accessible
for support removal, were built with a reduced amount
of block supports compared to outer surfaces.

Before the LPBF process started, the build platform
was heated up to 200°C to reduce thermal stress during
the printing [50, 51]. The nitrogen atmosphere with 0.01%-—
0.03% residual oxygen had a flow rate of 200 m3/h. Laser
power for the hatch was 950 W with a scanning speed
of 2450 mm/s. For a good balance between productivity
and geometrical accuracy, the layer thickness was set to
60 um. The theoretical build rate of the hatch parameter
was 95 cm3/h per laser. The build job of one cylinder head
lasted for roughly 4 days.

After the removal of powder and support structures,
all external surfaces of the cylinder head were manually
ground and shot blasted with white corundum. To increase
material ductility compared to the as-built state, a T6 heat
treatment was performed. The temperature for solution
annealing was 530°C held for 6 h followed by a quenching
in 20°C water and an aging at 200°C for 3 h. After the
heat treatment, the cylinder head was shot blasted with
white corundum again for a clean and smooth surface
appearance. The surface roughness in coolant and oil
channels was reduced by a chemical—electrochemical
process. In the last step, the cylinder head was machined
to the final part geometry, and valve guides, seat rings,
valves, and valve springs were assembled (Figure 18).

Test Methodology, Setup,
Boundary Conditions

In operation, the cylinder heads undergo complex high
dynamic and thermal stresses, where the dynamic share
is mainly caused by the internal combustion and thermal
share results from temperature pulses spread with an
uneven distribution. The valve train forces are insignificant
as its influence on the durability is negligible. The resulting
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m Cylinder head in different stages of the manufacturing process; pre-processed (1), manufactured and depowdered

(2), support structures removed (3), machined and assembled (4).
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alternating stresses with almost constant temperatures
during steady-state operation represent “high-cycle”
stresses. Coinciding with external vibrational forces they
shift mean stresses and influence the tolerable stress
amplitudes of high frequency.

The complexity of the dynamic stresses is a challenge
for the selection of a simple, yet representative test
method of respective engine components. At DEUTZ AG,
an in-house-built hydro-pulse test bench was made avail-
able (Eigure 19). To replicate the real-time operation, the
ignition gas pressure is generated by an oil-hydraulic
system up to 550 bar, and the firing order is set according

m The specimen on a test bench.

to individual engines. The frequency of the hydraulic pulse
in the combustion chamber can be aligned with the
engine rpm. A cooling system is integrated to keep the
system temperature stable between 50°C and 70°C.
The pressure curve and peak pressure in each
combustion chamber are measured and monitored indi-
vidually. Sensors are positioned next to the combustion
chamber to minimize measurement distortions, caused
by dynamic effects in hoses and ducts. The test bench is
fitted with monitoring devices that automatically shut
down the operation as soon as specimen pressure
decreases. Plotting ignition pressure against the number

Copyright © 2024 DEUTZ AG. All Rights Reserved
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of cycles results in S/N diagram yielding the approximate
service limits for the component.

Testing, Results

The AM cylinder head is assembled with original parts
such as valve seat inserts, valves, and so forth, and
screwed onto a crankcase with an intermediate gasket
and original cylinder head bolts. The bolts were fastened
according to the tightening instructions of the reference
engine. A loss of preload during the first hours of engine
operation through thermal expansions was imitated by
heating the assembled engine to 120°C. Then, after
cooling down a second control of the preload on the
screws was conducted, and 18% reduction has been
observed, which is in accordance with the experiences of
conventional engines with multilayer gaskets. Nevertheless,
the test has been performed without settling effects to
consider worst-case situation.

The test was started with nominal maximum ignition
pressure of 150 bar first. On this level, the AM cylinder
head was assumed to be durable at a 100% survival rate.
Hence, after 14 million load cycles without any abnor-
malities, maximum cylinder pressure was increased to
200 bar, where a failure occurred after approximately 9
million cycles. With the component failure, further
performance information was achieved and subse-
quently, the CAE could be verified by means of fractog-
raphy (Figure 20).

The S/N curve assumptions are evaluated in accor-
dance with the FKM guideline [53], where for aluminum
alloys knee points Ny of 10° and Ny, of 108 and slopes
K, of 5 and K, of 15 are reported. With these frame param-
eters, a 50% survival probability fatigue strength is deter-
mined to be at 170 bar based on the single prototype.

m S/N curve of the cylinder head for a 50%
survival rate, with knee points and slopes [52].
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Failure Analysis

On inspection after testing, surface cracks were visible
on the oil channel surface of cylinder 3 and cylinder 2
(marked in Eigure 21), whereas at cylinder 2 the crack did
not propagate.

By cutting the cylinder head at cylinder 3, the fracture
propagation became accessible and the crack surface could
be analyzed in microscopic detail. The main crack emanated
from position 3, as shown in Figure 22. An evidence of
surface pores was detected at the area of crack propaga-
tion, which weakened the 1.5 mm-thin wall of the oil
channel (Figure 23). From here the main crack spread in
both directions toward positions 1 and 5, finally splitting
the structure at position 1and 2 completely. Subsequently,
secondary cracks were formed at positions 4, 6, and 7, with
the main crack ending at position 8 (see Figure 22).

Proceeding the failure analysis, cylinders 1, 2, and 4
were inspected, focusing on the same areas, on regions
indicated to be critical by simulation, and on structural
defects. In all locations of focus secondary cracks were
detected. All cylinders exhibit a similar pore density on
their surfaces with slight variations in pore size. The
presence of pores not only reduces the cross-section but
also concentrates higher stresses, which further infer
reduced fatigue strength of the AM cylinder head.

Simulation and Testing Correlation

A HCF analysis with the same boundary conditions as
used for the hydro-pulse test has been performed to

m Cylinder head after fatigue testing; crack areas
at cylinder 2 (bottom left) and at cylinder 3 (bottom right).
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m Crack propagation.
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validate the simulation methodology and defined LPBF
material properties:

e Structure at room temperature
e Cyl. pressure during fracture (200 bar)

* Measured cyl. head bolt pretension forces

In Eigure 24 minimum safety factors in the crack area
of cylinders 2 and 3 for R = const. and 6, = const. are
shown. On the connection radii of the HLA housings to
the pressurized oil channels, relatively low safety factors
have been observed. In both areas safety factors for R =
const. show very similar values. On the other hand, the
minimum safety factor for o, = const. is lower than at
cylinder 2, considering that the crack has been propa-
gating at cylinder 3 and led to the ending of the test.
Nevertheless, results show that fatigue safety factors are
well above the defined design criteria.

A further example of the correlation between simula-
tion and measurement is shown in Figure 25 for another

m Surface topography with pore accumulation
near the crack (Pos. 3).

Crack
surface
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m Simulation and testing correlation at the crack
area between the HLA housings and pressurized oil channels

of cylinders 2 and 3.
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local area between the cylinders, where relatively low
safety factors due to high dynamic stress amplitudes
have been observed.

Through correlating simulation and testing, predic-
tive performance of the simulation methodology
regarding relatively weaker areas have been confirmed.
Material analysis suggested that consideration of an
additional safety margin during the evaluation of fatigue
safety factors for LPBF components may be useful. In
addition, in the next section further optimization poten-
tials from the process and material point of view have
been discussed.
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m Simulation and testing correlation at the area

between the cylinders.
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Further Optimization
Potentials under Conflicting
Goals

Material Usage

The cylinder head in this project was designed exploiting
the design freedom of AM to reduce weight. Together
with the arterial cooling concept and oil channels this led
to a complex geometry even for AM. To reduce the latter,
support structures for the lightweight cylinder head, a
build direction, and an overhang constraint were chosen
during the TO as a basis for designing AM methods
applied during the design of the cylinder head. In pre-
production of the cylinder head the focus during
designing the still necessary support structures was on
preventing deformation and warpage of the part during
the manufacturing process. Another important topic was
the removal of the support structures after completing
the manufacturing process, e.g., internal cavities and oil
or cooling channels had to be free of supports.
Additionally, the time needed to produce the support
structures had to be considered as well. The volume of
the cylinder head was 3505 ¢cm?3 and the volume of the
support structure was 1194 c¢cm3, making it 34% of the
parts volume. This is not unusual for AM. Depending on
the complexity of a part, the volume of the support

structures can even exceed the volume of the part. But
still, the volume of the support structures should
be reduced, because support structures increase the
cost of the manufactured part in three ways: They
increase process time, powder consumption, and post-
process time, e.g., support removal and surface grinding.
This is of minor importance for prototyping in a one-
piece flow but must be considered for series production.
Avoiding low build angles, large overhangs, and wide
bridges would result in 2 minimized amount of support
structures, which on the other hand may deteriorate the
mechanical performance of the cylinder head under a
given weight target. Hence, alternative build directions
should be analyzed to reduce support structure usage
while maintaining the component robustness.

Powder Composition and Post-
Treatment

AISITOMg is by far the most researched and produced
aluminum alloy in AM. The powder is easily accessible by
machine suppliers or powder manufacturers.

Material properties of AISiITOMg in as-built condition
depend on various factors such as powder quality and
printing parameters, which are together with the optimi-
zation of T6 heat treatment parameters under extensive
research to achieve the best possible final mechanical
properties. While the quasi-static strength values, tensile,
and yield strength of additively manufactured AISiTOMg
exceed those of cast material in as-built condition, the
same cannot be said for ductility and the fatigue proper-
ties. The cylinder head was T6 heat treated to achieve
better ductility, which resulted in altering the fine micro-
structure of the as-built material and lower ultimate and
yield strength. Previous studies showed that with optimal
layout of heat treatment parameters strength values of

Improvement of the structural strength of the cylinder
head at elevated temperatures could be possible with
the use of AISITOMg(Cu), a copper-alloyed version of the
AISiT0Mg material [59, 60] or particle-reinforced AISiTOMg
versions [61, 62]. But even a completely new aluminum
alloy especially developed for AM should be considered
since AISiITOMg was originally developed for casting. The
newly researched aluminum alloys are promising regarding
tensile strength and elongation, but fatigue resistance
and thermal conductivity must be investigated as well
(63, 64, 65, 66, 67].

Together with the optimization of the heat treatment
parameters, even build platform temperatures should
be considered in the future [50, 51, 68].

Manufacturing Parameters

In addition to microstructure and inherent defects,
mechanical properties are also density-related [69]. The
LPBF build parameter in this study features high-power
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laser with 950 W power and, therefore, made for high-
volume production with a theoretical build rate of 95 cm3/h
per laser. To achieve this build rate the volumetric energy
density (VED) [70] was kept low and a density of >99%
was accepted. Higher densities are possible with higher
VEDs, but since the laser power is almost at the maximum
level of the machine, the only options are to reduce
scanning speed, layer thickness, or hatch spacing, which
inevitably results in lower build rates [71, 72]. Instead of
altering the process parameters, a possible further
improvement of the cylinder head could be a hot isostatic
pressing to achieve higher density [70, 73, 74].

Design Optimization

After defining the concept design of the cylinder head,
the geometry of relatively critical areas and the build
direction on the plate can be optimized in order to achieve
better surface qualities and avoid downfacing surfaces
[47]. Additionally, component strength can be improved
even further by reducing the possible buildup of residual
stresses and avoiding stress concentrations during the
LPBF process with proper design.

Due to its impact on fuel consumption, exhaust gas emis-
sions, and vehicle dynamics, there is continuous demand for
weight reduction of the vehicle components. As one of the
heaviest systems of a vehicle, the weight reduction potential
of powertrain components has been widely analyzed.

Exploiting the design freedom brought by AM, in the
scope of this work a passenger car cylinder head with a
borderline lightweight design concept has been intro-
duced. It was demonstrated that in comparison with
current casting technology 30% weight reduction can
be achieved under series development criteria by using
automated TO tools.

Thermomechanical HCF performance of the proto-
type design has been validated in CAE under worst-case
engine operation conditions, using the measured quasi-
static and alternating strength values of the LPBF material
from test samples. Additionally, the effect of AA duration
on material properties during T6 heat treatment has been
investigated. It has been observed that shortening AA
from 12 to 3 h resulted in higher average ultimate strength
at elevated temperatures.

A prototype cylinder head has been manufactured
with LPBF process using AISiTOMg powder, and the
component durability has been validated using a hydro-
pulse test with the maximum cylinder pressure of the
reference Diesel engine, 150 bar. A target of 10 million
load cycles has been achieved and proceeded until 14
million load cycles without any visible failure of
the component.

In order to identify the durability limit and analyze the
failure mechanism of the cylinder head, cylinder pressure
has been further increased to 200 bar. Based on the
findings @ maximum allowable cylinder pressure of 170
bar for HCF load has been calculated according to FKM
guidelines, which is significantly over the maximum
cylinder pressure of the reference Diesel engine. Simulation
methodology and used material properties have been
validated by means of a simulation and measurement
comparison, where relatively low safety factors have been
observed at the crack areas. A fractography analysis has
been performed to evaluate the material microstructure
at the crack areas. Various pores with irregular distribution
have been observed, having relatively larger diameters
than at the surface of a conventional cast material. Hence,
consideration of an additional safety margin during the
CAE validation of LPBF component has been suggested.

Finally, the effect of material, heat treatment, and
process parameters on mechanical performance have
been discussed for further increase of fatigue durability
at higher cylinder pressures. Under the trade-off between
manufacturing costs, times, and mechanical performance,
optimization of the used aluminum alloy and post-treat-
ment parameters offer a commercially good potential with
regard to further optimization for future series applications.

Future hybrid powertrains with range extender appli-
cations offer further weight reduction potential for base
engine components, since internal combustion engines
are mostly operated under partial load conditions
subjected to lower thermomechanical loads.
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