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For more than a century, Darmstadt has been a centre of essential expertise in structural 
durability. Test and measurement equipment, computational methods and design 
philosophies have been developed here, over the past decades. To illustrate the continuity 
of activities in this field several institutes and companies have grouped together to present 
the Symposium on Structural Durability in Darmstadt. The symposium is organised by 
Center for Engineering Materials State Materials Testing Institute Darmstadt Chair and 
Institute for Materials Science (MPA-IfW), Institute of Steel Construction and Materials 
Mechanics (IFSW), System Reliability, Adaptive Structures and Machine Acoustics SAM 
(SAM), Fraunhofer Institute for Structural Durability and System Reliability (Fraunhofer 
LBF), Instron GmbH (INSTRON), Hottinger Baldwin Messtechnik GmbH (HBM), Adam 
Opel AG (OPEL). 

The objective of the Symposium on Structural Durability in Darmstadt (SoSDiD) is to 
present the current state of the art to the national and international fatigue community. 
Constributions have been gathered from German and international experts as well as from 
Darmstadt research work in structural durability. The symposium is intended to supply a 
lively forum for discussing basic questions and current trends, bringing together scientists 
and engineers working in this field. 

In the area of structural durability the main subjects in 2017 will be thermo-mechanical 
fatigue, environmentally assisted fatigue and random vibration. 
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POTENZIAL VON IN-THE-LOOP-

TECHNOLOGIEN LÜCKENLOS NUTZEN 

Moderne mechatronische Systeme integ-

rieren eine große Anzahl von Funktionen 

und besitzen vielfältige Schnittstellen mit 

ihrer Umgebung. Um solche Systeme im 

Versuchsfeld testen zu können, ist eine re-

alitätsnahe Simulation ihrer Umgebung er-

forderlich. Im Bereich komplexer mechatro-

nischer Systeme sind dabei die realitätsnahe 

Nachbildung von mechanischen Wechsel-

wirkungen sowie der Austausch von elekt-

rischen Energie- und Informationssignalen 

des zu testenden Systems mit seiner Um-

gebung von besonderem Interesse.Die Ent-

wicklung komplexer mechatronischer Sys-

teme folgt im Allgemeinen dem V-Modell. 

Wie gut bestehende Anforderungen an ein 

zu entwickelndes System tatsächlich er-

füllt wurden, kann dabei oftmals erst im 

Feldversuch evaluiert werden, da dort alle 

relevanten Wechselwirkungen zwischen 

dem zu testenden System mit seiner Umge-

bung berücksichtigt werden. In Folge dessen 

entsteht ein hoher Aufwand für die Funk-

tionsvalidierung und die Kosten für eine 

Nachbesserung am bereits realisierten Ge-

samtsystem sind hoch. Dies erklärt die Moti-

vation, Komponententests realitätsnäher zu 

gestalten und Wechselwirkungen zwischen 

dem Prüfling und seiner Umgebung bereits 

am Prüfstand nachzubilden.

Im Bereich der Funktionsvalidierung einge-

bettete Steuergeräte tauscht das Steuerge-

rät mit der Echtzeitsimulation des virtuel-

len Restsystems Signale und Informationen 

aus. Ein solcher Hardware-in-the-Loop-

Test auf Signalebene ermöglicht somit ei-

nen frühzeitigen und reproduzierbaren 

Komponententest auch unter kritischen 
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Opel Mobilservice.
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HV 500
Oil- Free HDT & Vicat Tester

Instron® CEAST HV500 is the latest instrument design to perform 
HDT and VICAT tests at high temperatures, up to 500°C, making this 
instrument ideal for research and quality control applications as it is 
ensuring the capability to test the new generations of techno-polymers, 
characterized by their excellent properties at high temperature. 

PRINCIPLE OF OPERATION

The effect of temperature on the mechanical properties of plastic 
materials has a fundamental role in the design of components, 
especially in the selection of materials. Unlike metals and ceramics,
plastics are extremely sensitive to the slightest changes in temperature. 
The selection of plastics for applications under different temperatures 
is a complex task. The material must be able to support a stress under 
operating conditions without losing its strength and without critical 
distortion. The effect of temperature on geometrical stability and 
mechanical properties in general can be studied following different 
procedures and methods like at constant temperature or with a 
temperature ramp. From very simple units for QC labs to more advanced 
and automated systems, the HV Series is designed to measure the heat 
deflection temperature (HDT) and the Vicat softening temperature (VST) 
according to the related ISO and ASTM international standards. Part of 
this testing application systems is the innovative CEAST HV500 tester 
using the Aluminum Oxide micrometer-sized powder heating system.

FEATURES AND BENEFITS
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• Performs HDT and Vicat tests at temperatures up to 500°C on three independent test stations.
• Eliminates all of the environmental concerns associated with silicone oil usage, such as oil vapour emissions from the 

bath and the oil recycling problems.
• Innovative heating system using the Aluminum Oxide micrometer-sized powder fluidized by means of compressed air.
• A very advanced air-system controller system allows an automatic regulation of the air flow as a function of the bath 

temperature in order to obtain optimum temperature uniformity.
• All three stations are automatically raised and lowered by a pneumatic system at the beginning and end of test. An 

independentpneumatic system applies the selected weights on the specimens and then removes them at test end.
• The instrument can be managed either through the alphanumeric keyboard or a separate PC and controlled by means of 

a dedicated software.
• Maximum temperature control via firmware and separate dedicated safety thermostat. The new safety system does not 

permit the opening of the new Plexiglas cover until the bath temperature has reached the threshold temperature. A safety 
pressure switch is able to switch-off the heating resi.
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THERMOMECHANICAL FATIGUE OF LOST FOAM CAST 
ALUMINIUM-SILICON CYLINDER HEADS -  

EXPERIMENTS AND SIMULATION 
 
M. Wagner1), A. Mösenbacher1), M. Decker1), M. Hoyer2), M. Riva2), H. - J. Christ3) 

1) IABG mbH, Einsteinstraße 20, 85521 Ottobrunn, Germany 
2) BMW Group, 80788 Munich, Germany 

3) Universität Siegen, Institut für Werkstofftechnik, Paul-Bonatz-Straße 9-11, 
57076 Siegen, Germany 

 
 
ABSTRACT 
 
The lifetime of aluminium-silicon cylinder heads is assessed by mechanism-based damage 
models which use the results of thermomechanical deformation calculation. For this 
purpose viscoplastic material models are used. For parameter identification uniaxial 
thermomechanical fatigue (TMF) tests were performed. The specimens for these tests were 
extracted from the region between the intake and exhaust port of the cylinder heads. In this 
work cylinder heads were investigated which were manufactured by the Lost Foam casting 
process. Its high system-dependent porosity shows a significant influence on the lifetime 
under TMF loading. Therefore, the pores in the specimens were detected by micro-CT 
before and after TMF testing. Additionally, the fracture surfaces were investigated by SEM. 
By means of this procedure the characteristic parameter for TMF loading was identified. 
 
 
KEYWORDS 
 
Cylinder head, Lost Foam, thermomechanical fatigue test, viscoplastic deformation model, 
parameter identification, characteristic parameter, micro-CT 
 
 
INTRODUCTION 
 
In automotive cylinder heads thermomechanical loads caused by temperature cycles 
(engine start-stop especially in PHEV application, full load, partial load) lead to 
thermomechanical fatigue (TMF). The result is crack initiation within the critical section on 
the combustion chamber side [1-2]. Additionally, a significant variation of the lifetime of 
identically loaded sections is observed. The main reason for lifetime variation is the casting 
process of the cylinder heads. In this work cylinder heads were investigated which were 
manufactured by the Lost Foam casting process. Its system-dependent porosity shows a 
significant influence on the lifetime under TMF loading. To reduce the development time 
of cylinder heads and to define standards for the effective quality control and process 
optimisation a combined test and computation method is introduced. The aim of this 
method is the calculation of the lifetime and the lifetime variation of cylinder heads 
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subjected to TMF loading as a function of the variation of characteristic parameters in 
specimen geometry. 
The lifetime of aluminium-silicon cylinder heads is assessed by damage models which use 
the results of the thermomechanical deformation calculation [3-4]. For identification of the 
model parameters uniaxial thermomechanical fatigue tests were performed. In this paper 
the experimental procedure of TMF testing and the procedure of identifying the 
deformation model parameters are described in detail. The experimental results and the 
results of the parameter identification are illustrated for a particular ageing state. Moreover, 
micro-computer tomography scans of the specimens were performed before and after TMF 
testing. By means of this procedure the characteristic parameter for TMF loading was 
identified. 
 
 
EXPERIMENTAL PROCEDURE 
 
Uniaxial thermomechanical fatigue tests were performed under control of the mechanical 
strain in a servo-hydraulic test rig. The heating of the specimen was conducted by a 10 kW 
high-frequency generator. Heat was generated within the material by an induction coil 
which was fitted to the specimen geometry. A flattened thermocouple (type K) with 0.1 mm 
thickness was used for temperature measurement. For strain measurement a high-
temperature extensometer with a gauge length of 12 mm was used (Fig. 1, left). 
 
 

Induction coil

Extensometer

Thermocouple
Specimen

Compressed air 
pipe with nozzles

 
 
 
Fig. 1: TMF test setup (left); outer water-cooled pipe and inner compressed air pipe with 
nozzles for air transportation to the specimen (right) 
 
 
In this work a precipitation-hardened aluminium-silicon cast alloy was used. To consider 
the influence of the Lost Foam casting process on the lifetime under TMF loading the 
specimens were extracted from the region between the intake and exhaust port of the 
cylinder heads (Fig. 2). Thus, the specimens have small dimensions: the specimen length is 
80 mm, the mount diameter 10 mm and the test diameter 7 mm. In order to be able to 
perform TMF tests with these specimens the induction coil consists of two pipes: An outer 
water-cooled pipe and an inner compressed air pipe with nozzles for air transportation to 
the specimen (Fig. 1, right). 
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Fig. 2: Specimen extraction 
 
 
Six tests were performed in a temperature range between 50°C und 250°C with heating and 
cooling rates of 5°C/s using a triangle shaped signal. The strain ranges mech,1, mech,2 and 

mech,3 were applied according to the engine service conditions. All strains are scaled to 
mech,2: mech,1 = 1.2 mech,2 and mech,3 = 0.8 mech,2. A hold time of 60 s was applied at 

the highest temperature of 250°C. The TMF tests were carried out with a phase shift of 
180° between the temperature and strain signal (out-of-phase - OP). 
 
 
MODELLING 
 
Material model 
 
For modelling the thermomechanical deformation behaviour the material model “Two-layer 
viscoplasticity” (TLV) was used because it considers the elastic, plastic and viscous 
material properties and additionally is implemented in the FE software Abaqus [1, 5-6]. In 
this work the uniaxial material equations are solved in Matlab by the explicit Euler 
integration method [7]. The elastic properties of the material are described by Hooke’s law, 
written here in rate formulation, 

withel pl mech pl v mech v pl vE E E E E Epl mech pl v mech v w ti hE E EithE EE E Ewithpl mech pl v mech vpl mech pl v mech vpl mech pl v mech v withEE elel   (1) 

where  is the stress, E the Young’s modulus, el the elastic strain, mech the mechanical 
strain, pl the plastic strain and v the viscous strain. Epl is the Young’s modulus in the 
elastic-plastic network and Ev is the Young’s modulus in the elastic-viscous network. The 
flow function f is used to determine whether a stress state leads to elastic or plastic 
deformation of the material. It is defined as follows, 

pl ef R     (2) 

where pl is the stress in the elastic-plastic network,  the back stress and Re the initial yield 
stress. The material shows an elastic behaviour for f < 0 and a plastic behaviour for f = 0. In 
the case of f = 0, the plastic strain rate is calculated as product of the rate of the equivalent 
plastic strain p and the plastic flow direction df/d . The described relation is defined as 
plastic flow rule: 

pl
pl

e

dfp p
d Rpl
dfpp plf pf
d R

p pldfp f
d

p      (3) 
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The kinematic hardening is described by the evolution equation by Armstrong and 
Frederick which is a linear differential equation of first order: 

plC pplC pplCCC l p     (4) 

C  and  are the parameters of kinematic hardening. The viscosity of the material is 
described by the following equation: 

( )n
vv A( )n
vv A      (5) 

This relation is derived by the power law of Chaboche. A and n are the viscosity 
parameters. v is the stress within the elastic-viscous network and v is the equivalent 
viscous strain. To simulate the thermomechanical deformation behaviour it is necessary to 
consider the temperature dependence of the model parameters. 
 
Parameter identification 
 
To save computing time in the FE calculation of the thermomechanical deformation 
behaviour of cylinder heads only two cycles are calculated (Fig. 3, left). In order to identify 
the parameters of the material model (Chapter “material model”) the second calculated 
cycle is fitted to a stress-strain hysteresis loop of a performed uniaxial thermomechanical 
fatigue test. A linear relation between the parameters and the temperature is assumed for E, 
Re, C  and A. The parameters  and n are assumed to be constant. 
There is a positive mean stress in OP TMF tests. It is not possible to consider the evolution 
of the mean stress during the simulation calculating only two cycles. Hence, a shift of the 
experimental stress-strain hysteresis is necessary. By this procedure the shape and area of 
the hysteresis loop are determined by the model (Fig. 3, left). 
 
 

 
 
 
Fig. 3: Two calculated stress-strain hystereses and one experimental hysteresis which is 
shifted to the second calculated hysteresis (left); temperature profile for one TMF cycle 
(right) 
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Aluminium-silicon cast alloys undergo an ageing effect which strongly reduces the strength 
of the material. Ageing tests show that at elevated temperatures the strength declines 
quickly reaching a saturated level after about 50 hours [6]. To consider the ageing of the 
material within the simulation the parameter identification has to be performed with a 
stress-strain hysteresis loop from a TMF test which was exposed to the maximum 
temperature for about 50 hours. The ageing time at maximum temperature tageing is 
calculated by the product of the cycle number N and the ageing time per cycle tageing,cycle 
which is assumed to be the sum of the hold time thold of 60 s and 20 s for ascending and 
descending temperature (Fig. 3, right). 
 
 
RESULTS 
 
TMF tests 
 
In Fig. 4 the cyclic hardening/ softening curves for all OP TMF tests performed (left) and 
the stress-strain hysteresis loops of a TMF test with a mechanical strain range of mech,1 = 
1.2 mech,2 (right) are shown. All stresses are scaled to the stress range 2 at half number 
of cycles to failure for the TMF test with a mechanical strain range of mech,2. Each TMF 
test shows a positive mean stress due to out-of-phase loading. The maximum and minimum 
stresses of each cycle decrease with increasing cycle number due to ageing and cyclic 
softening effects. The lifetime (cycle number at a stress drop of 20%) is almost identical for 
the same applied strain ranges. Only the TMF tests with an applied mechanical strain range 
of mech,2 show a significant lifetime difference. The relaxation during the hold time is 
constant over the cycle number. During the first cycle dynamic relaxation due to the 
increasing applied temperature is observed (Fig. 4, right). 
 
 

 
 
 
Fig. 4: Cyclic hardening/ softening curves for all performed OP TMF tests (left); stress-
strain hysteresis loops of a TMF test with a mechanical strain range of mech,1 = 1.2 mech,2 
(right) 
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TMF simulation 
 
In Fig. 5 (left) the experimental stress-strain hysteresis loop of a TMF test with a 
mechanical strain range of 1.2 mech,2 is shown. The model was fitted to the experimental 
hysteresis. The shape and area of the hysteresis loop as well as the stress range and the 
stress relaxation are exactly reproduced by the model. The identified parameters were used 
for the calculation of another TMF test with a smaller mechanical strain range (Fig. 5, 
right). The shape and area of the hysteresis loop as well as the stress relaxation are well 
reproduced by the model. The calculated stress range is negligibly larger than the 
experimental stress range. The described procedure is shown for illustration for the ageing 
time of 6.4 hours (286 cycles). To span a field of several ageing temperatures for the 
application in cylinder heads more TMF tests with different maximum temperatures are 
necessary. 
 
 

 
 
 
Fig. 5: Experimental and fitted stress-strain hystereses of a TMF test with a mechanical 
strain range of 1.2 mech,2 (left); experimental and calculated stress-strain hystereses of a 
TMF test with a mechanical strain range of mech,2 at the same ageing state (right) 
 
 
Microstructure investigations 
 
After TMF testing all fracture surfaces were investigated by scanning electron microscopy 
(SEM). All fracture surfaces show striations, and crack weals are detected near freely 
solidified surfaces (Fig. 6, left). This observation indicates that material defects caused by 
the Lost Foam production process are crucial for crack initiation. Hence, micro-CT scans 
with a resolution of 10 m were performed before and after all TMF tests. The CT scan 
before TMF testing was performed across the entire gauge length of the specimens to 
consider all material defects. The scan after TMF testing was put into the scan before TMF 
testing. By comparison of the fracture surfaces scanned by SEM and CT it was possible to 
detect the crack initiating pore in the CT scan and to determine the morphology of that pore 
(Fig. 6, right). 
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At all investigated specimens the crack initiating pores have a small distance to the 
specimen surface and a small sphericity. The sphericity is defined as the ratio of the surface 
of a sphere with the same volume to the surface of the regarded pore. The product of the 
surface distance and the sphericity of the crack initiating pore has one of the smallest values 
compared to all pores across the gauge length. Therefore this parameter can be considered 
to be a characteristic quantity. The focus of future work must be to correlate this 
characteristic parameter with the experimentally observed lifetime. 
 
 

Striations

Freely solidified surfaces

Crack initiating pore

 
 
 
Fig. 6: Fracture surface by SEM (left); pores detected by micro-CT (right) 
 
 
CONCLUSION AND OUTLOOK 
 
In this work, TMF tests on an aluminium-silicon cast alloy were performed between 50°C 
und 250°C with specific mechanical strain ranges. The specimens for these tests were 
extracted from the combustion chamber side of the cylinder heads to consider the influence 
of the Lost Foam casting process. Additionally, the deformation behaviour was modelled 
with a viscoplastic material model for a particular ageing state. The parameters were 
identified by adapting the model to TMF test data. The thermomechanical deformation 
behaviour was simulated using these identified temperature-dependent parameters. The 
shape and area of the hysteresis loop as well as the stress relaxation were well reproduced 
by the model. Moreover, crack initiating material defects were detected by SEM. By means 
of micro-CT scans before and after TMF testing a characteristic parameter for Lost Foam 
cast cylinder heads under TMF loading was defined and quantified. 
During the next steps further uniaxial TMF tests under identical loading conditions have to 
be performed to identify a quantitative correlation between the characteristic parameter and 
lifetime under TMF loading. Subsequently, a suitable extreme value distribution function 
has to be determined for the variation of the characteristic parameter. The maximum value 
of the characteristic parameter inside a given number of cylinder heads has to be predicted 
by extrapolation using the volume ratio between the specimen and the cylinder head 
volume. Furthermore additional TMF tests with other maximum temperatures are necessary 
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to cover more ageing states for model parameter identification. Thus, the deformation 
calculation of the cylinder heads can be performed. Additionally, the relation between the 
characteristic parameter and the lifetime has to be implemented into the lifetime model. 
Thus, the lifetime as well as the variation of lifetime of cylinder heads subjected to 
thermomechanical loading can be assessed as a function of the variation of characteristic 
parameters in specimen geometry. 
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