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Abstract

Lifetime prediction of components undergoing thermo-mechanical load still
is a serious challenge in mechanical engineering. Thermo-mechanical fatigue
(TMF) limits life of key components in the automotive industry such as cylin-
der heads, exhaust components, pistons etc. as well as in power plants such
as turbine blades of gas turbines. In the recent decades many approaches for
life prediction of components undergoing TMF have been developed. Each
approach consists of stress analysis and subsequent damage assessment. For
stress analysis, constitutive laws are used to describe the material behavior
under thermo-mechanical load in the framework of finite element calcula-
tion. Based on these results, lifetime is assessed in the damage analysis
using appropriate fatigue criteria. Depending on various influences such as
the material of the component, maximum temperature, phase shift between
mechanical and thermal load, etc., different deformation models and fatigue
criteria can be applied for stress and damage analysis, respectively.

In the present work two approaches for TMF lifetime prediction were used,
which are both applied for components made of aluminum alloys. Both
approaches are based on a nonlinear stress analysis using the elastoplastic
material model of CHABOCHE [1], which is implemented in ABAQUS. For
better description of the characteristic aging behavior of the aluminum alloy
A1Si7Mg0.3, T6 an aging model is developed and added to the constitutive
law used in ABAQUS. The aging model takes into consideration the dependency
of yield stress and of the hardening parameter on the thermal history of the
material. The model parameters are fitted to the data elaborated in an
extensive experimental program, which includes low cycle fatigue (LCF) as
well as TMF experiments on cylindrical specimens at different temperatures,
dwell-times and aging states.

Based on the results of the FEM-Simulation, the lifetime is calculated using
two different fatigue criteria. The first approach is the fracture mechan-
ics based damage parameter Dryp [2], which was originally used for car
engine exhaust components under isothermal conditions [3] and was after-
wards extended to TMF loadings [4], [5]. This parameter assumes that the
maximum length of a microcrack represents the damage and TMF lifetime
is dominated by microcrack growth. The second approach is the damage
model proposed by NEU/SEHITOGLU [6], [7], which describes TMF failure



in terms of mechanical damage, creep damage and oxidation damage. While
mechanical damage is possible at any temperature, creep and oxidation dam-
age only occur at high temperatures. In contrast to Dy this damage model
is implemented in the commercial software FEMFAT, where a modification for
multiaxial stress states is available, too. LCF and TMF experiments were
performed to determine the material parameters for both criteria.

The experimental validation of both approaches is carried out on two sample
types. The first specimen type is cylindrical and made from
A1Si7Mg0.3, T6, which features a uniaxial stress state and is also used for
the determination of material parameters. Due to large amount of experimen-
tal data this sample geometry could be used for validation of both material
and damage models.

The second specimen type has a more complicated geometry similar to the
exhaust valve section of a cylinder head and undergoes a multiaxial stress
state in case of thermal cycling. Based on FEM calculations of the local de-
formation and stress state using the deformation and ageing model mentioned
above, both damage models were validated for this sample geometry.

The material behavior of the cylindrical sample under TMF load can be sim-
ulated with good precision using the elastoplastic model of CHABOCHE [1].
Cyclic softening induced by overaging at high temperature is well described
by the approach developed in the present work.

The exhaust valve section sample also undergoes cyclic softening which in-
fluences the local thermal strain constraint during thermal cycling. The
mechanical and thermal loads are still out-of-phase. Hence, the parameters
obtained from experiments on cylindrical sample can be used for simulation
of this sample type.

A key question of lifetime calculation is, for which aging state of the material
lifetime assessment should be performed. To study this important aspect the
aging state of the material was related to a characteristic thermal cycle num-
ber. The result of lifetime calculation could be changed by 50% if this cycle
number is changed from 0 (fully hardened state) to a value representing a
fully overaged state, which is acceptable for TMF lifetime prediction. Thus,
characteristic cycle numbers of 1000 and 3000 are selected for lifetime as-
sessment of the cylindrical and the exhaust valve section sample under TMF
load.



Lifetime assessment using the damage parameter Dyyp yields conservative re-
sults for both sample types. The damage parameter of
NEU/SEHITOGLU also shows very good agreement between experiment
and simulation for the cylindrical sample. Simulation of the exhaust valve
section sample is conservative. The influence of creep damage for the cylin-
drical sample is zero in case of out-of-phase TMF load where no tensile stress
occurs at high temperature. Also in the exhaust valve section sample where
tensile stresses occur at high temperature, the influence of creep damage is
close to zero because no dwell-time was considered in the present work. The
100%-total strain constraint leads to a ratio of oxidation damage of about
60% - 80% at the cylindrical sample, whereas this ratio is smaller than 50%
for the exhaust valve section sample which exhibits a smaller strain con-
straint.

In general both approaches show good agreement between experiment and
simulation. Due to acceptable computational costs they could both be used
for industrial applications. Nevertheless, the approaches could be improved in
future research. Strain rate dependence of the material should be taken into
account and the mechanical simulation could be coupled with computational
fluid dynamics (CFD) for the calculation of the temperature distribution in
the component. A cumulative damage concept could also be developed to
take into account aging effects with more accuracy.
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