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ABSTRACT

A new thermal fatigue rig using High Frequency induction heating is developed to test automotive Diesel
engine pistons. An adapted test piston is internally cooled by permanent water flow while its bowl sen-
sitive to thermo-mechanical fatigue is subjected to cyclic induction heating. The temperature is measured
in depth by thermocouples and in surface by a thermal infrared camera or a pyrometer. The crack initi-
ation and propagation and the local deformations are provided by optical means. Thermo-mechanical
loadings are calibrated by thermal measurements on the piston during engine operation and the entire
test is modelled by finite elements. A constitutive model and a fatigue criterion for aluminium alloys
are proposed to estimate the piston lifetime under severe cyclic loading. The proposed fatigue bench
allows loading the piston in thermal fatigue scheme very similar to that encountered in engine operation
conditions. Crack detection is facilitated by numerical modelling that helps to detect the most critical

areas and also to reliably estimate the number of cycles for initiate cracks.
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1. Introduction

The design of components to increase their Thermal-Mechanical
Fatigue (TMF) resistance is nowadays a major scientific issue in an
industrial point of view. Reliability has become a crucial point par-
ticularly in the automotive industry as it is now necessary to offer
the most reliable components to customers in a very competitive
market. In the same time, for performance and ecological consider-
ations car engines tend to be exposed to higher temperatures and
pressures during their nominal use. Taking into account of these
evolutions, the choice of a design and of an associated material
for an engine part has to be accurate in the early conception stages
and engineers should have access to an efficient experimental basis
to quickly assess alternative geometries, materials or processes.

Under normal operating conditions, automotive pistons
undergo severe thermal, mechanical and physical-chemical load-
ings as playing a central part in the combustion process. Fatigue
damage occurs in different regimes - high cycle and low cycle
one- and is often the result of a complex coupling between temper-
ature, thermal gradients, mechanical loading conditions, combus-
tion pressure and even chemical combustion reactions [1-7].
Only Thermal Fatigue (TF) or “Thermal Stresses” is considered here
as temperature cycling induces transient thermomechanical
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strains and stresses particularly on some critical points of the
structure.

The automotive piston is indeed a highly thermomechanically
loaded part that requires specific geometry for Diesel engines in
order to improve performances and to reduce polluting emissions
by optimising the combustion chemical reactions [8,9]. From a
thermal cycle point of view, a piston is first heated, during the
engine operation, by forced convection with the combustion flux
and then cooled by forced convection with engine oil and conduc-
tion with the rings and the cylinder block. These heat exchanges
generate transient loading cycles in the component, which, cou-
pled with the severe external mechanical loads, induce transient
thermal-mechanical loadings. The repetition of these transients
thermomechanical cycling is responsible for the piston cracking
[3-7,10,11]. On this topic, a new TF set-up is developed to simulate
experimentally these transient thermal loads on laboratory piston.

For designing automotive engines part, prototypes are usually
used on test bench for applying load in complex but close to real
conditions [5,11]. These test benches are usually not very flexible
in terms of loading conditions, difficult to set up and expensive.
Very few studies mention other TF experimental set-ups. Song
et al. [12,13] developed a special test bench using a laser heating,
a method that was also used for hot-work tooling [14]. Lasers allow
producing very local heating and thermal gradients are generated
by the bulk part (thermal inertia). This work [12,13] only deals
with the study of the thermal and thermo-mechanical loadings


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijfatigue.2014.11.011&domain=pdf
http://dx.doi.org/10.1016/j.ijfatigue.2014.11.011
mailto:fabien.szmytka@mpsa.com
http://dx.doi.org/10.1016/j.ijfatigue.2014.11.011
http://www.sciencedirect.com/science/journal/01421123
http://www.elsevier.com/locate/ijfatigue

but damage analysis is partial and could need enhancement. An
experimental setup to observe TF damage on pistons using induc-
tion heating could also be found in [15] but without detailed
description. Heating is applied, in this case, at the bowl edge while
the bottom of the piston is cooled by immersion in a water bath.
The piston lifetime is then estimated by the number of cycles nec-
essary for the growth of a 1.5 mm-long crack.

All these propositions do not easily allow making the link
between the laboratory piston test and the real load observed in
nominal conditions. The TF test bench developed here is able to
test pistons with different geometries and materials reproducing
as closely as possible the thermal loading in engine. The aim of
the tests is to estimate the number of heating/cooling cycles
required for the initiation and propagation of TF cracks. Finite ele-
ment calculations are used to estimate the maximum tempera-
tures observed during engine operation and to identify the
thermal gradients in critical zones. The experimental thermal solic-
itation is then monitored to achieve the level of temperatures and
to operate with gradients at least equal in severity. To simulate a
representative thermal field, the piston is cooled by a permanent
water flow through its cooling channel while the bowl is alterna-
tively heated by induction. The test is thus developed so as to com-
pare piston geometries or materials choice for a given loading.

In terms of lifetime, Isothermal Fatigue (IF) is considered as a
special case of TF. It is believed that experiences under IF at the
maximum temperature of a TF thermal cycle can reproduce the
damage (crack initiation and propagation) and life under TF condi-
tions. The well-known IF laws and criteria have therefore been
applied to describe TF crack initiation life. However, such approach
requires to correctly describe the relevant mechanical parameters
that can only be calculated in TF based on a good knowledge of
the temperature fields and the material constitutive laws. The
computational numerical approach for the lifetime assessment of
structures under thermomechanical loading adopted by Constan-
tinescu et al. [16] and Szmytka et al. [17] is adapted to pistons. A
finite element analysis undertaken in this paper aims at estimating
the TMF lifetime of a piston specimen tested on the developed TF
test bench. The calculations are performed under the assumption
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of a weak coupling between thermal and mechanical loadings.
Thus, thermal calculation is first performed to best represent the
thermal gradients and maximum temperatures achieved experi-
mentally. The mechanical computations are then run by employing
the calculated thermal fields as boundary conditions. The most
critical element is then determined using a dissipated energy-
based criterion. In the present study, only crack initiation is
addressed and numerical as well as experimental lifetime are com-
pared and analysed.

2. Thermal fatigue experiments
2.1. Thermal fatigue rig

A new TF rig using induction heating is developed in order to
compare piston geometries or materials selected for a given load-
ing. Thermal test conditions are the closest to severe thermal con-
ditions in engine operation. The facility presented in Fig. 1 includes
a High Frequency (100-300 kHz) CELES 25 kW generator, an acqui-
sition data system and a mobile frame for supporting the piston.
Alternative heat flux is applied at the bowl edge (TF interest zones)
by an internal solenoid coil. Pistons are cooled by natural air con-
vection at their external surfaces and by cold water (20 °C) circu-
lating continuously through their internal channels (cooling duct
and holes) with a flow rate of 10 I/min.

Fig. 1 shows pictures of a dummy piston mounted on the test rig
with all control and measurement facilities for the TF test. The
temperature measurements are performed through the section
by thermocouples inserted into the piston and on the surface with
an “AGEMA LW 880" infrared camera and bi-chromatic pyrometer.
Crack initiation life and then growth rates are measured by means
of a “Questar” long distance travelling microscope.

2.2. Material and specimen
TF tests are performed on pistons made with a hypereutectic

aluminium-silicon alloy AlSi13Cu4 (~120 HB), commonly used
for the production of automotive Diesel piston; its chemical

)

Fig. 1. Piston test bench. (a) Induction coil and bowl edge. (b) Cooling tubes. (c) General view with long distance microscope. (d) General view with infrared camera.



Table 1
Chemical compositions of the used aluminium alloy (wt.%).

Si Mn Fe Mg Cu

Zn

Ti Ni Sn Cr Zr

12-14.5 <0.20 <0.70 0.5-1.5 3.7-5.2

<0.10

<0.20 1.7-3.2 <0.10 <0.30 <0.20

composition is given in Table 1. The microstructure consists mainly
of Al-o matrix (solid solution), angular and polygonal primary
silicon particles and several intermetallic phases such as AlgFeNi,
Al3NiCu, Al,Cu and AlsCUzMggSiG.

This alloy provides a good compromise between its thermal and
mechanical properties, which are all summed up in Table 2. We
notice a significant drop in the mechanical properties above
300°C with an ultimate tensile strength which only reaches
39 MPa at 400 °C.

The TF test piston is represented in Fig. 2. Manufactured parts
have undergone some modifications to be adapted to the new TF
rig. The bottom of the bowl is milled so as to easily insert the sole-
noid coil for heating and thereby to prevent magnetic interference
with the heating system. The piston was drilled at different loca-
tions to allow the insertion of thermocouples. These thermo sen-
sors are designed to allow the centring of the heating system and
the easy measurement of thermal gradients. A cooling system
(stainless steel tubes) is fitted and glued into piston to the
entrances of the cooling channel. It helps to reproduce, with
increased severity, the cooling achieved by the oil in a Diesel
engine combustion chamber.

Heating is done by the induction generator “CELES” generator
by imposing a thermal spectrum that provides the desired evolu-
tion of temperature versus time in the thermocouple zones while
the pyrometer enables to control the maximum temperature
imposed on the bowl surface.

2.3. Thermal fatigue test analysis procedure

The piston thermal loading analysis is first performed using
both a finite element simulation and thermal measurements (in
engine use) to define a TF reference cycle (Tinax, Tmin and heating
and cooling rates at prescribed locations). Then, the TF testing
parameters are adjusted to reproduce those TF cycles on instru-

Table 2
Thermal and mechanical properties.

20°C 200°C 300°C 400-°C
Young modulus (GPa) 80 69 59 52
Tensile Yield stress (at 0.2% of strain) 236 158 68 32
(MPa)
Ultimate tensile strength (MPa) 257 185 92 39
Specific heat (J t~! K1) 830 850 800 1000
Conductivity(W m~! K) 130 139 144 146
Bowl edge
(Thermal fatigue
localization)
Zone to mill

Threaded hole for support fixing

mented piston unused as dummy specimen. The protocol consists
in optimising the generator power supply cycle P(t) to achieve the
TF reference thermal cycle. TF tests are then carried out on pistons
(with or without thermocouples) using optimised P(t). TF tests are
interrupted for observing the piston surface periodically in order to
detect then follow the damage evolution (crack initiation and
propagation). The temperature evolutions and crack growth are
also monitored and recorded along the TF tests. After testing, pis-
tons are cut for metallographic and fractographic analysis.

3. FEM computational approach

Different finite element simulations are performed for the prep-
aration and analysis of the TF test. It is first necessary to simulate
the thermal behaviour of a piston in case of standard operating
conditions inside a Diesel engine. As mentioned previously, the
simulation results are then used to adjust the experimental values
as close as possible to the real heating and cooling rates. Thermal
gradients are also measured to set the minimum level loading that
will be imposed on the specimen. Finally, a thermo-mechanical
simulation is performed to estimate, using the fatigue design tools
(constitutive model and fatigue criterion) the number of cycles to
failure as well as the most critical area of the piston specimen. This
study allows validating the design protocol while identifying the
zones to be observed for crack initiation detection.

3.1. Thermal analysis

3.1.1. Engine thermal conditions

The thermomechanical loading cycles applied to a piston usu-
ally correspond to an idle/full load cycle for the engine. The heating
of the piston is usually related to the succession of combustion
phases until a thermal equilibrium is achieved and maintained in
the piston, which lasts about 10s. Then, as the engine is idled,
the piston cools down naturally. There are consequently two com-
putation stages in order to determine the stationary thermal map
of the piston. First, a fluid flow full analysis of the engine combus-
tion chamber including all the engine parts (piston, cylinder head,
cylinder block and pipes) is undertaken. The four separate strokes
- intake, compression, power, and exhaust - are computed to
record the combustion heat flux applied to the piston. A post pro-
cessing protocol enables to obtain a spatial map of the temporal
mean heat transfer coefficients and combustion gas temperatures
applied on the piston during a combustion cycle as seen in Fig. 3.
A Finite Element transient thermal analysis is then required to cor-

Stainless steel tube for
water cooling

‘Water supply plug

Fig. 2. Thermal fatigue test piston.



(a)

Thermal convection with combustion gases
> Flow fluid analysis
> Time average (combustion cycle) computation

Thermal convection
with oil in gallery
> Flow fluid analysis

Thermal
convection with oil
> Complex fluid
exchange
>No influence for
thermal fatigue

Thermal conduction between piston and axis
>Small influence for thermal fatigue

(b) Surface heat flux

\

Thermal conduction between

piston, rings and cylinder block
> Oil influence
> Moving contacts

Thermal conduction between
piston skirt and cylinder block
> Oil influence

> Optimisation to fit with experimental local temperature

> Simple evaluation of the induction heating

Forced convection with

water in gallery
>>20°C

>convection coefficient

of 4 W.mm?.s-1

Free convection and
radiation in air
>25°C
>convection coefficient
of 0.2 W.mm?.s-1
>emissivity coefficient
of 0.4

Adiabatic condition with the support

>20°C

Free convection and
radiation in air
>25°C
>convection coefficient
of 0.2 W.mm?s-1
>emissivity coefficient
of 0.4

Fig. 3. Thermal boundary conditions for a piston in a combustion chamber (a) and in the TF test bench (b).

rectly describe the piston heating-up and cooling-down cycles. The
thermal boundary conditions are summarised in Fig. 3.

Five regions with an imposed convection and radiation were
required to achieve a good correlation with thermal cycles mea-
sured in an engine. Sensitivity studies and experimental measure-
ments have also helped to get a good representation of the
convection transfers with the oil which extracts a significant part
of the combustion heat flux. For this FEM simulation, the tetrahe-
dral linear element meshing is created from a CAD drawing of the

piston. The model is made of 273950 nodes and 164060 elements
and consists in the piston, its rings and one fourth of the cylinder
block.

3.1.2. Bench thermal conditions

Unlike engine conditions, the tested pistons are induction
heated by electromagnetic field in particular in their “skin depth”
with Foucault currents generating Joule effect. The induction fre-
quency is about 100 kHz and the estimated skin depth for the



tested aluminium alloy is of about 0.2-0.4 mm for temperature
ranging from 100 to 400 °C. The thermal calculation does not
exactly reproduce the real loading conditions that experience pis-
tons. Indeed, to avoid a thermo-magnetic coupling computation,
heating is modelled by a volume heat flux applied to the piston
bowl edge. The applied flux intensity is optimised to obtain an
appropriate matching between measured experimental and
numerical thermal gradients. The heat exchanges with the water
supply of the experimental setup are simulated here by imposing
a forced convection in the cooling channel. The water temperature
is set at 20°C and the convection coefficient used is
4mW mm-~2K™'; it has been identified by a computational fluid
dynamics analysis on a simplified gallery in steady-state condition.
Free convection boundary conditions (exchange temperature of
25 °C for a convection coefficient of 0.02 mW mm~—2 K~!) combined
with radiation conditions (25 °C for the piston environment and an
emissivity coefficient of 0.4) are applied over the piston exterior
surface in contact with air. Free convection coefficient for air is
here set up to a common value used for this alloy and does not
have a significant impact on the calculation. All these conditions
are summed up on Fig. 3b.

3.2. Thermomechanical analysis

3.2.1. Constitutive models

The fields of thermal stress induced in the piston were calcu-
lated using a Thermo-Elasto-Visco-Plastic (EVP) constitutive
model. EVP model was proposed by Szmytka et al. [17,18] to
describe the behaviour of aluminium alloy examined over wide
ranges of strain, strain rate and temperature. The basic assump-
tions for this model are small strains, isotropic elastic-visco-plastic
behaviour and unified elastic-visco-plasticity thermodynamic
framework. The constitutive model equations under isothermal
conditions are reported in Table 3 while the evolution of Ry with
the temperature is detailed in Table 4. Its values underline a very
low elastic limit and thus a quick onset of viscoplasticity.

This model accurately reproduces strain-stress experimental
hysteresis loops for different temperatures between ranging from
20 °C to 450 °C as shown in Fig. 4. The constitutive model param-
eters are identified by incremental cyclic strain/stress experiments
[18]. These experiments enable to observe the inelastic cyclic
behaviour of the alloy for different levels of strain amplitude. The
identification basic cycle for a given level of strain ¢; consists in a
traction phase from 0 to ¢;, then the strain level ¢; is maintained
constant during 1800 s before returning back to 0 that once again
remains constant for another 1800 s. This basic cycle is repeated
until the shakedown of the hysteresis loop is observed, which usu-
ally occurs after 5 cycles. Then, the strain level is increased and the
cycling procedure is repeated again. With one specimen, 4 levels of
strain (from 0.2% to 0.8%) are explored at 20 °C, 250 °C, 300 °C,

Table 3
Constitutive equations of the EVP model.

Table 4
Evolution of isotropic hardening parameter Ry, with temperature.
20°C 200 °C 300 °C 400 °C
Ro (MPa) 60 46 10 2
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Fig. 4. Comparison between simulation and experimental results for cyclic
hardening tests at 450 °C (experimental data by dots while simulation is by solid
line).

350 °C and 400 °C. Model viscous parameters are identified exclu-
sively on cyclic loading with dwell phases.

3.2.2. Fatigue damage criterion

The experimental database which aims at observing the TMF
behaviour of this alloy is constituted of 5 standard Low Cycle Fati-
gue (LCF) realised at 20 °C and 14 Thermomechanical Fatigue uni-
axial tests as described by Rémy [19]. For LCF experiments, the
loading alternates traction and compression phases under strain
controlled (with a strain ratio of R, = —1) conditions and at a con-
stant mechanical strain rate. For TMF experiments, temperature
and mechanical strain are simultaneously monitored for an out-
of-phase cycle as shown in Fig. 5. Temperatures vary from 150 °C
to 300 °C or from 200 °C to 380 °C with dwell phases at maximum
or maximum and minimum temperatures.

Experimental conditions are summed up in Table 5. For each
test, the evolution of the maximum stress versus the number of
cycles is recorded. It was observed that for all experiments the cyc-
lic behaviour very quickly achieves an inelastic shakedown. Speci-
men is considered as damaged and achieved its lifetime when the
stabilized maximum stress evolution vs. cycle presents a drop of
10%. The lifetimes obtained in these experiments ranged between
3 and 2500 cycles.

A fatigue lifetime criterion used here is based on dissipated
energy as proposed by previous authors [16-18,20-22]. Under
LCF conditions, this approach was proven to have a physically
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Fig. 5. Temperature and mechanical strain evolution for TMF tests.
Table 5
Experimental basis.
Temperature (°C) £max (%) Strain rate (s ') R, Number of tests
LCF tests
20 0.25 1073 -1 2
0.5
1 1
Emmax (%) Em.min (%) Timin (°C) AT, Tpin (5) Tinax (°C) AT, Tpnax (S) Temperature rate (°Cs~!) Mechanical strain rate Number of tests
TMF tests
0 —-0.45 150 0 300 0 5 15.1074s7! 2
0 —-0.45 200 0 380 0 6 15-107*s~ 2
0 —-0.60 150 0 300 0 5 20-104s! 2
0 —-0.60 200 0 380 0 6 2.0-107%s~ 2
0 —-0.45 200 0 380 60 6 15-107*s~ 2
0 —-0.60 200 0 380 60 6 20-104s! 2
0 —-0.45 200 60 380 60 6 15-107%s~ 2
bases sound when the life is mainly controlled by micro-crack with

growth [19,21-27]. This approach is robust even though some
modifications are sometimes necessary to account for the mean
stress effects or multi-axial loading [28-31] and when oxidation
or creep interacts with fatigue [19,32,33]. A fatigue criterion
inspired by the work of Constantinescu et al. [16] on the alumin-
ium is used. This criterion is based on the inelastic dissipated
energy density per cycle determined at stabilized hysteresis loops,
AW, as following:

AWipe = AN?
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Fig. 6. Thermomechanical fatigue criterion precision.

AWipe = / 0: §dt
cycle

A and p are two material parameters. We estimate these parameters
by using the dissipated energy obtained by the FEM simulation by
Abaqus® of the pistons tested in these investigations applying the
above mentioned constitutive model. This criterion is successful
in prediction of the LCF test lifetime as seen in Fig. 6 even if the life
prediction presents some scattering.

4. Results and discussions
4.1. Thermal loading

Fig. 7 shows a simulated thermal map by Abaqus® for a piston
operating for an engine in a steady state condition, i.e. after several
seconds of engine operations working at a maintained high speed.
The maximum temperature for the piston is located at the edge of
its bowl that achieves 374 °C. A slight asymmetry is observed on
the thermal field with higher temperatures at the recesses of the
exhaust valves. Indeed, as the exhaust gases are hotter than intake
ones, they tend to increase the local thermal loading of the struc-
ture. This asymmetry is neglected in the rest of the study. The spa-
tial gradient is oriented along a direction perpendicular to the
surface of the bowl and a drop of about 80 °C is observed inward
from the surface in a depth of 15 mm. The cooling gallery also
has a significant impact and creates a vertical gradient of the same



Fig. 7. Maximal temperature and gradients cartography for a piston in engine use (cut and fire deck view).

magnitude. The steady state is reached in the bowl edge zone after
5 s of thermomechanical loading.

In view of these results, the loading cycle to be imposed to the
piston is determined. The loading must ideally leads to 375 °C on
surface at the edge of the bowl in 5 s. As the simulated operating
conditions are very severe, the experimental objective was fixed
to 90% of this value, i.e. 340 °C. The cooling part of the loading cycle
involves the stop of the heating system until the temperature of
the piston reaches the same value as at the beginning of the cycle
only thanks to the water forced convection. A thermocouple placed
at 2 mm from the edge of the bowl, is then used as a reference for
measuring this temperature and thus estimating the time required
for the cooling sequence. The proposed loading cycle induces in
bench conditions the heating and cooling times of respectively
5.1 and 4.15 s for the heating and cooling parts. This results in a
local temperature variation at this reference thermocouple
between 105 °C and 270 °C. The maximum measured temperature
at the edge of the piston bowl is 350 °C (itself influenced by the
cooling channel design as its shape and diameter vary continuously
all around the piston. Fig. 8a and b shows the temperature evolu-
tion measured by the reference thermocouple during the third
thermal cycle and also the thermal gradient induced in the piston
inwards from the surface measured by an Infrared camera when
the temperature of the thermal cycle is maximum.

A transient analysis corresponding to the heating and cooling
phases of an engine bench test is performed and repeated for 3
cycles until the thermal map get stabilized. As shown in Fig. 8c,
experimental thermal evolution stabilizes after a dozen cycles
and the 15th cycle is taken as the reference stabilized cycle for fur-
ther comparisons. These Comparisons are essentially made for a
stabilized state both for numerical and experimental results and
for maximal and minimal temperatures of the thermal cycle and
so for temperature rates of concern. In the bowl edge zone, the
standard size of a mesh element is 0.3 mm and the precise locali-
sation for thermocouples therefore corresponds exactly to a mesh
node and the comparison is thus precise and relevant. Fig. 8 shows
that temperature evolution is accurately described by the FEM
simulation even if some approximations were made. For the refer-
ence thermocouple, the differences in temperature never exceed
5%. The surface gradient at maximal temperature is very well
reproduced by the FEM computation which implies reliable bound-
ary conditions for the numerical lifetime evaluations.
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Fig. 9 shows the detailed results of the thermal analysis for the
maximum temperature. The computed gradients are circumferen-
tial with a maximum temperature at the edge of the bowl equal to
345 °C. The imposed thermal loading is slightly more severe in
terms of thermal gradients than the engine loading but enables
to reproduce on the structure the loading conditions that are
derived from the engine environment. The vertical gradient
imposed by the cooling channel is also present. The piston is then
subjected to a temperature variation of the order of 150 °C over a
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Fig. 9. Maximal temperature and gradients cartography for a piston in bench use (cut and fire deck view).

distance of 1 cm, which concentrates the stress zones at the edge of
the bowl and thus enables to more easily test geometry selections.

4.2. Thermo-mechanical loading

First a simple axisymmetric computation is undertaken to show
that the milled zone has no influence in the fatigue development.
Then a complete meshing 3D meshing and analysis are performed
without supressing the milled zone. Fig. 10 presents calculated
mechanical stress-strain hysteresis loops for an element of the
bowl edge during the first 30 TF cycles. Upon TF cycling condition,
the bowl edge undergoes an alternative compression/tension triax-
ial thermomechanical cyclic loading. The principal loading direc-
tion is the yy one which is here examined. The loading starts
with nil stress and strain at 20 °C (A) and then undergoes a com-
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Fig. 10. Bench local loadings on the critical zone.

pressive loading during heating-up according to the A-D path.
The loading path is thermoelastic below 80 °C (AB) and then is fol-
lowed by a thermo-visco-plastic evolution up to Ty.x (BD). A com-
pressive peak stress (—75 MPa) is achieved at about 210 °C (C) and
beyond this temperature, the stress decreases while the mechani-
cal strain continues to increase (CD). This behaviour is explained by
the fall of the aluminium alloy mechanical properties beyond this
temperature. During cooling period, stress increases toward ten-
sion when the behaviour of the alloy is governed mostly by a ther-
moelastic behaviour (DE). A visco-plastic yielding occurs again
when the temperature decreases from 280 °C to 105 °C (EF). The
maximal tensile stress is reached at 105 °C at the end of the first
TF cycle (F) which, for the first loading cycle, does not coincide
with the initial starting point (A). The plastic strain is less impor-
tant in subsequent cycles that evolving to closed mechanical
stress—strain loops meaning the mechanical state of the aluminium
alloy evolves toward an asymptotic state (quasi steady state
region) with a stress and strain behaviour due to visco-plastic
shakedown phenomenon.

4.3. Thermal fatigue damage

Cracks initiation localisations are listed in Fig. 11. The first
cracks start at areas the thermocouples are placed especially in
the zone where 3 thermocouples (including the reference thermo-
couple) are positioned (for gradient measurement purpose). The
reference sensor is indeed positioned 2 mm inward the edge of
the bowl in an area where the thermal gradient is most drastic.
After only 250 loading cycles, a crack appears and propagates rap-
idly in-depth to reach 9 mm where the crack propagation rate is
very much reduced leading to the stabilisation of the crack pro-
gress. Four TF cracks appear in the valve recesses zones after
3520 TF cycles. Other cracks appear later at 3550 cycles in another
thermocouple localisation and subsequently at 4500 TF cycles in a
slightly less stressed zone. It must be emphasised that the cracks
initiation and propagation in particular when the cracks are long
tend to produce heterogeneous induction heating by altering the
electromagnetic fields. Heating is therefore concentrated around
the crack lips (long crack >7 mm) which may compromise the
use of induction in TF testing. Nevertheless, the main objectives
of the TF testing rig developed here are validated. The experimen-
tal set-up indeed enables to generate a local damage in areas with
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Fig. 11. Crack sites provided by simulation (a) and experiment (b).
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Fig. 12. Bench piston lifetime analysis. Crack initiation predicted zone.

severe thermal gradients and stress concentration. The thermo-
mechanical fatigue damage criterion based on dissipated energy
density per cycle is calculated using the last TF cycle that is consid-
ered as the stabilized cycle. The TF life curves are then expressed
by the number of cycles to failure thanks to this criterion. Numer-
ical estimation of these cracking zones is presented in Fig. 12.
The analyse of this figure shows a good correlation between
simulation and experimental results. The FE numerical analysis
using the EVP behaviour law and fatigue cyclic dissipated inelastic
energy density criterion previously mentioned enables therefore to
detect the most sensitive zones in term of resistance to TF cracking.
Indeed, as it can be seen in Fig. 12, dissipated inelastic energy den-
sity reaches its maximal level in the valve recess areas which are,
regardless the thermocouple holes (not meshed and not taken into

account in the model), the first zones to be cracked experimentally.
Moreover, the evolution of the dissipated energy density in the
critical zone is completely stabilized at the 30th simulated TF cycle
as seen in Fig. 10. It implies that the hypotheses of the fatigue
design protocol are then verified and also there is thus a quite good
agreement between modelling and experimental results. The pro-
posed criterion leads indeed to an estimated lifetime of 3120
cycles, which is very close to the experimental value.

However, the presence of thermocouples disrupts the test anal-
ysis and thus extreme care must be taken to position them farther
from the edge of the bowl and therefore from the influence of ther-
mal gradients, in order to obtain doubtless results. Nevertheless,
the proposed fatigue test is very complete and should, by working
more in detail on the TF crack propagation and the role of the



microstructure, facilitate the design of pistons against thermome-
chanical fatigue solicitations.

5. Conclusions

The proposed experimental set-up allows easy testing of the
Thermal Fatigue resistance of a Diesel engine piston while the pro-
posed numerical modelling helps to complete the experiments by
detecting the most severe areas and their potential lifetime. The
rig specifications (water cooling, simple heating by induction) are
thus justified on several levels:

e The piston is an automotive part with small dimensions. Its
overall size varies little and only the bowl undergoes strong
geometrical variations while its width, height, axis sizes are
subjected to few variability. The proposed bench is therefore
suitable for all the kind of piston: only the coil should be
adapted to the bowl diameter.

e The piston operating temperature is low enough to allow for
different types of heating-up but induction conditions are cho-
sen because they allow an axisymmetric and uniform heating of
the edge of the bowl. Heating rates are also consistent with the
actual use of the part (the constituent materials of the piston -
mainly aluminium alloys and steels - can see their temperature
locally changing from 100 to 400 °C in seconds).

e The bench allows the use of pistons provided by commercial
manufacturer and does not require the creation of specific spec-
imens. Furthermore, materials solutions for pistons generally
include the use of metal inserts or coatings as thermal barrier,
which is closely connected to the geometry. In addition, the
critical zone is an area where the microstructure and the fatigue
resistance are strongly dependent on the casting and machining
operation. The role of this particular microstructure is thus
more easily analysed with specimens that are very close to
the commercial part.

The TF rig presented here allows for many comparative studies
and ranking of pistons and/or materials (with or without surface
treatments) and gives a quick idea about the best compromise of
design/process/material in terms of TF resistance. Such a TF proto-
col allows both exploring innovative material solutions, bowls
geometry or different manufacturing processes and obtaining
innovative piston design from tests easy to perform and represen-
tative of engine operations. One can also add that, as the heat load-
ing is perfectly understood and numerically reproduced. Therefore
the testing on bench can be a useful and relevant strategy to vali-
date also the constitutive models and fatigue lifetime criteria.
Finally, it should help to measure the scattering in terms of
strength of thermo-mechanical fatigue for a given type of piston.
Simple and inexpensive tests could therefore be carried out to esti-
mate the production scattering and more easily quantify the risk of
failure for customers as propose in [34].
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