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Damage mechanisms of cast Al–Si–Mg alloys under superimposed
thermal–mechanical fatigue and high-cycle fatigue loading
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bstract

Out-of-phase thermal–mechanical fatigue (TMF) tests with superimposed higher frequency mechanical fatigue (HCF) loading were performed
t three cast Al–Si cylinder head alloys. All materials show for maximum temperatures of the TMF cycle between 200 and 250 ◦C a threshold of the
mplitude of the superimposed HCF loading below of which the number of TMF cycles to failure is not significantly affected by the superimposed
CF loading. Above this threshold the TMF life shows a strong decrease with increasing HCF loading. Extensive microscopic analyses revealed that
ndependent from the HCF loading first cracks are initiated at eutectic Si-particles detached from the surrounding �-Al matrix. Crack propagation
ccurs at small HCF amplitudes along the eutectic regions. At higher superimposed HCF loadings an accelerated crack propagation along slip
ands within the �-Al matrix is observed.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Cast aluminium alloys used for cylinder heads, engine blocks
nd pistons of turbocharged diesel engines are subjected to com-
lex thermal and mechanical loadings [1,2]. On the one hand, the
nhomogeneous and time-dependent temperature profiles during
tart–stop processes lead to a thermally induced fatigue loading
ith low frequency and, especially in the “hot” regions of the

omponents, large plastic strain amplitudes. This kind of ser-
ice loading can be simulated at uniaxially loaded specimens
y thermal–mechanical fatigue (TMF) testing. In the recent
ecades, a remarkable amount of experimental work has been
arried out on TMF of this class of alloys [3–10].

On the other hand, the combustion pressure and oscillating
asses result in a mechanical fatigue loading with relatively high

requency and distinctly smaller strain amplitudes than induced
y the thermal fatigue cycles. There is even a bigger amount of
aterials data from isothermal high-cycle fatigue (HCF) testing
n typical cast aluminium alloys used for engine applications
han from TMF loading [11–17].
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Damage behaviour

However, there are currently few first results about the life-
ime and damage behaviour of aluminium alloys under combined
ow frequency TMF loadings superimposed with higher fre-
uency mechanical HCF loadings. Results from tests under such
MF/HCF loadings on Ni-base sheet alloys showed that linear
amage accumulation hypotheses are not applicable under such
ombined loadings [18]. First results obtained at cast aluminium
lloys resulted in a similar finding [19,20]. However, there is
great lack of experimental data from TMF/HCF loading at

ast aluminium alloys and the respective damage and failure
echanisms are up to now just qualitatively understood.
In order to analyze the synergy of damage caused by the low

requency thermal and the higher frequency mechanical load-
ng and to get quantitative fatigue life data under such loading
onditions, superimposed TMF/HCF tests at the cylinder head
lloys AlSi7Mg, AlSi5Cu3 and AlSi10Mg (numbers indicate
t.%) were conducted in total strain control. The tests were
erformed with and without dwell times td at the maximum
emperature Tmax, different values of Tmax, several mechanical
train amplitudes εme

a,t (TMF) and for superimposed TMF/HCF
oading εme

a,t (HCF) with frequencies between 5 and 20 Hz.

The results are comprehensively presented as lifetime dia-

rams. Furthermore, extensive metallographic investigations
nd scanning electron microscopy (SEM) studies of the crack
nitiation and propagation process are shown which allow for

mailto:tilmann.beck@mach.uni-karlsruhe.de
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Table 1
Heat treatment of the three investigated aluminium alloys

AlSi7Mg-T6 AlSi5Cu3-T7 AlSi10Mg-T6

Annealing 5 h at 525 ◦C 10 h at 495 ◦C 4 h at 525 ◦C
Q ◦ ◦ ◦
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uenching medium/
temperature

Water/20 C Water/20 C Water/50 C

geing 8 h at 160 ◦C 4 h at 210 ◦C 8 h at 180 ◦C

clear identification of the crack initiation and propagation
echanisms under TMF/HCF loading.

. Experimental details

.1. Test material

TMF and superimposed TMF/HCF-testing was performed at
he cast aluminium alloys AlSi10Mg and AlSi7Mg, both in the
eak hardened (T6) state. A further set of tests was made at
lSi5Cu3 in a slightly overaged state (T7). The dendrite arm

pacing of all materials was about 40 �m. The parameters of
eat treatment are given in Table 1. Metallographic images of
he three alloys are shown in Fig. 1. For fatigue testing round
olid specimens were machined with a gage diameter of 7 mm,
parallel length of 20 mm and a gage length of 15 mm. The

pecimen shoulders had a diameter of 12 mm.
.2. Test setup

The TMF tests without superimposed HCF loading were per-
ormed on an electromechanical test rig with 100 kN maximum

t
o
t
t

Fig. 1. Microstructure of AlSi7Mg (top left), AlSi5Cu3 (top ri
eering A  468–470 (2007) 184–192 185

oad. The computerized control unit allows to switch from force
o strain control during a running test. For strain measurement,

water-cooled capacitive high temperature extensometer was
pplied. Force was measured by the built-in load cell of the test-
ng machine. The specimen was heated by a 5 kW induction
enerator operating at a frequency of about 200 kHz. Cooling
as achieved by heat conduction to the water-cooled fixtures

nd additionally by three air jets blowing radial to the surface of
he test piece. For temperature, closed loop control was achieved
y a digital process controller. The setpoints for temperature and
echanical loading were generated by a PC-based system which

lso performed the data acquisition with about 1000 measured
alues per cycle. For superimposed TMF/HCF testing the same
est setup with a servohydraulic test rig was used.

.3. Test conditions

The temperature cycles of the TMF tests had a minimum tem-
erature of 50 ◦C and heating and cooling ramps with 10 K/s for
ll tests. Due to the high thermal conductivity of the investi-
ated alloys, the radial temperature differences are estimated to
e smaller than 5 ◦C. The maximum temperature Tmax was var-
ed between 200 and 300 ◦C in steps of 25 ◦C. Dwell times td at
max between 0 s (triangular T–t cycle) and 180 s were applied.
t the beginning of each test five reference cycles at zero stress
ere performed to establish a dynamic thermal equilibrium in
he test rig and to measure the thermal strain εth as a function
f time and temperature. Afterwards, the machine was switched
o total strain control. Then the thermal strain was in most of
he tests totally suppressed (total strain εt = constant) such that

ght) and AlSi10Mg-T6 (bottom) in the as-received state.
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remarked that the fatigue limit of AlSi7Mg for strain controlled
isothermal fatigue at temperatures between 20 and 250 ◦C is
above 0.06% [21] which means that superimposed HCF loadings
clearly below the fatigue limit strongly affect the TMF life.
Fig. 2. Temperature- and strain-time paths for TMF and TMF/HCF.

he total mechanical strain εme
t was, according to the condition

t = εth + εme
t , phase shifted by 180◦ against the temperature

out-of-phase TMF) and had the same amplitude as the ther-
al strain. In some tests a εt-time cycle with compressive peak

trains was applied in order to receive out-of-phase TMF load-
ng with mechanical strain amplitudes larger than the thermal
train amplitude.

The HCF loading was also applied in total strain control
nd directly superimposed to the εt-time path of the TMF
ycle and therefore also superimposed to the total mechanical
train of the TMF cycle. For the HCF loading, frequencies of
HCF = 6.25–18.75 Hz were applied. The amplitudes εme

a,t (HCF)
ere varied between 0.02% and 0.1% and were therefore sig-
ificantly lower than the mechanical strain amplitudes from
MF loading εme

a,t (TMF) which ranged from 0.2% to 0.4%. The
emperature-, εt-, εth-, and εme

t -time paths are schematically
rawn in Fig. 2.

The tests were stopped at an ultimate number of TMF cycles
f 104 or when the specimen failed by fracture. Some tests were
nterrupted after defined numbers of cycles and the surface was
xamined by confocal white light microscopy and SEM. After
ailure metallographic examination of the microstructure was
erformed.

. Results and discussion

.1. Lifetime behaviour of AlSi7Mg and AlSi5Cu4

The lifetime behaviour of AlSi7Mg under pure TMF and
uperimposed TMF/HCF loadings is shown in Fig. 3, where
he sum of the total mechanical strain amplitude from TMF
ycling εme

a,t (TMF) and the superimposed HCF-strain ampli-
ude εme

a,t (HCF) are plotted versus the number of TMF cycles
o failure. The corresponding results from AlSi5Cu3 are given
n Fig. 4. All tests were conducted with a dwell time of 120 s at

aximum temperature. Pure TMF tests were on the one hand
onducted with Tmax = 250, 275 and 300 ◦C and total constraint

f the thermal strain (εme

a,t (TMF) = εth
a ). These results are given

y squares. On the other hand, at Tmax = 250 ◦C, εme
a,t (TMF) was

aried to values larger than the thermal strain amplitude in order
o specify the influence of mechanical loading on the lifetime
Fig. 3. Lifetime behaviour of AlSi7Mg at TMF and TMF/HCF loading.

t a given maximum temperature (circles). The results from
MF/HCF testing at Tmax = 250 ◦C, TMF cycles with total strain
onstraint and an HCF frequency of 6.25 Hz are given by trian-
ular symbols. The corresponding results from fHCF = 18.75 Hz
re represented by diamonds.

Under pure TMF loading the lifetime of both materials
ecreases more pronounced if εme

a,t is risen together with Tmax

n the condition εme
a,t = εth

a than with increasing εme
a,t (TMF) at

constant maximum temperature of 250 ◦C. The difference
etween the slope of the resulting strain–life curves is bigger
or AlSi7Mg than for AlSi5Cu3. Superimposed HCF loadings
p to εme

a,t (HCF) = 0.02% result for both materials and HCF
requencies only in a weak decrease of TMF lifetime. The
espective data points lie on the same line as the results for
ure TMF loading at Tmax = 250 ◦C and εme

a,t > εth
a . However, at

CF amplitudes above 0.02% a steep decrease of lifetime with
ncreasing εme

a,t (HCF) is observed which is the more pronounced
he higher the frequency of the HCF loading is. It should be
Fig. 4. Lifetime behaviour of AlSi5Cu3 at TMF and TMF/HCF loading.
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ig. 5. Ratio of TMF life of AlSi7Mg and AlSi5Cu3 under TMF/HCF loading.

It is concluded that for both materials and Tmax = 250 ◦C a
hreshold value of εme

a,t (HCF) exists, below of which the super-
mposed HCF loading just results in the same small decrease of
ifetime as is effected by an increment of εme

a,t (TMF) of 0.02%.
bove this threshold, obviously a strong synergy of damage

nduced by the TMF and the HCF loading exists which leads to
very steep decrease of the TMF lifetime. Further investigations
t the same materials revealed that a similar threshold behaviour
s observed at Tmax = 225 ◦C [21].

Fig. 5 gives a comparative view on the lifetime behaviour of
lSi7Mg and AlSi5Cu3 under superimposed TMF/HCF load-

ng by plotting the ratio of the TMF cycles to failure of these
aterials versus εme

a,t (HCF) for both investigated fHCF. Up to
he threshold value of εme

a,t (HCF) = 0.02%, which is identical
or both materials, the lifetime of AlSi5Cu3 is just about half
f the lifetime of AlSi7Mg. This is caused by the higher peak
tresses occurring at AlSi5Cu3 due to the less-pronounced loss
f strength by overageing compared to AlSi7Mg. However, with
ncreasing HCF loading the difference between the TMF life-
imes of both materials decreases and at the largest εme

a,t (HCF)
lSi5Cu3 reaches higher lifetimes than AlSi7Mg. As expected,

his behaviour is the more pronounced the higher fHCF is. Obvi-
usly, the higher strength of AlSi5Cu3 at elevated temperatures
nd the smaller amount of overageing which results in the rela-
ively low lifetimes under pure TMF loading, leads to the lower
ensitivity on superimposed HCF loadings.

.2. Crack initiation and propagation in AlSi7Mg under
MF and TMF/HCF loading

It is assumed that the strong decrease of TMF lifetime by
uperimposed HCF loadings with amplitudes above 0.02% is
aused by the following damage processes:

The cyclic deformation behaviour and especially the amount

of plastic deformation before first cracks are formed are
mainly determined by the TMF cycle, whereas the HCF load-
ing results, due to its small amplitude and high frequency, in
nearly elastic deformation.

t
t
t
w
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The plastic strain amplitude and the peak stress induced by the
TMF cycle determine the number of cycles to crack initiation.
The crack propagation is mainly determined by the superim-
posed HCF loading. Obviously, even small εme

a,t (HCF), which
still lie below the fatigue limit at isothermal loading, result in
a strong increase of the crack propagation rate.

To investigate the damage mechanisms and to prove
he assumptions made above, optical and scanning electron

icroscopy of the specimen surface after TMF and TMF/HCF
oading and of the microstructure within the gage section was
erformed.

Fig. 6 shows the crack initiation and propagation of
lSi7Mg under pure TMF loading with εme

a,t (TMF) = εth
a and

max = 250 ◦C. In the left picture, a crack initiated at an eutec-
ic Si-particle detached from the surrounding �-Al matrix can
e seen. The picture on the right hand side shows macrocracks
olely propagating along the eutectic regions. The crack ini-
iation at detached Si-particles is caused by the thermal and

echanical misfit of these brittle components of the microstruc-
ure with respect to the surrounding ductile matrix. Crack
ropagation is characterised by the connection of such microc-
acks in the eutectic regions of the microstructure.

Fig. 7 shows optical micrographs of longitudinal sections of
he gage lengths. In the left picture, the situation after TMF
oading with the same conditions as in Fig. 6 and in the right
icture after TMF/HCF loading with εme

a,t (HCF) = 0.08% is
resented. The special etching procedure according to Weck
nd Leistner [22] visualize the fatigue-induced slip bands. It
ecomes obvious that the density of these slip bands is dis-
inctly higher in the case of TMF/HCF loading than under pure
MF with the same temperature cycle and mechanical strain
mplitude.

This increasing density of fatigue slip bands with increas-
ng εme

a,t (HCF) has a strong influence on crack propagation:
s becomes obvious from Fig. 8 and from the SEM pictures
iscussed in the following paragraph which give evidence of
rack propagation along slip bands through the �-Al matrix,
his kind of crack propagation is only observed at superimposed
MF/HCF loading with εme

a,t (HCF) > 0.02% and is therefore
bviously responsible for the strong decrease of TMF life with
ncreasing superimposed HCF loading.

Starting from these results, a more detailed study of crack
nitiation and propagation has been performed at the cylinder
ead alloy AlSi10Mg in a later research project. The key results
f this work are given in the following section.

.3. Lifetime and damage behaviour of AlSi10Mg under
uperimposed TMF/HCF loading

The influence of superimposed HCF loadings with
me
a,t (HCF) = 0.02% up to 0.08% and a frequency of 5 Hz on the
MF life of AlSi10Mg in the T6 state is given in Fig. 9. In all
ests a maximum temperature of Tmax = 250 ◦C was applied and
he thermal expansion was completely suppressed throughout
he TMF-cycle (εme

a,t (TMF) = εth
a ). The minimum temperature

as 50 ◦C. Results of tests without dwell time at Tmax are rep-
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Fig. 6. Crack initiation and propagation in AlSi7Mg under TMF loading with εme
a,t (TMF) = εth

a and Tmax = 250 ◦C.

h; Tma

r
t
p
w
f
i
d
t

F
l

b
a
l
o

Fig. 7. Fatigue slip bands in AlSi7Mg after TMF loading (εme
a,t (TMF) = εt

a

esented by squares, those with a dwell time of td = 180 s by
riangles. Open symbols indicate TMF tests without superim-
osed HCF loading, full symbols TMF/HCF tests. TMF tests
ithout dwell time reach the ultimate number of cycles of 104,

or td = 180 s the lifetime is about 7000 cycles. In both cases

ncreasing superimposed HCF amplitudes lead to a significant
ecrease of lifetime which is more pronounced for TMF/HCF
ests with dwell time, because in this case there is a higher num-

ig. 8. Crack propagation along fatigue slip bands in AlSi7Mg under TMF/HCF
oading with εme

a,t = 0.08%.

g
T
w
1
i

F

x = 250 ◦C, left) and after TMF/HCF loading (εme
a,t (HCF) = 0.08%, right).

er of superimposed HCF cycles per TMF cycle. For td = 180 s
similar threshold value of εme

a,t (HCF), below of which the TMF
ife is almost not affected by the superimposed HCF loading, is
bserved as at AlSi7Mg and AlSi5Cu3.

To get a deeper understanding of crack initiation and propa-
ation, TMF and TMF/HCF tests were conducted with different

, dwell times and superimposed HCF loadings on specimens
max
ith an initially polished surface. The tests were interrupted after
, 10, 100, 1000 cycles and after N ≈ Nf/2 to investigate the spec-
men’s surface with a confocal white light microscope and in

ig. 9. Influence of superimposed HCF loading on the TMF life of AlSi10Mg.
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is such pronounced that the initially detected cracks cannot be
seen anymore. This dramatic change of the surface topography
especially in the eutectic regions is illustrated by the SEM image
after N = Nf/2 in Fig. 11 and results from the differences of the
Fig. 10. Development of the surface of

pecial cases with SEM. In the following pictures the direction
f loading is always horizontal, otherwise it is indicated by an
rrow.

Fig. 10 shows surface micrographs of the same position
ithin the gauge length after N = 10, 100, 1000 and Nf/2 TMF

ycles with Tmax = 250 ◦C and td = 0 s. First damage can be
etected after 100 cycles where cracks of about 50 �m length
ppear in the eutectic regions (positions 1 and 2) and the interface
etween the primary �-Al crystals and the eutectic zones (posi-
ion 3). The cracks propagate significantly until N = 1000. At the
urface, silicon particles located in the crack path are detached
rom the �-Al matrix and then passed by the crack. However,
n metallographic cross-sections also broken Si-particles are
ound. This can be attributed to the fact that at the surface biax-
al stresses arise in the vicinity of the eutectic Si-particles that
ause yielding of the �-Al matrix and thus a separation from
he silicon particles, whereas in the interior of the specimen a
riaxial stress state with high normal stresses results in particle

upture. Furthermore, after N = 1000 slip bands within the pri-
ary �-Al as well as distinctive plastic deformation appear at

he surface. After N ≈ Nf/2 cycles the slip band formation in the
rimary �-Al and the plastic deformation in the eutectic regions F
0Mg during TMF with Tmax = 250 ◦C.
ig. 11. SEM image of AlSi10Mg after 3450 TMF cycles with Tmax = 250 ◦C.
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Fig. 12. Surface of AlSi10Mg after 1000 TMF cycles with td = 180 s.

hermal expansion coefficient, the strength and Youngs modulus
etween the �-Al matrix and the eutectic Si-particles.

Fig. 12 shows the surface topography after 1000 TMF cycles
ith Tmax = 250 ◦C and a dwell time of 180 s on. With increas-

ng dwell time overageing of the initially T6 hardened material
ecomes more pronounced and the stress relaxation during td

nduces additional plastic deformation. Consequently, a dis-
inctly rougher surface topography results than at td = 0s. Whilst
he several silicon particles within the eutectic region still can
learly be seen after testing without dwell time (see Fig. 10),

i
t
a
t

Fig. 14. SEM images of AlSi10Mg after 10 and 100 TMF/HCF
ig. 13. Surface of AlSi10Mg after 100 cycles of TMF/HCF loading with

max = 250 ◦C and td = 180 s.

he eutectic region appears as a homogeneously rough area after
MF with td = 180 s.

A typical surface after TMF with superimposed HCF load-

ng is shown in Fig. 13. Whereas no slip bands appear within
he primary �-Al crystals after 100 TMF cycles without HCF
t Tmax = 250 ◦C (see Fig. 10), slip bands can be detected after
he same number of TMF cycles with superimposed HCF load-

cycles at Tmax = 300 ◦C, td = 180 s and εa,t (HCF) = 0.06%.
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ng with εme
a,t (HCF) = 0.06%. The influence of superimposed

CF loadings on the formation of slip bands is even more pro-
ounced at Tmax = 300 ◦C where after 10 cycles of TMF/HCF
oading with εme

a,t (HCF) = 0.06% first slip bands are observed
21]. On the one hand this dependence of the damage behaviour
n Tmax can be attributed to the fact that εme

a,t (TMF) increases
ith Tmax in the case of TMF testing with fully constrained

hermal expansion. On the other hand the stronger overage-
ng with increasing temperature leads to a significant reduction
f strength and therefore facilitates cyclic plastic deformation
uring the superimposed HCF cycles.

The SEM pictures after 10 and 100 cycles of TMF/HCF
oading with Tmax = 300 ◦C td = 180 s and εme

a,t (HCF) = 0.06%
n Fig. 14 give a detailed insight to the interaction of TMF- and
CF-induced damage. The strong plastic deformations resulting

rom the TMF cycles lead to a separation of silicon particles from
he �-Al matrix (position 1). Such detached Si-particles were
enerally found to be the sites of crack initiation, independent
f Tmax, td and εme

a,t (HCF). This gives evidence that superim-
osed HCF-amplitudes give – if any – a negligible contribution
o crack intiation. Starting from detached Si-particles, the cracks
ither propagate along slip bands through primary �-Al crystals
position 2) or at the interface between primary �-Al crystal and
utectic regions (position 3). Because superimposed HCF load-
ngs increase the quantity of slip bands, crack propagation along
lip bands becomes more dominant with increasing εme

a,t (HCF).

. Conclusions and outlook

In order to analyze the synergy of damage caused by super-
mposed low frequency thermal and high-frequency mechanical
oading and to get quantitative fatigue life data under such
oading conditions, superimposed thermal–mechanical fatigue
TMF)/high-cycle fatigue (HCF) tests at the cylinder head
lloys AlSi7Mg, AlSi5Cu4 and AlSi10Mg were conducted in
otal strain control. Out-of-phase TMF loadings with different

echanical strain amplitudes were applied with a dwell time of
d = 0–180 s at different maximum temperatures and several HCF
oadings εme

a,t (HCF) with frequencies between 5 and 20 Hz were
uperimposed. In all cases, up to a threshold of εme

a,t (HCF) =
.02% the superimposed HCF loading does not reduce TMF
ifetime significantly. However, at εme

a,t (HCF) > 0.02% a pro-
ounced decrease of TMF lifetime is caused by superimposed
CF which is the more pronounced the higher the HCF ampli-

ude and the HCF frequency is.
Extensive metallographic investigations and SEM studies of

he crack initiation and propagation process were conducted.
nder TMF as well as under TMF/HCF loading, crack ini-

iation generally takes place at the interface between eutectic
i-particles and �-Al matrix. Under pure TMF conditions, the
racks propagate solely along the eutectic regions whereas with

ncreasing superimposed HCF loading crack propagation along
lip bands within the primary �-Al crystals becomes more dom-
nant.

From this it is concluded that the following damage processes
ccur in TMF and TMF/HCF loading, respectively:

[
[
[

[

eering A  468–470 (2007) 184–192 191

Cyclic deformation and crack initiation are mainly governed
by the TMF cycle which induces large plastic deformations.
The plastic strain amplitude and the peak stress induced by
the TMF cycle determine the number of cycles to crack initia-
tion. The superimposed HCF loading results, due to its small
amplitude and high frequency, in nearly elastic deformation
and therefore has no significant influence on the first states of
damage.
Crack propagation is mainly determined by the superimposed
HCF loading. Obviously, even small εme

a,t (HCF), which still lie
below the fatigue limit at isothermal loading, result in a strong
increase of the crack propagation rate.

Further research on superimposed TMF/HCF loading of cast
luminium alloys will address the following topics:

Quantitative description and modelling of the influence of
superimposed HCF loadings on TMF life by fracture mechanic
approaches.
Fatigue crack propagation experiments at variable temperature
and mean stress in order to quantify the behaviour of HCF-
induced fatigue cracks under the conditions of superimposed
TMF/HCF loading.
Detailed investigation of the crack initiation mechanism, espe-
cially the stress state and dislocation structure at the interface
between eutectic �-Al matrix and Si-particles.
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