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bstract

The effect of aging, Si, Fe and Mn content on the fatigue behavior of two cast aluminium A319 and AS9U3G alloys, in the T5 state, were
nvestigated. The low-cycle fatigue (LCF) was conducted on these alloys and results were analyzed with respect to the evolution of the microstructure
nd the fatigue fractured surface examination. In the alloy with a high content of Si, Fe and Mn (AS9U3G) the fatigue life is significantly reduces.
he high decrease in normalized amplitude and back stresses at the saturation state, just after 200 ◦C, has been interpreted, in the A319 alloy, as
transition between �′ in Si, Q and � precipitates and AS9U3G alloy presents the same transition. Therefore, the increase in Si content and/or
esidual elements contents does not alter the precipitation mechanism. Aging (100 h at 320 ◦C) of both alloys has resulted in an increase in fatigue
ife and secondary cyclic hardening which corresponds to an increase in back stress due to the heterogeneous structure of dislocation formation.
he calculation of back stress is in good agreement with the experimental results.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent production, Al–Si–Cu cast alloys have been used so
ar because of their good performance of castability and mechan-
cal strength with age hardening. Age hardening affects not only
he mechanical strength but also the thermal fatigue properties.
he strengthening of these alloys is usually realized through
recipitation hardening. A lot of effort has been spent on inves-
igation of the precipitation process in Al–Si–Cu alloys. It is well
nown that the subsequent evolution of the microstructure corre-
ponds to the decomposition of the solid solution oversaturated
n GP zones, the �′′ phase, the �′ phase, and the stable phase �. For
he development of a new cylinder head and in order to lower the
osts of provision at the refiner, we have chosen to increase the
ron, manganese, and zinc contents used in A319 alloys. These
esidual elements were increased the formation of intermetallics

ompounds. The low-cycle fatigue (LCF) tests were carried out
n different alloys in order to study their mechanical behaviour.
tudies of the behaviour of a material under LCF conditions are
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mportant from the point of view of cracking and failure of mate-
ial. The fatigue behaviour of these alloys and their properties
epends on the nature, the size, and the hardening phases distri-
ution [1]. The effects of porosity [2,3] and intermetallics [4–6]
re well established. Dislocations cut the precipitates of small
ize and/or coherent with the matrix whereas large and/or inco-
erent precipitates are looped by dislocations. This interaction
echanism between the dislocations and precipitates are impor-

ant with regards to the view properties of the material. Studies
one on the foundry Al–Si–Cu alloys have indicated that the
atigue life of these alloys is influenced by shrinkage cavities,
ize of the dendrite, size and morphology of silicon and inter-
etallic compounds. Fatigue cracks in these cast alloys often

nitiated in interdendritic casting defect [7], to the surface close
o the porosities [8], and by the eutectics particles [9].

In the present study, we investigated the microstructure of
ast aluminium alloys by scanning electron microscopy–energy
ispersive spectrometry (SEM–EDS), transmission electron
icroscopy (TEM) analysis. TEM analysis was used to obtain
nformation on the mechanisms and kinetics of particle growth
nd the impact of residual element, temperature and aging on
he low-cycle fatigue properties was examined. Current model
as used to calculate the back stress.

mailto:delavand.ovono-ovono@utc.fr
dx.doi.org/10.1016/j.jallcom.2006.11.052
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Table 1
Chemical compositions (wt%) of the two kinds of aluminium alloys
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319 7 3 0.3 0.1 0.1 Rest.
S9U3G 9 3 0.3 0.7 0.5 Rest.

. Experimental

.1. Materials

An industrial A319 alloy and AS9U3G alloy with a high content of Fe, Mn
nd Zn were used for this study. The eutectic Si particles were modified by using
50 ppm of Sr and Na and a commercial Ti-B grain refiner was also added. The
hemical compositions of different alloys in this work are given in Table 1.
he specimens were heat-treated to the T5 condition, i.e. solution treated at
90 ◦C in an air furnace, water quenched at room temperature, naturally aged at
oom temperature, and then artificially aged at 210 ◦C for 5 h. In this treatment,
lloys reached the peak hardness. In addition to the T5 heat treatment, other
ging treatments (100, 200, 250, 280 and 320 ◦C for 100 h) were also utilized,
o evaluate the influence of aging on the microstructure and on the low-cycle
atigue.

.2. Procedure

After T5 treatment, and the aged samples blocks were machined into cylin-
rical fatigue specimens, with 15 mm gauge length and with 8 mm diameter.
he alloys were subjected to a low-cycle fatigue test under a plastic strain con-

rol (�εP/2 = 0.3%) at different temperatures on a servohydraulic machine. Each
est was performed at constant strain rate 6 × 10−4 s−1, and the axial strain was
etermined using an extensometer with its arm tips located on gage length. All
hese mechanical tests were carried out until the material failed. The samples
ere tested at different temperature for T5 specimens, and at room temperature

or aged specimens. The tensile flow stress of fatigue tests was divided into
wo components: an effective stress, Σef, and a back stress, X, according to the
eature of hysteresis loops obtained by unloading tests. The analysis proposed
y Dickson et al. [10] and Feaugas [11] was used to provide a stress partition,
aking into account the thermal part of the flow stress, Σ* (Fig. 1):

ef = 1

2
(Σ − Σr) + Σ∗

2
(1)

= Σ − Σef (2)

here the reverse yield stress, Σr, is obtained with a plastic strain offset equal
o 3 ± 2 × 10−5.

The back stress, which is directional component of hardening, is linked to the

ocal straining process that introduced long-range interaction with mobile dis-
ocations. The effective stress component is an isotropic component. This stress
omponent represents the stress locally required for a dislocation to move (short-
ange interactions). In stress space, the effective and back stress correspond,
espectively, to the radius and the shift of yield surface.

a
1
t
a

Fig. 2. Optical micrographs of the T5 A319 show
ig. 1. Flow stress partition in term of back, X, and effective, Σef, in an hysteresis
oop [11]. Σr is the stress where reverse plastic strain occurs, and Σ* is the
hermal part of the effective stress.

Standard optical metallography, scanning electron microscopy, transmission
lectron microscopy (STEM) were carried out on selected samples for different
xperimental conditions. Energy dispersive spectroscopy was utilised to identify
he different type of phases present on the alloys. To investigate the fracture mode
nd fatigue crack initiation sites, fractured surfaces were examined after the LCF
est using a SEM.

. Results

.1. Microstructural observations

The average secondary dendrite arm spacing (SDAS is the
istance between centers of the adjacent dendrite arms of the
icrostructure) was 20 �m (low SDAS). The microstructure

f T5 material (Fig. 2) consists of a dendritic aluminium �-
hase containing Cu and an aluminium–silicon eutectic with
ntermetallics compounds between dendritic arms. The EDS
nalysis revealed that the compounds formed in the both alloys
uring solidification are “Chinese script” �-Al15(Fe,Mn)3Si2
ntermetallic phases (Fig. 3a), plate shaped �-Al5FeSi phase
articles, Al2Cu phases (Fig. 3b) and Q-Al5Cu2Mg8Si6.

Fig. 4 shows bright-field TEM images of the alloys at the
5 condition. The aging treatment occurs in two steps: T5

ging, where �′ precipitates were present, aging at 200 ◦C for
00 h, where �′ precipitates obtain their optimal size and are
hen gradually replaced by the Si, � and Q precipitates. After
n aging superior to 200 ◦C, the microstructures of the both

ing (a) dendrites (b) interdendritic space.
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Fig. 3. EDS spectrum of particles in the inter dendritic space (a) �-Al15(Fe,Mn)3Si2 intermetallics and (b) Al2Cu phase.
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ig. 4. Bright-field TEM micrographs ([0 0 1]Al zone axis) after T5 treatment n
S9U3G alloy.

lloys (Fig. 5) present the Q laths appear in the [0 0 1]Al ori-
ntation, � phase and Si phase which are incoherent with the
atrix lattice. It is clear that the precipitation sequence in the

oth alloys as the aging temperatures increases is essentially:
′ → Q + Si + � (Al2Cu). The Table 2 presents the precipitation
volution after some treatment. The information available on
quilibrium in Al–Si–Cu–Mg alloys suggests, depending on the
lloy composition, one or more of the phases Si, Al2Cu-� and
-Al5Cu2Mg8Si6 may appear as dispersoids [12]. Lloyd [13]
as observed large dispersoids containing Fe, Mn, Si and Al in
l–Si–Cu–Mg alloys containing Mn, Fe. The work of Takeda

t al. [14] shows that Mn additions, in a Al–Cu alloy, stabilize

he structure of the �′ phase. Due to the stabilization effect, the
oarsening of the intermediate �′ phase is reduced in the aging
rocess of an Al–Cu–Mn alloy. Apparently, in the present work,
ncreasing the concentration of Si, Fe, Mn do not alter the pre-

d
c
c
m

able 2
volution of precipitation after some treatment

100 h at 100 ◦C 100 h at 200 ◦C

319 (T5) �′ �′
S9U3G (T5) �′ �′
like �′ precipitates and selected area diffraction patterns (a) A319 alloy and (b)

ipitation mechanism. Increasing the concentration of Si, Fe and
n, in AS9U3G, resulted in a visible increase in the amount of

ntermetallics.

.2. Effect of temperature on LCF behaviour

The stress response with respect to the number of cycles is an
mportant characteristic of fatigue process. The curves of cyclic
ardening provide some information on the mechanical stability
f the material. Fig. 6 shows the variation of the stress ampli-
ude, Σa, with the cumulated plastic strain during a plastic strain
ontrolled (�εP/2 = 0.3%). Cyclic stabilisation behaviour is evi-

ent throughout all temperatures and is proceeded by detectable
yclic hardening only at lowest temperature (T < 250 ◦C). These
urves show influence of temperature on these alloys due to the
icrostructural evolution. At low temperature the stress ampli-

100 h at 250 ◦C 100 h at 280 ◦C 100 h at 320 ◦C

�, Q, Si �, Q, Si �, Q, Si
�, Q, Si �, Q, Si �, Q, Si
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ig. 5. TEM micrographs aging 100 h at 320 ◦C after T5 treatment (a) A319 all
d) EDS spectrum of Q precipitate.

ude of AS9U3G alloy is slightly higher than A319. The A319
lloy for all temperature has significantly greater fatigue life
ompared to AS9U3G alloy, this can especially be seen in Fig. 6.
oth temperatures 20 and 100 ◦C for those samples have similar

atigue strength. After 100 ◦C, increasing the temperature results
n decrease in the fatigue strength. It can be seen that an increase
n temperature led to an increase in the size of �′ precipitates [15].
t can also be seen that the density of �′ precipitates decreases
ith the temperature [16]. This decrease could have contributed

o the decrease in stress amplitude. It is well known that the
trengthening mechanism on these kinds of alloys is essentially

ue to the dislocation interaction with the precipitates. A study
arried out by Calabresse and Laird [17] on a binary alloy AU4
n presence of �′ precipitates showed this type of behaviour with
yclic hardening. Therefore, the dislocations are going to assem-

l
o
h
s

ig. 6. Stress amplitude evolution during low-cycle fatigue test with imposed plastic
lloy and (b) AS9U3G alloy.
(c) AS9U3G alloy. (b) Element mapping of Q-Al5Cu2Mg8Si6 precipitate and

le around �′ semi-coherent precipitates and causing a hardening
n the material. This regrouping of the dislocations is at the origin
f a stress field around �′ precipitates resulting in local stress in
he material. Therefore, the strengthening mechanism observed
s due to the dislocation interaction with the precipitates.

.3. Effect of aging on mechanical behaviour

The evolution of the stress amplitude versus cumulated plas-
ic strain (Fig. 7) clearly shows the effect of aging on mechanical
roperties. Aging affects the stress amplitude and the fatigue

ife of these materials. The density of obstacles and the nature
f the dislocation–obstacle interactions vary during aging. The
igh test temperature and aging involve to a reduction of yield
trength and ultimate tensile stress due to an increasing of the

strain amplitude (�εP/2 = 0.3%) of the both alloys after T5 treatment (a) A319
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Fig. 7. Stress amplitude evolution during low-cycle fatigue test with imposed plastic strain amplitude (�εP/2 = 0.3%) of the both alloys heated 100 h at 320 ◦C after
T5 treatment (a) A319 alloy and (b) AS9U3G alloy.
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ig. 8. STEM micrographs of A319 alloy (a) without secondary cyclic hardnin
econdary cyclic hardning is due to the heterogeneous structure of dislocations

istance between particles. Besides, it can be observed that the
ging improves considerably the fatigue life of these alloys as
result of the evolution of the precipitation due to the aging
reatment. The fatigue life is enhanced after aging (see Table 2),
hich may be due to the precipitation transformation. It can be

lso seen that, at 20 ◦C, the alloys aging during 100 h at 320 ◦C
isplay secondary hardening. To explain this behaviour, TEM

o
c
e
f

Fig. 9. SEM fracture morphology showing (a) ductile fracture; (b) oxide film; (c
(b) with secondary cyclic hardning. Comparison of both figures suggests that
g on the precipitation.

bservations at this stage of secondary hardening were carried.
hese observations show that (Fig. 8) this secondary hardening
orresponds to an increase in back stress due to the setting up

f heterogeneous structure of dislocations leaning on the pre-
ipitation. The present results clearly show an effect of residual
lements content on low-cycle behaviour, mainly the loss of
atigue life.

) porosity near intermetallic compounds; and (d) intermetallic compound.
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.4. Fracture surface observations

The mechanical properties of these alloys can deteriorate due
o the presence of pores, oxide films, intermetallic compounds,
nd the other defects. The introduction of a large content of
esidual elements increases the density, the size of intermetallic
ompounds and the porosities. It was determined that in the both
lloys, �-Al15(Fe,Mn)3Si2 particles form in addition to the dis-
ersion of �-Al5FeSi. These particles tend to be large and brittle
nd are known to lower the fatigue life alloy. It seems reasonable
o expect the same deleterious effect on the present alloys. The
EM fractographs of the LCF tests are approximately the same
or the two alloys. All the fracture surfaces show a mixed mode
f ductile fracture and brittle fracture. The fatigue cracks initi-
ted primarily at large pores, intermetallics, located close to, or
t, the specimen surface (Fig. 9), after the fatigue cracks quickly
ropagate and coalesce with the other defects. The main differ-
nce between alloys A319/AS9U3G is that the latter contains
ore intermetallics compounds and porosities than the first.
herefore, the reduction of the fatigue life in AS9U3G alloy

s essentially due to an increasing in residual elements content.

. Discussion

.1. Stresses partition

Fig. 10 presents the partitions of stresses to the level of the
anding of saturation returned to the shear modulus, μ, according
o the test temperature. The partition of the macroscopic stress,
n back stress, and in effective stress showed that the evolutions
f the macroscopic and back stresses are similar. This indicates
hat the evolution of the macroscopic stress is directly related to
he evolution of the back stress X. High reduction in stress Σa
ust after 200 ◦C is observed. This high decrease in stress Σa can
e directly associated with the precipitation transformation due
o the test temperature. In the A319 alloy, it has been observed
15] that after aging of 100 h at 100 ◦C the density of �′ precipi-
ates decreases and the increase in aging temperature leads to an

ncrease in the size of these precipitates. After aging of 100 h at
00 ◦C the transition of �′ to Q, � and Si precipitates have been
bserved. From the results shown, it is possible to suggest that
he reason for the decrease in stress amplitude and in back stress

o
a
t
b

ig. 10. Evolution of normalized stresses (Σa: stress amplitude, X: back stress, Σef

hearing) according to the test temperature (a) A319 and (b) AS9U3G.
nd Compounds 452 (2008) 425–431

s due to the transformation of �′ to Q, � and Si precipitates. The
ame high reduction of Σa is observed in AS9U3G alloy. This
tudy also shows that the behaviour of the material in fatigue is
herefore, largely governed by back stress to long distance due
o heterogeneity and to the evolution of the microstructure.

.2. Back stress modelling

To calculate the stresses in the particles we need to consider
he different sources of stress. Taking account of different parti-
les present on the inter dendritic space, in plastically deformed
egions, the back stress developed on the eutectic particles can
e calculated as presented:

At low strains [18]:

X1 = 2.14α0μfε∗ (3)

Similarly, at large strains [19]:

X2 = C(1 + f 1/2)μ

√
b

(
C1

L
+ C2

D

)
(ε − ε∗

C) (4)

here μ is the shear modulus of Al matrix, α the aspect ratio of
articles, f the volume fraction of particles in the inter dendritic
pace, ε* the unrelaxed plastic strain, ε the tensile strain, ε∗

C the
lastic strain at the onset of plastic relaxation, L the average slip
istance, λ the dendritic grain size (SDAS = 20 �m), b the Burg-
rs vector and C, C1 and C2 are constants. For cast aluminium
lloys, Brown [20] gives the following values for the constants:
≈ 1.25, C1/L ≈ 0.05 �m−1 and C2 ≈ 2.
Thus, assuming simple addition of these two components X1

nd X2, the back stress at the saturation, X, in function of the
ging temperature is given by:

= X1 + X2 (5)

Fig. 11 shows the results of measured and calculated values

f back stress. It is seen that the agreement between measured
nd calculated values is very good. Thus, this study shows that
he analysis proposed by Dickson et al. is good to determine the
ack stress.

effective stress, Σ*: the thermal part of the effective stress, μ: the module of
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ig. 11. Comparison of the experimental and modelling results of back stress.

. Conclusions

1) The microstructure results show that the nature of com-
pounds formed on these alloys are not influenced by the
increase in residual elements content, but only the number
of these compounds is influenced.

2) By increasing the residual elements content, the density, the
size of intermetallics compounds, and the volume of defects
were considerably increased. AS9U3G alloy presents many
large pores and intermetallic compounds which are fatigue
crack initiated. The fatigue life of the AS9U3G alloy is
much smaller than that of A319. Therefore, the fatigue
life of these alloys is essentially controlled by the den-
sity of intermetallics compounds and the volume fraction
of pores.
3) The partition of the macroscopic stress shows that the evolu-
tion of the macroscopic stress is directly related to evolution
of the back stress X due to the heterogeneity and the evolu-
tion of the microstructure. The calculated back stress, with

[
[
[
[

nd Compounds 452 (2008) 425–431 431

a current model, is consistent with obtained values by the
Dickson et al. analysis.
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