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Abstract This paper aims to investigate the influence of de-
fect morphology, defect size, and SDAS on the fatigue behav-
ior of A356-T6 aluminum alloy. A 3D finite element analysis
for specimens containing different pore morphologies—(i)
spherical pore, (ii) elliptical pore, and (iii) complex pore—
was implemented. The Chaboche kinematic hardening model
embedded in Abaqus is used to characterize the material re-
sponse during cyclic loading. Kitagawa diagrams for defective
A356-T6 are simulated using the defect stress gradient (DSG)
approach. A good agreement is found between experimental
and numerical results for predicting fatigue limit in the case of
spherical defects. The impact of defect morphology on the
fatigue resistance is clearly demonstrated. This paper shows
that aluminum fatigue resistance is strongly dependent on the
defect size, SDAS, and the defect morphology. Therefore, a
mathematical model that takes into account the impact of
these three parameters is developed using response surface
(RS) approach to predict fatigue limit of porous aluminum
alloy. Moreover, the effects of defect morphology, defect size,
and SDAS on fatigue response and their interactions under
fully reserved tensile loading are investigated.

Keywords Fatigue response . A356-T6 alloy . Kitagawa
diagram .Multiaxial fatigue behavior . Defect morphology .

SDAS . Defect size . Response surfacemethodology

Nomenclature
E Young modulus
DSG Defect stress gradient
a∇ Material parameter describing the defect influence

in the DSG criterion
RSM Response surface methodologyffiffiffiffiffiffiffiffi

J 2;a
p

Amplitude of the second invariant of the stress
tensor [MPa]

Rσ Load ratio
Rm Ultimate tensile stress [MPa]
α and β Material constants in Crossland criterion
Pf Probability of failure
σD Fatigue limit [MPa]
σa Applied load [MPa]
σ−1 Defect free fatigue limit under fully reserved ten-

sion loading [MPa]
τ−1 Defect free fatigue limit under fully reserved tor-

sion loading [MPa]
Rp0.2% Yield stress [MPa]
SDAS Secondary dendrite arming spacing
HCF High cycle fatigue
R Defect radius
GH Stress gradient
S Deviatoric stress tensorffiffiffiffiffiffiffiffi
area

p
Murakami parameter [um]

σCr , max The maximum Crossland equivalent stress
σeq , ∞ The Crossland equivalent stress at infinity
DoE Design of experiments
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1 Introduction

The high mechanical performances of Al-Si cast mate-
rials make them very attractive for use especially in
automotive and aerospace fields. Since the aluminum
mechanical compounds are often subjected to cyclic
loads, the Al fatigue behavior has been the subject of
various research studies [1–8]. In almost all related re-
searches, fatigue response was shown to be affected by
(i) the presiding microstructural parameter (i.e., often
characterized by the SDAS (secondary dendrite arm
spacing)) and (ii) the casting defects such as shrinkage
cavities, gas pores, notches, and oxide films [1–3,
9–14]. Since casting defects are inevitable in the alumi-
num alloys, many experimental and numerical investiga-
tions have been made to characterize their detrimental
impact on fatigue properties.

In this context, Ammar et al. [2] investigated the
high cycle fatigue behavior of hypo/hyper eutectic alu-
minum alloys containing various casting defects. The
authors showed that the Al resistance is strongly linked
to the defect type. In fact, they found that the fatigue
rupture is mainly caused by micro surface porosity.
More detailed studies conducted later [13–22] showed
that the larger the pore is, the more inferior the fatigue
limit. It has been found that under a critical pore size
(400 �þ 100 μm), pores have no impact on Al fatigue
response and the alloy can be considered as a defect
free material. In this case, the SDAS controls the fa-
tigue mechanism and has the major role in the forma-
tion of micro-plastic strain and crack initiation.
Moreover, experimental studies [7–14] have revealed
that the effect of casting porosity on Al high cycle
fatigue behavior depends on the load conditions. It
was clearly showed that pores have the most pro-
nounced impact for uniaxial loadings comparing to pure
torsion fatigue loading. Given that the Al HCF proper-
ties are strongly depending on different parameters
(SDAS and casting porosity), many researches [18–24]
have dealt with the problem of Al fatigue behavior with
preexisting pores and aimed to proposed an approach
able to predict the endurance limit under multiaxial fa-
tigue loadings.

In this context, Koutiri et al. [21] have experimental-
ly proved that the HCF response of hypo-eutectic cast
Al-Si alloy under multiaxial fatigue loadings could not
be described by an approach which is written as a linear
combination of the hydrostatic stress and the second
invariant of the deviatoric stress tensor such as Dang
Van criterion.

Later, Roy et al. [20] have made a comparative study to
characterize the aluminum fatigue resilience (case of A356-
T6) using multiple approaches:

& The Murakami relationship [23]
& The linear elastic fracture mechanics [25]
& The critical distance method (CDM) [26]
& The defect stress gradient (DSG) criterion [27, 28]

They found that both the DSG and the CDM criteria are the
most close to the experimental investigations for describing
endurance limit under multiaxial fatigue load conditions.
Inspired by Roy’s work, IbenHouriya et al. [18] proposed a
new expression of the DSG criterion by implementing a new
parameter that takes into account the SDAS effects. Based on
experimental results, they proved that the modified DSG cri-
terion is able to predict adequately the multiaxial high cycle
fatigue response of A356-T6 cast alloy containing natural and
artificial defects. Recently, Ben Ahmed et al. [29] have
developed a probabilistic approach taking into account
the dispersion of the secondary dendrite arming spacing
(SDAS) for predicting aluminum fatigue limit. In fact,
for a given defect, they [29] have transformed the repre-
sentative loading point in the improved DSG criterion [18]
to a scattering surface obtained by random sampling of the
SDAS values.

The most previous experimental and numerical investiga-
tions [5, 12, 18–22, 24, 29] have defined the pores using the
Murakami parameter ð ffiffiffiffiffiffiffiffi

area
p

) [23], and they have often
modeled them as spherical or elliptical defects. But, it should
be mentioned that experimental studies [19–22, 30, 31]
showed that the most dangerous defects on Al-Si fatigue
strength have often complex and tortuous morphologies (ir-
regular and branched shapes). However, few works [12, 17]
have dealt with the problem of pore morphology’s impact on
the aluminum fatigue properties.

Hence, one of the aims of this attempt is to evaluate the
negative influence of the defect morphology on the Al-Si fa-
tigue strength (case of A356-T6 alloy) by developing a model
able to predict the fatigue limit, with considering the effects of
the mentioned parameters (SDAS,

ffiffiffiffiffiffiffiffi
area

p
and defect morphol-

ogy). Therefore, a 3D finite element model representing po-
rous A356-T6 is proposed. Different defect sizes, different
SDAS values, and three defect shapes are considered. The
Kitagawa diagrams for the three defect morphologies using
DSG criterion are simulated under fully reversed tension load-
ing. Moreover, a comparative study of the resulting diagrams
was investigated to highlight the impact of defect morphology.
Then, an analytical model taking into account the effects of
defect morphology, defect size, and SDAS for predicting fa-
tigue limit of defective A356-T6 aluminum alloy is developed
using experiment design approach. The other purpose of
this paper is to characterize the correlation between
the considered parameters (SDAS,

ffiffiffiffiffiffiffiffi
area

p
and defect

morphology) and to determine their influence on the
A356-T6 endurance limit under fully reserved tension
loading, using the surface response method.
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2 Theoretical background

2.1 Defect stress gradient criterion

Nadot et al. [27] proposed the defect stress gradient (DSG)
criterion to caracterize the stress distrubution around a defect
and to quantify its impact on the fatigue limit under different
loading conditions. The proposed approach is deduced from
the Crossland’s formulation and it is expressed as follows:ffiffiffiffiffiffiffiffiffiffiffi

J 2; a
p þ αP*

max≤β ð1Þ

where

P*
max ¼ Pmax 1−ad

GH

Pmax

� �� �
ð2Þ

ffiffiffiffiffiffiffiffiffiffiffi
J 2; a

p
is defined as follows:

ffiffiffiffiffiffiffiffi
J 2;a

p ¼ 1

2
ffiffiffi
2

p maxti∈T maxti∈T

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S tið Þ−S tið Þ

� �
: S tið Þ−S tið Þ
� �s( )

ð3Þ

where S is the deviatoric stress tensor and GH is the stress
gradiant expressed as follows:

GH ¼ Pmax Að Þ−Pmax
ffiffiffiffiffiffiffiffi
area

p� �� �. ffiffiffiffiffiffiffiffi
area

p ð4Þ

Pmax(A) is the the hydrostatic part of stress tensor of the
most solicited point on the defect.ffiffiffiffiffiffiffiffi

area
p

is the Murakami parameter.
Pmax

ffiffiffiffiffiffiffiffi
area

pð Þ is the hydrostatic part of stress tensor for a
point located at a distance equal to

ffiffiffiffiffiffiffiffi
area

p
.

ad,α, and β are three coefficients experimentally identified.
The DSG criterion was modified later by Gadouini et al.

[31] then by Vincent et al. [28] using Eshelby’s method
(Fig. 1). It is expressed as follows:

σeq∇ ¼ σeq;max−a
σeq;max−σeq;∞ffiffiffiffiffiffiffiffi

area
p ≤β ð5Þ

where

σeq∇ The equivalent stress given by the DSG aproach.
σeq , max The equivalent stress given by HCF criterion in the

most sollitated defect zone.
σeq ,∞ The equivalent stress given by HCF criterion far

from the defect.

Recently, Iben Houriya et al. [18] improved the DSG cri-
terion by introducing a new parameter (i.e., secondary den-
drite arming spacing (SDAS) ) describing the microstructure.
They used the Crossland criterion to determine the equivalent
stress. The new DSG criterion can be expressed by the two
following expressions:

(i) For defect free aluminum alloy, fatigue response depends
only on microstructure (SDAS) and it can be defined as
follows:

σeq∇M ¼ σCr;Max ¼ β0exp −
λ2

λ0

� �
ð6Þ

where λ2 is the SDAS parameter.
β0 and λ0 are two coefficients experimentally identified

(ii) For defective alunimum alloy, fatigue response depends
on both SDAS and

ffiffiffiffiffiffiffiffi
area

p
(defect size) and it can be

defined as follows:

σeq∇M ¼ σCr;max−a∇
σCr;max−σCr;∞ffiffiffiffiffiffiffiffi

area
p ð7Þ

Table 1 illustrates the parameters of the modified DSG
approach, experimentally identified.

Fig. 1 Principle of DSG approach [24]

Table 1 Identified
parameters of the
improved DSG criterion
[18]

DSG criterion parameters Value

β0 167 (MPa)

α0 1.8

λ0 60 (μm)

a∇ 470 (μm)
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2.2 Overview of response surface methodology

The response surface methodology (RSM) is an optimization
tool developed at first by Bucher and Bourgund [32] and im-
proved later by Rajashekhar and Ellingwood [33]. RMS con-
sists in deriving a simple model to linking various process
parameters with their response for diverse chosen criteria.

RSM searches the signification of these parameters on the
desiring responses [34]. In fact, RMD is an interesting and
efficient tool to build an empirical model when the true func-
tion linking between the process parameters and the desiring
response is very complicated. Since their first use, many of
improvement have been introduced to the RSM [35] but the
principle steps of this approach that are often employed can be
summed up as follows:

(i) Defining the variation range of each input factors
(ii) Preparing the experimental design
(iii) generating the factorial experimental design
(iv) Plotting the surface response
(v) Building the analytical model linking between the pro-

cess parameters and the desiring response
(vi) Performing additional tests to validate the proposedmodel

Generally, the mathematical approximating model between
the response and their independent input parameters can be
expressed as follows:

Y ¼ f X 1;X 2;X 3……… :Xnð Þ � ε ð8Þ

where

Y The designed response.
f The response surface, X i∈ 1;n½ � representing the

independent inputs.
ε The error.

In this paper, the response surface method will be used to
evaluate the interrelationship between the inputs (SDAS, de-
fect morphology and defect size) and the output (fatigue lim-
it). Therefore, fatigue limit with the corresponding SDAS,
defect size and defect morphology are carried out to build
the corresponding response surface.

In order to improve the desiring optimum response by taking
into account the interaction between different input factors, the
fatigue limit will be described by a second order polynomial
known as quadratic model which is expressed as follows:

f ¼a0þ ∑
n

i¼1
aiX i þ ∑

n

i¼1
aiiX 2

i þ ∑
n

i< j
aijX iX j þ ε ð9Þ

where ai ;aii ; and aij are respectively the coefficients of the
linear effect, quadratic effect, and the interaction between xi
and xj. This response surface model is generally collected using
the design of experiments (DoE) procedure.

3 Stress determination around the defect

3.1 Finite element modeling

A3D finite element (FE) simulations using ABAQUS software
are carried out to determine fatigue response of A356-T6 alu-
minum alloy. In order to investigate the influence of defect
morphology, three different shapes are considered: (i) spherical
defect, (ii) ellipsoidal defect, and (iii) complex defect (Fig. 2).

Concerning the complex defect, it is three-concentric
equivalent ellipsoids. It was proposed by Taxer [36] to de-
scribe the effects of micro porosity in MAR-M247 alloy.
Taxer’s researches have demonstrated the efficiency of this
model to define cast pores in the material. The FEmodel using

1116 Int J Adv Manuf Technol (2017) 92:1113–1125

Fig. 2 Representation of the three pore geometries. a Spherical pore. b
Ellipsoidal pore. c Complex pore



for this study is inspired from real geometry of experimental
tensile test specimen as shown in Fig. 3.

A cylindrical model is used, and owing to the symmetry of
the problem, only a quarter of the specimen is modeled.
Symmetry and boundary conditions are implemented as illus-
trated in Fig. 4.

Figure 5 presents the FE-mesh model for the treated spec-
imen in which a very fine mesh is used due to the high strain
and stress gradient near the defect surface.

The cyclic behavior of the material is assumed to be elasto-
plastic with nonlinear isotropic-kinematic mixed hardening.
The Baushinger effect and the mean stress relaxation are taken
into account. In the finite element analysis, Chaboche kine-
matic hardening model is adopted to simulate the A356-T6
alloy response during cyclic loading.

The principal mechanical proprieties for this material are as
follows: E (Young modulus) = 70 GPa, ν (Poisson’s ra-
tio) = 0.3, Rp0.2% (Yield stress) =200MPa,Rm (ultimate tensile
strength) = 317 MPa, and A (elongation to failure) = 16%.
Table 2 sums up the cyclic fatigue parameters for the consid-
ered material.

3.2 Stress distribution analysis

Figure 6 illustrates the stress distribution around the three
pores under fully reversed tension loading. FE simulations
have shown that the plane orthogonal to the applied maximum
stress is the highest loaded plane (HLP). Experimental inves-
tigations have revealed that cracks propagate in this critical
plane [18, 20, 22].

In order to predict the Kitagawa diagrams corresponding to
each type of defect, a numerical code is developed within the
framework of Python Script. The flowchart of the Python code

is present in Fig. 7. For each type of defect morphology, the
fatigue limit corresponds to the applied load in which the DSG
criterion converges.

4 Experimental design

In this study, experiments were designed based on numerical
simulations carried out on defective A356-T6 alloy. The aim
of the design matrix (DM) consists in extracting relationships
and interactions between the response (fatigue limit under
fully reserved tensile) and different input parameters (defect
morphology, defect size and SDAS).

In fact, this method helps to investigate both the individual
effect of each parameter and describe the interactions between
them. The DoE generates 27 experiments with three levels.
The obtained results are analyzed using MINITAB 17.0 soft-
ware. Defect morphology, defect size, and SDAS are chosen
as the main independent input parameters in the present work
as shown in Table 3. The fatigue limit is considered as an
output response which is computed through FE analysis and
DSG criterion.

5 Results and discussion

5.1 Validation

This section reports the numerical results carried out to calcu-
late the fatigue response of A356-T6 alloy, having different
microstructures and containing spherical defects, using the
DSG criterion’s new formulation.

Fig. 3 Experimental specimen
and FE model

Int J Adv Manuf Technol (2017) 92:1113–1125 1117



Previous researches [18–20] showed that the critical defect
size affecting the A356-T6 fatigue response is around
400�þ 100 μm. Below this value, the alloy is considered as
a defect-free material. In this case, the Al HCF behavior is
mainly controlled by the microstructure parameter (SDAS).
Withal, the experimental data base [18] adopted in this work
is conducted for A356-T6 casting alloy with different SDAS
values varying from 39.5 to 72 μm. Hence, in the following,
the A356-T6 Kitagawa diagrams will be simulated for a defect
size range between 500 and 1000 μm and with microstructure
parameters corresponding to the upper and lower SDAS
values used in the experimental tests [18].

In order to validate the numerical model, Kitagawa dia-
grams for the fine microstructure (SDAS = 39.5 μ m) and
the coarser one (SDAS = 72 μ m) are plotted and compared
to the experimental data. Considering the result for fully re-
served tension loading presented in Fig. 8, a good agreement
between the DSG criterion based on the finite element

Fig. 4 Boundary conditions and loads applied for FE simulations for
tension loading

Fig. 5 Mesh refinement around
the defect (spherical defect)

Table 2 A356-T6 cyclic parameters [37]

Material E
GPa

ν R0

MPa
Q b C D

A356-T6 72 0.33 200 30 10 58,000 680

1118 Int J Adv Manuf Technol (2017) 92:1113–1125



Fig. 6 Stress distrubution in
HLP: σa ¼ 75 MPa and

ffiffiffiffiffiffiffiffi
area

p
= 700 μm.a Spherical pore. b
Ellipsoidal pore. c Complex pore

Int J Adv Manuf Technol (2017) 92:1113–1125 1119



analysis and the experimental results is obtained in the case of
spherical pore shapes.

In the following part, the DSG criterion will be employed
to predict the Kitagawa diagrams for fully reserved tension
loading, considering both the defect size (≥500) and the
SDAS (39.5 and 72 μm). The generated diagrams are execut-
ed in a continuous manner for different defect morphologies
(ellipsoidal and complex shapes).

5.2 Morphology effects

In order to highlight the impact of the defect morphology, the
Kitagawa diagrams are predicted based on the improved DSG

criterion for ellipsoidal and complex pores by following the
same procedure used previously.

The generated diagrams are presented in Fig. 9. From the
obtained results, it is worth noticing that the A356-T6 fatigue
performances vary according to the defect morphology: The
more complex the shape, the lower the fatigue limit. In fact,
for the same defect size (

ffiffiffiffiffiffiffiffi
area

p
) and the same microstructure

No 
P= P-∆P  

P=Fatigue endurance limit [MPa]  

if

Calculation of fatigue equivalent 
stress using the DSG criterion 

Input parameters: 

• Defect size 
• Defect morphology 
• SDAS value 
• Applied load P 

Start 

Yes 

Fig. 7 Flowchart proposed for
Kitagawa diagram predictions

Table 3 Experimental parameters and their levels

Parameters Notation Level

−1 0 1

Defect morphology A Spherical Ellipsoidal Complexffiffiffiffiffiffiffiffi
area

p
(μm)

B 500 700 900

SDAS (μm) C 39.5 55.75 72
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Experimental data [18]
SDAS=39.5 um
SDAS=72 um

Fig. 8 DSG criteria validation with experimental result for spherical
pores
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(SDAS), the highest endurance limits are obtained from spec-
imens containing spherical pores and the lowest ones are ob-
tained from specimens containing complex pores. These ob-
servations become more pronounced when the defect size
decreases. This result is coherent with the experimental inves-
tigations [19–22, 29–31] which have revealed that pores with
irregular and blanched shapes are acting as stress concentra-
tors in aluminum alloy surface.

Figure 6 shows the stress distribution in the highest loaded
plane (HLP) for the three defects, for a defect size

ffiffiffiffiffiffiffiffi
area

pð Þ
equals to 700μmand applied load (σa) =75MPa. It is obvious
that the stress distribution varies depending on the considering
defect. The complex pores have the highest stress concentra-
tion factor (SCF) and the spherical pores have the lowest one.
These results demonstrate the notable effect of the morpholo-
gy on fatigue behavior of A356-T6 alloy. Thus, the defect
morphology must not be overlooked in the determination of
fatigue response. In the flowing section, an analytical model
based on RS method, taking into account the defect morphol-
ogy, defect size and SDAS, will be proposed.

5.2.1 Development of mathematical model

In the previous section, it was shown that the defect morphol-
ogy has a significant influence on the fatigue limit. Looking
for a model able to predict the fatigue limit of defective A356-
T6, considering defect morphology, defect size, and SDAS
value, is not yet determined.

In this part, the response surface method coupled with the
design of experiment procedure is implemented in order to
predict a mathematical model linking the endurance limit of
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Fig. 9 Kitagawa diagrams for a ellipsoidal pores and b complex pores

0 20 40 60 80 100
0

10

20

30

40

50

60

70

80

90

100

110

Actual fatigue limit [MPa]

P
re

di
ct

ed
 fa

tig
ue

 li
m

it 
[M

P
a]

Y=0.9995 X
R²=0.9942

Fig. 10 Model validation for
spherical pores
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defective A356-T6 as a function of defect morphology, defect
size, and SDAS. Therefore, 27 experiments with three levels
were generated using Minitab17.0 statistical package, in
which the main input factors and their levels in coded and
actual values, are summarized in Table 3. The endurance limit

is chosen as the main output response. Through using the
response surface method, the mathematical model, tak-
ing into account the influence of various dominant pa-
rameters on the Al 356-T6 fatigue limit is given by the
following expression.

Fatigue limit ¼ 57:648− 7:083Að Þ− 11:806Bð Þ− 8:056Cð Þ− 0:694 A2
� �þ 4:806 B2

� �
þ 1:556 C2
� �

− 2:542 ABð Þ þ 0:042 ACð Þ þ 4:750 BCð Þ
R2 ¼ 99:41%

ð10Þ

In order to ensure the proposed model’s performance for
describing adequately the fatigue behavior of defective
A356-T6 material, the analysis of variance (ANOVA) has
been established to justify the goodness of fit of the math-
ematical model. The R2 (R2 = 0.9941) for fatigue limit
expression is found to be in reasonable agreement with
the adjusted measures. Moreover, a comparison between
the experimental results and the response surface model
(Eq. 10), in the case of spherical pores, at different SDAS
values and defect sizes is performed. The R2 (R2 = 0.9942)
obtained in Fig. 10 indicates that the RS model is in good
agreement with experimental data, providing an accurate
and satisfactory results for predicting fatigue limit of cast
A356-T6 alloy.

All the above considerations indicate an excellent adequa-
cy of the developed mathematical relationship.

5.2.2 Defect morphology, defect size, and SDAS: effects
and interactions

It was shown that defect morphology, defect size and SDAS
value are of paramount importance for controlling the fatigue
behavior of Al 356-T6 material. In this section, the effect of
each factor’s level as well as their interactions on the fatigue
limit is analyzed based on design of experiments (DoEs) illus-
trated in Table 4.

Figure 11a shows the main effects of defect morphol-
ogy, defect size and SDAS value on the fatigue limit. The
encoded values (−1, 0, 1), characterizing the level of each
factor, is presented on the x-axis. The y-axis presents the
average values of the fatigue limit at a given level. When
the line representing the effect of each factor is parallel to
the x-axis, there is no effect. However, when the line is
not parallel to the x-axis, a main effect can be always
presented and their magnitude depends on the slope of
the line. It can clearly be seen that the three parameters
have a significant influence in predicting the fatigue limit
of defective Al 356-T6 material. In fact, the defect size
has the greater impact for controlling the fatigue behavior,
followed by the SDAS value and the defect morphology.

It is observed that (i) from a range of defect size between
500 and 1000 μm, the fatigue limit average varies from
50 to 75 MPa and (ii) from a range of SDAS value be-
tween 39.5 and 72 μm, the fatigue limit average varies
from 54 to 70 MPa. According to these results, an impor-
tant decrease of the endurance limit is observed when the
defect size or the SDAS value increase. This observation

Table 4 Design of experiment

Order Defect
morphology

ffiffiffiffiffiffiffiffi
area

p
μmð Þ SDAS (μm) σD (MPa)

1 −1 −1 −1 93

2 −1 −1 0 78

3 −1 −1 1 67

4 −1 0 −1 74

5 −1 0 0 64

6 −1 0 1 59

7 −1 1 −1 64

8 −1 1 0 59.5

9 −1 1 1 56

10 0 −1 −1 88

11 0 −1 0 73

12 0 −1 1 61.5

13 0 0 −1 67

14 0 0 0 57

15 0 0 1 53

16 0 1 −1 56

17 0 1 0 52.5

18 0 1 1 49

19 1 −1 −1 85

20 1 −1 0 70

21 1 −1 1 58

22 1 0 −1 58

23 1 0 0 48

24 1 0 1 44

25 1 1 −1 45

26 1 1 0 41.5

27 1 1 1 37.5

1122 Int J Adv Manuf Technol (2017) 92:1113–1125



is in good agreement with the experimental studies [18,
20, 22, 24].

Concerning the defect morphology effects, it is observed that
the fatigue limit is mostly affected by the complex defect shapes.
It is shown that the highest fatigue limit reduction is observed for
the specimen containing complex defect and the lowest one is
obtained for the specimen containing spherical defect.

Figure 11b presents the interaction plot between the
different levels of defect morphology, defect size and
SDAS on the fatigue limit response. Parallel lines were
observed between the defect morphology and the SDAS
parameter. This interaction plot indicates that there is no
interaction between these two factors. Moreover, a slight
interaction is presented between the defect morphology
and SDAS parameters. For defect size equals to

500 μm, an interaction between the defect size and de-
fect morphology was observed.

In order to determine the magnitude and the impor-
tance of the effects and the interactions of the consid-
ered parameters on the fatigue limit, the Pareto chart is
plotted as shown in Fig. 12. As apparent, the defect
size, the SDAS, and the defect morphology have a sig-
nificant influence on the A356-T6 fatigue response with
48.0, 22.4, and 17.3%, respectively. It is clear that the
defect size has the greatest impact on it. But, the per-
centage of 22.4 and 17.3% for the SDAS parameter and
the defect morphology, respectively, cannot be
neglected.

Hence, the proposed model can be used as an interesting
and practical tool to predict the high cycle fatigue behavior of

Fig. 11 a Effects and b interactions of input parameters on fatigue limit
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defective A356-T6 alloy. It allows engineers to engaged in
practical problem for predicting fatigue limit in a more effi-
cient and reliable way, considering the defect shape, the defect
size, and the microstructure heterogeneities.

6 Conclusion

The fatigue strength of A356-T6 aluminum alloy was inves-
tigated through a finite element modeling coupled with the
defect stress gradient (DSG) criterion. The nonlinear
isotropic/kinematic hardening model implemented in
ABAQUS software was used to characterize the material’s
high cycle fatigue behavior under fully reserved tension load-
ing. Attention was focused on confirming the negative influ-
ence of the defect morphology on the Al fatigue properties.
Therefore, the simulations are carried out for three different
defect shapes: spherical, ellipsoidal, and complex. According
to the findings, the main conclusions can be summarized as
follow:

(i) In the case of spherical defects, numerical results were
compared with experiment data showing that the DSG
approach gives good predictions (an error that does not
exceed 5%).

(ii) It has been shown that the irregular pore shape increases
the high stress/strain zone in the vicinity of the surface
defect in the Al-Si material. The fatigue resistance is
higher for the alloy containing surface spherical pores.

(iii) Numerical results lead to the conclusion that the micro-
structure (SDAS) and the defect size (

ffiffiffiffiffiffiffiffi
area

p
) are not the

only parameters affecting the A356-T6 fatigue

performances. The defect morphology must be consid-
ered in assessing the aluminum fatigue life.

(iv) Based on the design of experiments (DoEs), a response
surface model, able to predict the fatigue limit of defec-
tive A356-T6 alloy, is developed. The proposed model
can be used as a powerful and practical tool to evaluate
the Al high cycle fatigue behavior. In fact, it allows
engineers to engaged in practical problem for predicting
the endurance limit in a more efficient and reliable way,
considering the defect morphology, the defect size, and
the microstructure heterogeneities.
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