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Abstract 

The aim of this study is to evaluate a full integrated modelling strategy to evaluate the influence of casting defects 
on the fatigue life directly from process simulation. We have shown that defects characterized by their size and the 
microstructure characterized by the SDAS, are the main parameters that control the fatigue limit. A fatigue criterion 
that already takes into account for the effect of the defect on the fatigue limit was modified to introduce the effect of 
SDAS. This improved criterion has been employed to predict the Kitagawa diagram for multiaxial loading for 
different loading cases. The simulation of the modified criterion showed that the reduction of the fatigue limit with 
the defect size and SDAS is well described. In the last part a numerical model was developed to perform a 
simulation of the fatigue limit starting from the simulation of the casting process. Using this numerical model, we 
simulated the defect size and SDAS depending on the solidification time, the fatigue limit is simulated using the 
improved criterion. We proposed in this part a mold which let to obtain samples with two different microstructures. 
In this study, a second fatigue tests was carried out on these samples to validate the numerical simulation on the 
proposed mold. It turns out that the numerical model provides reasonably well the obtained experimental results. 
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HCF studies on cast aluminum alloys have shown [1, 2] that the effect of defect size is in competition with other 
microstructural features such as SDAS/DAS to limit fatigue life. It has been clearly observed that casting defects 
have a detrimental effect on fatigue limit above a critical size [3, 4]. In addition, the influence of microstructure 
defined by DAS or SDAS on the fatigue behaviour of cast aluminum alloy cannot be neglected [5-7]. It has been 
demonstrated [6] that the eutectic phase can cause micro-cracking due to strain accumulation in proximity to Si-
particles. As reported in [1], for small defect sizes, there is a prominent interaction between defects and 
microstructure on the fatigue limit of cast A356-T6 aluminum alloy. Therefore, the simulation of defect size and 
microstructure distributions within a cast aluminum alloy component are critical inputs for fatigue design. In this 
context, several studies [8-12] have proposed models to simulate the solidification process and the formation of 
porosity. A number of models combine the shrinkage pressure and hydrogen concentration to describe porosity 
formation. In these models the defects were explicitly assumed to be spherical [13-15]. Atwood et al [11] assumed 
that during solidification, due to solid-liquid balance, pore shapes become complex as they grow between grains or 
between dendrite arms. Several studies [8, 13] have suggested that it is more appropriate to consider an equivalent 
pore size rather than trying to characterize the complex 3D shape. This assumption is useful in simplifying the 
fatigue design for casting aluminum alloy components. In some studies [8, 10-12], the effects of pressure, cooling 
rate and the distribution of hydrogen in the casting on the formation of pores has been studied. Yao et al [8] have 
shown that the distribution of hydrogen in the liquid phase of the melt depends on the cooling rate, which affects 
pore growth: the volume of pores decreases when the rate of solidification increases. In the same context, Carlson et 
al [12] developed a model to predict the evolution of porosity during solidification phase. This evolution depends on 
hydrogen diffusion during solidification. It was shown that, at high cooling rates with a low temperature gradient 
and low pressure, shrinkage and gas pore formation are more pronounced at low hydrogen concentrations. From this 
literature summary, the important points that should be considered to predict defect size include the temperature 
gradient, hydrogen diffusion and local pressure in the melt during solidification. When modeling aluminum alloy 
casting processes, there are several ways to simulate microstructure formation. Experimental observations have 
shown that the cooling rate is the major factor that affects dendritic structure [17, 18]. The microstructure of a cast 
aluminum alloy can be quantified as the SDAS calculated as a function depending on the solidification time or the 
cooling rate [9, 10, 17, 19]. The aim of the current work is to present a Through Process Modelling for the fatigue 
design of cast A356 components. This model will be applicable to gravity die cast components. The whole process 
contains 4 steps: (i) simulation of cooling history during solidification (ii) SDAS simulation based on cooling rate 
(iii) shrinkage and porosity simulation based on hydrogen diffusion and solidification time, and (iv) fatigue life 
assessment in a multiaxial context. It is worth noting that the numerical framework developed in this study can be 
easily extended to any Al-Si-Mg cast aluminum alloy. 

 
Fig. 1 (a) Mold with cooled/uncooled details (b) resultant casting (c) fatigue specimen geometry 
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In this study, a purpose built mold was developed in order to vary the SDAS and casting defects with cooling rate 
and fatigue specimens were extracted from castings produced with the mold. Tension fatigue tests were carried out 
for two loading ratios: Rσ = 0 and Rσ = -1. Finally, a comparison has been carried out between experimental and 
simulated fatigue limit in order to evaluate the prediction of the Through Process Modelling methodology applied to 
fatigue design. In previous work [1], it has been shown that defect size and the microstructure described by the 
SDAS are the main parameters that control the fatigue limit for A356-T6. During solidification, increased cooling 
rate leads to finer microstructure with less defects. Based on this theory, a mold was designed to vary the cooling 
rate during the solidification of a casting (Fig. 1). The motivation for developing this mold was to obtain a specified 
fatigue test specimen geometry with two gauge sections for performing HCF tests (Fig. 1). By creating a cooling 
rate gradient, the specimens exhibit a varying SDAS and natural defect size. The mold was fabricated from N17, a 
ceramic material supplied by Foseco. The advantages of using this material were its thermal insulative properties, as 
well as, the ability to be cut by a water jet cutter. In order to achieve a differential cooling rate on either side of the 
casting, a central core was fabricated from two copper sections, where one of them was water cooled and the other 
was solid (refer to Fig. 1). The two copper parts were separated by an insulating paper to avoid heat transfer between 
the two parts and absorb the contraction during solidification. Fatigue test specimens were then machined from 
castings produced from this setup. Aluminum alloy A356, without Ar degassing to remove hydrogen, was melted in 
a resistance furnace and used to fill the mold in this study. The A356 alloy was heated up to 700°C and then poured 
into the mold under gravity. Before casting, the mold was heated up to 200°C in a separate resistance furnace to 
remove the humidity. The casting was instrumented with a thermocouple to measure the temperature history during 
solidification. The results were used to tune the boundary conditions and validate the numerical model. The main 
mechanical properties for this material for a fine microstructure (SDAS=36µm) are: Young’s modulus E=66GPa, 
Yield stress Rp0,2%=164MPa, tensile strength Rm=317MPa and elongation A=16%. Using observations on 
micrographs taken on polished samples, the SDAS has been determined in the gauges sections of the fatigue 
specimens taken from the two narrow sections of the casting. As expected, the cooled section exhibits a finer SDAS 
(29μm) than the uncooled section (75μm; As the cooling rate is the principal parameter that controls dendritic 
structure in aluminum alloys, this explains the difference in SDAS between the two gauges sections of the fatigue 
specimens. In order to characterize the defect (pore) size distribution in the casting, a surface analysis was 
conducted on the two specimens. The size of each pore, quantified using the parameter  √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, was obtained based 
on observations from 5 different specimens and then plotted as shown in Fig. 2. The distribution shows that in the 
cooled section, as expected, the defect size is smaller than in the uncooled section. Using the parameter √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  in 
2D analyses, the maximum defect size in the cooled section reaches 434μm. On the other hand, in the uncooled 
section, the maximum defect size reached 579μm. This difference is mainly due to the cooling rate variation within 
the casting. The variability of the maximum and minimum SDAS and defect size were obtained over the gauge 
section of the fatigue samples. 
 

 
Fig. 2. (a) Experimental defect size distribution in the two different sections (b) uncooled section and (c) cooled 
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The fatigue limit simulation was performed for tensile loading with two load ratios: Rσ = 0 and Rσ = -1. The fatigue 
limit prediction was performed using the DSG criterion with Eshelby submodel in a UVARM User-Subroutine for 
ABAQUS following Mu et al [20] work. The fatigue life prediction on the component was performed assuming the 
material properties for the cast A356 are isotropic and it exhibits linear elastic behaviour with cyclic loading. The 6 
components of the local stress tensor on a defect’s surface are determined at each point in the domain at times t = 
0.25s and 0,75s for cyclic loading with a period t=1s from UVARM subroutine. These two times correspond to the 
maximum and minimum applied stress during a loading cycle. The deviatoric stress and its variation are calculated 
to determine the amplitude of the second invariant 𝐽𝐽2,𝑎𝑎. The first stress invariant  𝐽𝐽1 is identified at these two times 
t=0.25s and t=0.75s, then the maximum value is considered. The DSG criterion needs both the global stresses far 
from the defect and the maximum local stress on the defect surface (all details in [1]). This local stress is calculated 
in the subroutine using the Eshelby’s approach [21, 22]. Therefore the maximum Crossland equivalent stress on the 
defect (𝜎𝜎𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚(𝑀𝑀)) and at infinity (𝜎𝜎𝑒𝑒𝑒𝑒,𝑐𝑐𝑐𝑐(∞)) are obtained. The DSG criterion is given by [1]: 
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Fig; 3 shows the simulated fatigue limit obtained under tensile loading for Rσ = -1 ratio. The results show that the 
cooled section has a higher fatigue limit than the uncooled section. This is due to the low defect size and fine SDAS 
developed in the cooled section.  
Fatigue tests under uniaxial tensile loading were performed on specimens extracted from the castings produced for 
the present investigation containing natural defects. In the case of tensile fatigue tests at Rσ = 0, the experimental 
fatigue limit varies between 46 and 48 MPa for sample containing the cooled section and between 38 and 43MPa 
with the uncooled section. In this case, a quantitative comparison between samples containing the two sections 
showed a ~ 19% decrease in fatigue limit. Nevertheless, this decrease is more pronounced at Rσ = 0 (between 55 and 
75MPa in the cooled section and between 44 and 67MPa in the uncooled section).  The experimental fatigue test 
results are reported in a Kitagawa diagram [23] for each of the loading cases in Fig. 4. In Fig. 4 with experimental 
points, the trend of fatigue limit with defect size and SDAS is well described using the DSG criterion. The curve of 
the DSG criterion is obtained using the average defect size and SDAS in each gauge section. The comparison 
between predicted and measured results gives a difference of 17% at Rσ = 0 and 9% at Rσ = -1. As expected, the 
DSG criterion predicted reasonably well the interaction between the defect size and the SDAS effects on the fatigue 
limit. 

 
Fig. 3 Simulated fatigue limit in the case of tensile loading at Rσ = -1 

 
Following the fatigue tests, the defect size observed by SEM in the initiation area varied from 300μm to 750μm in 
the cooled section and from 500μm to 1000μm in the uncooled section. Referring to Fig. 2, the predicted defect size 
population presented a maximum defect size of 300μm in the cooled section and 1000μm in the uncooled section. It 
was shown that the predicted defect size was not representative of the 2D observations made on the surface of the 
gauge sections. For Rσ = -1 with defect sizes of 526μm and 589μm in cooled and uncooled sections, respectively, 
the fatigue limit varies between 76MPa and 67MPa. This difference may be due to two reasons: (i) the interaction 
between defect size and the SDAS or (ii) the interaction between several close defects as shown in Fig. 5. In the 
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fatigue limit varies between 46 and 48 MPa for sample containing the cooled section and between 38 and 43MPa 
with the uncooled section. In this case, a quantitative comparison between samples containing the two sections 
showed a ~ 19% decrease in fatigue limit. Nevertheless, this decrease is more pronounced at Rσ = 0 (between 55 and 
75MPa in the cooled section and between 44 and 67MPa in the uncooled section).  The experimental fatigue test 
results are reported in a Kitagawa diagram [23] for each of the loading cases in Fig. 4. In Fig. 4 with experimental 
points, the trend of fatigue limit with defect size and SDAS is well described using the DSG criterion. The curve of 
the DSG criterion is obtained using the average defect size and SDAS in each gauge section. The comparison 
between predicted and measured results gives a difference of 17% at Rσ = 0 and 9% at Rσ = -1. As expected, the 
DSG criterion predicted reasonably well the interaction between the defect size and the SDAS effects on the fatigue 
limit. 

 
Fig. 3 Simulated fatigue limit in the case of tensile loading at Rσ = -1 

 
Following the fatigue tests, the defect size observed by SEM in the initiation area varied from 300μm to 750μm in 
the cooled section and from 500μm to 1000μm in the uncooled section. Referring to Fig. 2, the predicted defect size 
population presented a maximum defect size of 300μm in the cooled section and 1000μm in the uncooled section. It 
was shown that the predicted defect size was not representative of the 2D observations made on the surface of the 
gauge sections. For Rσ = -1 with defect sizes of 526μm and 589μm in cooled and uncooled sections, respectively, 
the fatigue limit varies between 76MPa and 67MPa. This difference may be due to two reasons: (i) the interaction 
between defect size and the SDAS or (ii) the interaction between several close defects as shown in Fig. 5. In the 
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cooled section, a difference was observed between the measured and the predicted fatigue limit. Based on measured 
and predicted fatigue limits, a difference was noted in the two gauge sections. It is important to highlight that this 
difference may be due to the differences between measured and predicted defect size as previously discussed. Fig. 5 
presents an SEM image taken of an initiation site on a fracture surface from a sample that failed under tensile 
loading at Rσ = -1. This specimen was extracted from the cooled section with an measured fatigue limit of 55MPa. 
In the initiation area, two nearby defects are identified. Both defect sizes (265µm and 354µm) are close to the 
predicted defect size obtained from the simulation. As the model does not consider possibility of coalescence 
between defects, this may explain the discrepancy between the measured and the predicted results. Fracture surface 
observations showed that only surface defects were present at the origin of fatigue failure. These observations 
confirm that in the case of A356-T6 aluminum alloy under 106 cycles fatigue testing, near-surface defects are more 
harmful than the internal defects. This is consistent with the results of Wang et al [24]. They showed that in the case 
of cast aluminum alloy A356-T6 for defects located at the free surface, the stress intensity factor is 55% higher than 
the internal defects. 

 
Fig.4. Comparison between experimental results and fatigue limit simulation in a Kitagawa diagram 

 

 
 

Fig.5. SEM observation of initiation site with two nearby porosities under tensile loading at Rσ = -1 on a cooled 
specimen (𝜎𝜎𝐷𝐷 = 55𝑀𝑀𝑀𝑀𝑀𝑀, SDAS = 35µm, √𝑀𝑀𝑎𝑎𝑎𝑎𝑀𝑀 = 750µ𝑚𝑚, √𝑀𝑀𝑎𝑎𝑎𝑎𝑀𝑀1 = 265µ𝑚𝑚 𝑎𝑎𝑒𝑒  √𝑀𝑀𝑎𝑎𝑎𝑎𝑀𝑀2 = 354µ𝑚𝑚) 

 
Conclusions 
 
The objective of this paper was to predict the fatigue limit of a cast aluminum alloy A356-T6 component starting 
from a foundry process simulation. A mold was designed to vary the microstructural characteristics of the alloy by 
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changing the cooling rate in the casting. A Through Process Modeling applied to the fatigue design was presented. 
The Defect Stress Gradient was used to predict the fatigue limit including SDAS and defect size influence. A 
comparison between simulation and experimental results was performed. From this study, it may be concluded that: 
 

(i) The model is capable of predicting the evolution of the SDAS in different parts in the casting as a 
function of the cooling rate. The comparison between measured and predicted SDAS suggests an error 
of 7%. 

(ii) The predicted defect size was accurate overall but better for small defects. The evaluation of defect 
size distribution from 2D measurements tends to under estimate the real size compared to critical sizes 
causing failures measured on the fracture surfaces. 

(iii) The comparison between measured and predicted fatigue limit using the TPM approach gives an 
average error of 17% at Rσ = 0 and 9% at Rσ = -1. 
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cooled section, a difference was observed between the measured and the predicted fatigue limit. Based on measured 
and predicted fatigue limits, a difference was noted in the two gauge sections. It is important to highlight that this 
difference may be due to the differences between measured and predicted defect size as previously discussed. Fig. 5 
presents an SEM image taken of an initiation site on a fracture surface from a sample that failed under tensile 
loading at Rσ = -1. This specimen was extracted from the cooled section with an measured fatigue limit of 55MPa. 
In the initiation area, two nearby defects are identified. Both defect sizes (265µm and 354µm) are close to the 
predicted defect size obtained from the simulation. As the model does not consider possibility of coalescence 
between defects, this may explain the discrepancy between the measured and the predicted results. Fracture surface 
observations showed that only surface defects were present at the origin of fatigue failure. These observations 
confirm that in the case of A356-T6 aluminum alloy under 106 cycles fatigue testing, near-surface defects are more 
harmful than the internal defects. This is consistent with the results of Wang et al [24]. They showed that in the case 
of cast aluminum alloy A356-T6 for defects located at the free surface, the stress intensity factor is 55% higher than 
the internal defects. 

 
Fig.4. Comparison between experimental results and fatigue limit simulation in a Kitagawa diagram 

 

 
 

Fig.5. SEM observation of initiation site with two nearby porosities under tensile loading at Rσ = -1 on a cooled 
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Conclusions 
 
The objective of this paper was to predict the fatigue limit of a cast aluminum alloy A356-T6 component starting 
from a foundry process simulation. A mold was designed to vary the microstructural characteristics of the alloy by 
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changing the cooling rate in the casting. A Through Process Modeling applied to the fatigue design was presented. 
The Defect Stress Gradient was used to predict the fatigue limit including SDAS and defect size influence. A 
comparison between simulation and experimental results was performed. From this study, it may be concluded that: 
 

(i) The model is capable of predicting the evolution of the SDAS in different parts in the casting as a 
function of the cooling rate. The comparison between measured and predicted SDAS suggests an error 
of 7%. 

(ii) The predicted defect size was accurate overall but better for small defects. The evaluation of defect 
size distribution from 2D measurements tends to under estimate the real size compared to critical sizes 
causing failures measured on the fracture surfaces. 

(iii) The comparison between measured and predicted fatigue limit using the TPM approach gives an 
average error of 17% at Rσ = 0 and 9% at Rσ = -1. 
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