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A356 alloy is widely used to produce structural components by means of Low Pressure Die Casting (LPDC) process. 
Generally, a T6 heat treatment (solution, quenching and aging treatment) is carried out to improve the strength of the 
casting. Nowadays, software simulation of casting processes and solidification phenomena is a common practice for 
designing sound components even if mechanical strength values and their correlation with microstructure parameters 
are not given. However, the possibility to predict material behaviour before producing the castings would represent an 
additional precious tool for exploiting material properties. In the present study, a model for the estimation of tensile 
as-cast properties based on casting simulation was validated on a 22’’ wheel obtained by LPDC. Microstructural and 
mechanical properties were investigated on the component both in as-cast and T6 condition. First, areas with different 
thicknesses and cooling conditions were analysed and secondary dendrite arm spacing (SDAS) measurements were 
carried out. Subsequently, tensile tests were performed on specimens from rim and spokes. Experimental data were 
used to verify the reliability of simulation results and to validate the as-cast model. Based on additional information 
provided by simulation software and experimental data, a mathematical model to predict the mechanical properties 
after T6 heat treatment was also proposed.
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NTRODUCTION
A356 is an aluminum casting alloy widely used because 
of its good castability, corrosion resistance and mechani-
cal properties, in particular high strength-to-weight ratio, 
which make it suitable for various applications in the au-
tomotive industry [1]. In order to allow its use in structu-
ral application, generally a T6 heat treatment is carried 
out to further increase the strength of the castings [2]. 
Nowadays the quality of castings is constantly improving, 
also thanks to casting simulation software that provide 
results in terms of microstructure, defects like shrinkage 
porosity, solidification time, fraction solid and residual 
stresses [3] by modelling both mold filling and solidifi-
cation phenomena. For instance, Sadeghi et al. [4] used 
simulation to predict fluid flow and solidification steps of 
the castings while Aloe et al. [5] focused their attention 
on the development of numerical tools to successfully 
predict stresses, microstructures and defects. Commer-
cial casting software are not able to provide mechanical 
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strength values before and after heat treatment. However, 
the possibility to predict the material behavior would re-
present a precious tool for exploiting material properties 
and simplifying production processes.
The aim of the work is to develop a mathematical model 
to successfully predict the local mechanical strength of 
the casting from the main microstructural parameters. In 
particular, specific equations to predict yield strength and 
ultimate tensile strength for the as-cast and T6 conditions 
were studied using the commercial software ProCAST®. 
First, microstructural and mechanical properties were in-
vestigated on a 22’’ wheel obtained by LPDC process both 
in as-cast and T6 conditions. In parallel, using casting and 
geometrical parameters given by the foundry, a complete 
simulation was set up and a predictive model for as-cast 
condition was developed by exploiting the results. Expe-
rimental data were used for two main reasons: first, mi-
crostructural properties were used to verify the reliability 
of results from the casting simulation and then the vali-
dation of the predictive models for as-cast condition was 
carried out based on experimental tensile properties. Fi-
nally, a T6 model was proposed by extending the as-cast 
model previously validated. 

EXPERIMENTAL PROCEDURE
The experimental tests were performed on two 22’’ whe-
els obtained by LPDC using A356 alloy, one in as-cast 
condition, the other one after T6 treatment. The T6 heat 
treatment performed by the foundry consisted of solution 
treatment at 530 °C, quenching and then aging at 146 °C 
for 3 hours. A preliminary analysis was carried out in diffe-
rent positions of the as-cast wheel in order to analyze the 
influence of geometry and cooling rate on microstructure 
and to identify relevant sections for further characteriza-
tion.
Five samples from the main spoke (letter A) and three 
from the minor one (letter B) were taken from the as-cast 
component in order to investigate different thicknesses: 
A1 and B1 from the rim, A2 at the root of the spoke, A3, A4, 
B3, B4 from the spokes and A5 close to the hub (Fig. 1). 
Fewer samples were examined on the second spoke be-
cause, after a preliminary analysis on the main one, it was 
found that they described the evolution of SDAS through 
the entire wheel in the most representative way.

Fig.1 - Schematic representation of samples drawn from the two different spokes. For confidentiality reasons, 
the real wheel cannot be shown so a schematic representation is given.

The microstructure of the as-cast samples was observed via 
optical microscope Leica DMI 5000M after metallographic 
samples preparation. Average SDAS values were obtained 
for each sample using the linear intercept method. Several 
measurements were performed in order to obtain reliable 
mean values. Brinell hardness was measured on the as-cast 
and on the T6 samples in order to verify the increased resi-
stance due to heat-treatment. More than 25 hardness tests 

were carried out with a load of 613 N and holding time of 15 
seconds. Tensile tests were performed on cylindrical spe-
cimens with gauge length of 25 mm and average gauge dia-
meter of 5 mm machined from the as-cast and T6 wheels. 
Samples position was chosen according to results from 
previous characterization: 3 coming from the rim (A1), 3 
from the main spoke (A3) and 3 from the minor one (B3) for 
both the as cast and T6 component. An Instron 3369 testing 
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machine with a load cell of 50 kN was used and a cross head 
speed of 1 mm/min was applied in the elastic field, while it 
was increased to 2 mm/min in the plastic field.
In parallel, using casting and geometrical parameters gi-
ven by the foundry, a casting simulation was set up using 
a software widely used by foundries: ProCAST®. Subse-
quently, values of SDAS coming from the simulation were 
compared to experimental data in order to guarantee the 
reliability of simulation results. Based on information pro-
vided by simulation software, a mathematical model to pre-
dict yield strength and ultimate tensile strength for as-cast 
conditions was developed and validated using the experi-
mental results coming from tensile tests, as described in 
the following section. A first predictive model for mechani-
cal properties after heat treatment was also proposed.

RESULTS
Microstructural analysis
Microstructure of each as-cast sample, observed by opti-
cal microscope, is reported in Fig 2. A356 is a hypoeutectic 
aluminum-silicon casting alloy characterized by a primary 
dendritic phase, α-Al solid solution, and a eutectic mixture 
of aluminum and silicon, as indicated in the central in-set 
in Fig. 2. Intermetallic compounds, such as Fe-rich in-
termetallics, were seldom observed. As expected, a finer 
microstructure can be found at the rim, while it becomes 
coarser in the spoke and hub because of the reduction of 
cooling rate due to the increase of thicknesses. Analogous 
micrographs for the minor spoke and the T6 samples are 
not shown for brevity sake.

Fig.2 - Microstructure of each as cast sample. The central in-set shows the main microstructural constituents.

Simulation results 
Simulation results in terms of microstructure, shrinka-
ge porosity, solidification time, fraction solid and cooling 
rates are usually provided by the software. Among these, 
SDAS and level of shrinkage porosity were used in the pre-
sent study. First, the values of SDAS coming from simu-
lation were compared to experimental data and summari-
zed in Tab. 1. The good agreement between them showed 

the reliability of simulation results and allowed them to be 
used in the development of the predictive models. Shrin-
kage porosity appears in one of the predictive models 
since it is known to affect the quality of the product and, 
consequently, its mechanical performances especially for 
those casting used in high-level request components [6]. 
Simulation values are reported in Tab.1.
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A1 A2 A3 A4 A5 B1 B3 B4

Simulation SDAS [µm] 30 43 48 54 55 30.5 46 55

Experimental SDAS [µm] 31 ± 5 45 ± 6 48 ± 6 49 ± 6 59 ± 8 28 ± 3 45 ± 5 54 ± 5

Shrinkage porosity [-] 0.058 0.01 0.015 0.14 0.02 0.03 0.01 0.02

Tab.1 - Simulation data and experimental values of SDAS and level of shrinkage porosity.

Tensile tests were used to validate the predictive model 
for as-cast condition (Tab.2): YS values coming from the 

application of the equation (2) are sufficiently close to the 
experimental ones. A comparison between predicted and 

Fig.3 - Tensile properties from as-cast (a) and T6 (b) wheels.

Tensile tests                      
Values of yield strength, ultimate tensile strength and elongation both in as-cast and T6 conditions are shown in Fig. 3. 

For as cast condition, a uniform distribution of mechani-
cal properties is displayed except for a slight reduction of 
elongation for the minor spoke (B3). No direct correlation 
between SDAS and tensile properties can be observed, 

suggesting that this point deserves to be better explored.

After T6, as expected, there is a marked increase of YS and 
UTS while elongation rises in a less remarkable way.

YIELD STRENGTH MODEL
As reported in literature [7], yield strength is mainly affected by microstructure following this general equation:

Simulation software provides YS values for as-cast con-
ditions, obtained from interpolation of experimental data 
corresponding to different cooling rates, and SDAS va-
lues, which came from the casting simulation previously 
set up. Using YS and SDAS values provided by the softwa-

re, unknown elements (A, B) of the general equation (1) 
were found. YS as well as SDAS values from three diffe-
rent positions were used (A1, A3, B3). Finally, an equation 
to predict the local tensile property was developed for the 
as-cast condition:

(1)

(2)
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YS from the model [MPa] Experimental YS [MPa]

A1 86.9 87.7 ± 2.1

A3 94.8 92.8 ± 1.9

B3 94.6 96 ± 1.4

Tab.2 - Validation of as cast model.

A model for the estimation of YS for T6 condition was also 
developed, based on SDAS values, as an extension of the 
as cast model previously validated. Coefficients were de-

fined following the same procedure as the as cast condi-
tion by exploiting experimental values of YS coming from 
tensile tests. The following equation is proposed:

ULTIMATE TENSILE STRENGTH MODEL
After a study of literature [8], it was found that Ludwig model represents the most reliable equation to predict UTS:

where K is a function of SDAS while ε depends on tensile 
parameters. However, also casting defects, such as poro-
sity level, are known to affect tensile strength, while they 
are not considered in Ludwig model. As expecting, after 
analyzing the correlation between the level of casting de-
fects given by the software and UTS values, it was found 
that the higher the shrinkage porosity, the lower the me-
chanical strength value. Therefore, also the level of shrin-

kage porosities was taken into account for a more accura-
te estimation of UTS values. The possibility to analyze the 
strength reduction due to casting defects would represent 
an additional precious tool for predicting how solidifica-
tion phenomena can affect material properties. The level of 
casting defects, together with the other input variables of 
equation, came from simulation results. A model to predict 
UTS both for as-cast and T6 conditions was developed:

It is revealed that predictions from Eq. 5 are consistent 
with the experimental measurements of this property, 
thus the validation of the as-cast model is achieved (Tab. 
3). In fact, the maximum error between the predicted UTS 
values and the experimental ones was about 5 MPa, which 
is lower than the experimental standard deviation. Thus, 
the validity of this metallurgical model is demonstrated. 

In this study, the most innovative contribution lies in the 
development of a new predictive model characterized by 
the appearance of shrinkage porosity. T6 model was de-
veloped by extending the as-cast model previously vali-
dated and by exploiting experimental results coming from 
tensile tests.

experimental values showed that the mean error in the 
property prediction was about 2% of the actual measured 
value. The validation of this model ensured the possibility 
to implement the equation into the software in order to 
obtain reliable values of YS in any position of the casting, 

characterized by different thicknesses and solidification 
conditions, without performing any tensile tests. The sim-
plicity of the equation is positive for its use at industrial 
level.

(3)

(4)

(5)
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CONCLUSIONS
In this study, a mathematical model to predict tensile 
behavior of A356 both for as-cast and T6 conditions as a 
function of microstructural parameters is proposed.
First, the yield strength was found to depend on SDAS and 
experimental values ensured the validation of the model 
for the as-cast condition. The same model was extended 
to predict the material behavior after heat treatment and 
new coefficients were found. 
The ultimate tensile strength of the alloy was found to de-
pend on SDAS, defects content and tensile parameters. 
After the validation of this model for the as-cast condi-

tions, a new predictive equation was developed also for 
T6 conditions by exploiting experimental values. The two 
equations result to be the same since the difference lies in 
the value of each variable involved. 
The good results obtained suggest that the proposed mo-
dels could be integrated in the casting simulation software 
to obtain the local distribution of mechanical properties 
to be used during the re-design step of a new component. 
In this way, a reduction of thicknesses, where possible, 
can be achieved, and the always more restricted criteria 
for the lightening of vehicles can be met. 
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UTS from the model [MPa] Experimental UTS [MPa]

A1 159.2 160.4 ± 7.3

A3 168.1 163.6 ± 6.1

B3 163.3 165.5 ± 5.9

Tab.3 - Validation of as cast model.


