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ABSTRACT. In this study, integrated computational materials engineering, which is one of the new generation
approaches in materials science, was used in the production of aluminum alloy wheels by low pressure die cast-
ing method. In casting alloys, the efficiency of grain refinement provided by master alloys added to the melt
decreases with increasing silicon content of the alloy. In this context, as-cast properties of silicon reduced (Si:
5.0 wt.%) alloys with different Mg ratios (Mg: 3.0, 5.0, 7.0 wt.%) are discussed using integrated computational
materials engineering approaches. It has been evaluated whether the examined alloys can be an alternative to the
AlSi7Mg0.3 alloy, which is currently used traditionally in the production of aluminum-based wheels, with their
microstructural and mechanical properties. The study consists of three stages which are computer-aided produc-
tion, pilot production, testing and characterization studies. In computer-aided production, original sub-eutectic
compositions were determined in types and amounts of alloying elements, alloy designs were realized and a da-
tabase was created with a computational materials engineering software. Then, low pressure die casting analysis
were performed in a virtual environment by transferring these data directly to the casting simulation software.
Thus, the microstructural and mechanical properties of the wheel were obtained computationally on the basis of
the varying alloy composition. In the second stage, the virtually designed alloy compositions were prepared and
sample wheels were manufactured by the low pressure die casting method on an industrial scale. In the testing
and characterization phase, spectral analyses, macro and microstructural examinations, hardness measurements
and tensile tests were carried out. As a result of this study, it was determined that the studied alloys could be
used in the production of wheels by the low pressure die casting method considering the metallurgical properties
expected from the wheel. In addition, it is thought that the mathematical design of the material with integrated
computational materials engineering approaches before casting simulations will play an active role in the com-
petitiveness and sustainability of the aluminum industry in technological conditions.
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RESUMEN: Investigacion de las propiedades metalurgicas de las aleaciones coladas Al-Si-Mg para la produccion de llantas uti-
lizando ingenieria de materiales computacional integrada. En este estudio, la ingenieria de materiales computacional integrada,
que es uno de los nuevos enfoques en la ciencia de los materiales, se utilizo en la produccion de llantas con aleaciones de alumi-
nio por el método de fundicion a baja presion. En la fundicion de aleaciones, la eficiencia del refinamiento del grano proporcio-
nado por las aleaciones maestras afladidas a la masa fundida disminuye con el aumento del contenido de silicio de la aleacion.
En este contexto, se discuten las propiedades de las aleaciones reducidas en silicio (Si: 5,0% en peso) con diferentes proporciones
de Mg (Mg: 3,0, 5,0, 7,0% en peso) utilizando enfoques integrados de ingenieria computacional de materiales. Se ha evaluado
si las aleaciones examinadas pueden ser una alternativa a la aleacion AlSi7Mg0.3, que actualmente se utiliza tradicionalmente
en la produccion de llantas con base de aluminio, con sus propiedades microestructurales y mecanicas. El estudio consta de
tres etapas que son la produccion asistida por ordenador, la produccion piloto, los ensayos y los estudios de caracterizacion.
En la produccién asistida por ordenador, se determinaron las composiciones subeutécticas originales en tipos y cantidades de
elementos de aleacion, se realizaron disefios de aleacion y se cred una base de datos con un software de ingenieria de materiales
computacional. A continuacion, se realizaron analisis de fundicién a baja presién en un entorno virtual transfiriendo estos
datos directamente al software de simulacion de fundicion. De este modo, se obtuvieron computacionalmente las propiedades
microestructurales y mecanicas de la rueda a partir de la composicion variable de la aleacion. En la segunda fase, se prepararon
las composiciones de aleacion disefiadas virtualmente y se fabricaron ruedas de muestra mediante el método de fundicion a
baja presion a escala industrial. En la fase de ensayo y caracterizacion, se llevaron a cabo analisis espectrales, examenes macro
y microestructurales, mediciones de dureza y ensayos de traccion. Como resultado de este estudio, se determind que las alea-
ciones estudiadas podrian ser utilizadas en la produccion de ruedas por el método de fundicion a baja presion considerando las
propiedades metalurgicas esperadas de la rueda. Ademas, se cree que el disenio matematico del material con enfoques integrados
de ingenieria computacional de materiales antes de las simulaciones de fundicion desempenara un papel activo en la competiti-
vidad y sostenibilidad de la industria del aluminio en condiciones tecnoldgicas.
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piedades mecanicas; Simulacion.
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1. INTRODUCTION increase its strength (Kumar et al., 2015; Simsek

and Ozylirek, 2019).

Aluminum alloys are frequently preferred espe-
cially in the automotive industry, thanks to their
recyclability, formability, high corrosion resistance
and advanced mechanical properties. In this sector,
silicon, magnesium, copper, iron, zinc, manganese,
titanium, chromium and boron are the main al-
loying elements added to aluminum, although the
type and amount of additives vary according to
the desired metallurgical and mechanical proper-
ties (Stadler et al., 2013; Fayomi et al., 2017). On
the other hand, aluminum parts (wheels, cylinder
heads, travers, control arms, oil sumps, pistons etc.)
are rapidly replacing steel components in vehicle
weight reduction studies in order to meet the need
for environmentally friendly processes and prod-
ucts as well as materials with more advanced prop-
erties (Mukund et al., 2020; Eby et al., 2022). The
wheels are a safety element in a vehicle and are pro-
duced with aluminum alloys using the low pressure
die casting (LPDC) method. In wheel production,
silicon and magnesium (Si and Mg) are the basic
elements added to the alloy. Si provides the fluidity
of the alloy and improves the casting ability. Mg is
added to improve its heat treatment properties and

In recent years, the use of computational ma-
terials engineering (CME) approaches, one of the
new generation methods in alloy development stud-
ies, has been increasing in industrial and academic
fields (Schafer, 2006; Thornton et al., 2009; Yagci
et al.,2021). CME provides a great convenience for
the simultaneous production, design and analysis
of materials in a holistic and integrated system. In
this way and thus playing an active role in the de-
velopment of an alloy in the shortest time with the
lowest cost. Thermodynamic and thermokinetic
properties such as density, thermal and electrical
conductivity, entropy, enthalpy, modulus of elas-
ticity, free energy, viscosity, which vary depending
on temperature and chemical composition of al-
loys, can be obtained with CME approaches based
on the development of material models that quan-
titatively describe performance-structure-property
relationships. In addition, yield-tensile strength,
elongation, heat treatment properties, tempera-
ture-time-transformation (TTT) and continuous
cooling-transformation (CCT) diagrams of alloys
can also be obtained with these appraches (Ovrut-
sky et al., 2004; Andersson et al., 2002).
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In integrated CME applications, the use of simu-
lation softwares in aluminum casting processes min-
imizes time, labor, energy and cost elements in pro-
duction. With casting simulations, solidification and
filling analysis during casting, temperature gradient
on the product and mold, material flow rates, macro
and microporosity amounts and distributions, phase
analysis, mechanical properties, etc. can be predict-
ed before mass production. In other words, casting
simulations play an important role in determining
possible production problems in aluminum casting
and taking precautions, determining the optimum
process conditions, and revealing the effects of
changes in process parameters on the product (Guo-
fa et al., 2009; Jolly and Katgerman, 2022).

With the development of production technolo-
gies, CME and casting simulation softwares can be
integrated with each other and data transfer can be
provided between these two stations. In this way, it is
possible to economically model the entire production
chain from raw material to the final product. This
new generation approach to product and manufac-
turing processes is called Integrated Computational
Materials Engineering (ICME). ICME integration
requires the execution of artificial intelligence, big
data, multi-physics modeling and multi-scale mode-
ling studies as a whole. This new approach is defined
as an integration of material information, product
performance analysis and production-process simu-
lation. With ICME, the comparability of computa-
tional and real data in production processes has in-
creased and the compatibility of simulation results
with real data has been further increased (Allison et
al., 2006; Wang et al., 2019; Thapliyal et al., 2020).
This development also supports digitalization and
digital twin, which have been popular all over the
world in recent years.

In the literature, there are examples of industrial
and academic research on aluminum alloys and the
casting process, using CME and casting simulations.
Guo and Sha (2005) focused on revealing the precip-
itation mechanism of Al Cu phase in Al-10Si-2Cu
and Al-10Si-4Cu alloys. They used X-ray diffraction
(XRD) method in their experimental studies and
JMatPro, one of the CME software, in their com-
puter-aided analysis. With JMatPro, the composi-
tions of the phases formed in the alloys after differ-
ent heat treatments were investigated. As a result of
the XRD analysis, the precipitate fraction increased
remarkably in the early stages of aging and then
stabilized. In addition, the hardness of both alloys
decreased somewhat, and it was thought that the
decrease was caused by the coarsening of the pre-
cipitate that occurred when the precipitate fraction
approached the equilibrium amount. After aging at
200 °C and 90 h, the amount of Al,Cu formed in the
alloys was determined to be 2.53% and 5.12 mol%
for Al-10Si-2Cu and Al-10Si-4Cu alloys, respective-

ly. Another study by Zou et al. (2022) is on the flu-
idity and hot tearing susceptibility of two different
aluminum alloys, AlSi3.5Mg0.5Cu0.4 and A356 by
using spiral and constrained-rod cast molds. Ther-
mal analyzes and thermodynamic calculations of
these alloys were carried out by using Thermo-Calc
software. The fluidity of AlSi3.5Mg0.5Cu0.4 alloy is
lower than A356 alloy due to its wide solidification
range and high dendrite coherency point. In addi-
tion, a higher hot tearing susceptibility has been de-
tected in AlSi3.5Mg0.5Cu0.4 alloy due to its wider
sensitive hot tearing range. As a result of the calcu-
lations performed using Thermo-Calc software, the
alloys with a sharper steepness during the solidifica-
tion process have a high hot tearing susceptibility.
Patnaik ez al. (2020) studied the development of
the die design parameters for the crankcase part of
a two-wheeler automobile to be produced by high
pressure die casting from Al-Si-Cu alloy. In the sim-
ulation studies, variables such as the filling temper-
ature and time, metal shrinks during solidification,
air pressure and cooling system were evaluated with
the Magmasoft software. The improved die model,
which included extra cooling channels and central
overflow, increased the efficiency in casting. With
the new model, the filling time has been reduced by
8 ms and the air pressure in the mold cavity has im-
proved. It was also stated that point cooling, which
makes it possible to reach the minimum solidifica-
tion time, provides better results compared to line
cooling. Khan et al. (2020) studied the casting of
the impeller with complex geometry without casting
defects such as hot spots and porosity by using the
Magmasoft simulation program. AlCudTiMg alloy
with high machinability was selected for the casting
simulation of the impeller, which is exposed to high
forces and rotates continuously, and the mechanism
was modeled in Solidworks and transferred to Mag-
masoft. The total weight was ~10 kg, the casting
time was 5 s, the initial temperature of the melt was
720 °C and the mold temperature was 20 °C. The
casting mechanism was updated with simulations
and the studies were repeated to minimize hot spots
and porosity defects. The diameter of the riser has
been increased and the porosity reduced to allow
more metal during solidification. As a result of the
study, casting was also carried out experimentally
and it was observed that the results obtained were in
harmony. The estimation and minimization of the
defects has been ensured, high quality and perfor-
mance impeller production with minimum defects
has been realized. The number of published studies
based on ICME approaches using a combination of
CME and casting simulations for aluminum cast-
ing alloys is limited. In addition, alloy development
studies in the aluminum casting industry continue
with trial and error that greatly increases the re-
search costs in alloy development, and computa-
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tional materials engineering approaches are not uti-
lized. Besides, the inadequacy of the modeling and
simulation programs used in obtaining data from
each other and the fact that this situation causes the
current wheel production chain to fall behind the
times in terms of competitiveness and sustainability
in rapidly developing technological conditions are
other factors that constitute the motivation of the
study.

In this study, AlSi5 alloys with different Mg levels
and AISi7Mg0.3 alloy, which is currently used tra-
ditionally in wheel production, were modeled with
JMatPro and ThermoCalc CME software, and the
alloy data obtained were directly transferred to the
Magmasoft casting simulation program. The usabil-
ity of alloys in the production of wheels with ICME
approaches is discussed in terms of the computa-
tionally and experimentally obtained microstructur-
al and mechanical properties.

2. MATERIALS AND METHODS

In this study, modeling of alloys with CME,
Magmasoft LPDC simulations, industrial scale sam-
ple wheel casting and test-characterization studies
were carried out, respectively. Then, computation-
al and actual production data were compared and
the potential of AlSiSMgx (x: 0.3, 0.5, 0.7) alloys
as an alternative to AlSi7Mg0.3 alloy was evaluat-
ed based on ICME approaches. In CME activities,
the databases for aluminum alloys of ThermoCalc
(TCAL7) and JMatPro software were used and
thermophysical and thermo-dynamic properties of
the alloys were calculated. Then, the data files ob-
tained with the CME of the studied alloys were di-
rectly transferred to the LPDC simulation module
of the Magmasoft software. Virtual castings of the
wheels, which are computer-aided modeled with the
material data of the relevant alloys, were carried out
under industrial production conditions with LPDC
simulation. Then, the performance properties of the
wheels were evaluated in accordance with the stand-
ards of the automotive industry, on the basis of
metallurgy and material science, based on the struc-
ture-property-process-performance  relationship.
With Magmasoft simulations, phase analysis (a-Al,
eutectic, Mg,Si and AlFeSi compounds), the distri-
bution and amounts of macro and micro porosities
on the wheel, the dendrite arm spacing values in the
wheel parts (spoke, hub and flange) and the change
of mechanical properties (yield & tensile strength,
elongation and hardness) were examined.

After the computer-aided production, industri-
al-scale wheel casting studies were carried out in
Cevher Alloy Wheels Company located in izmir Ae-
gean Free Trade Zone. First of all, alloys were pre-
pared by using AlSi7 and pure-Al ingots, master al-
loys and Mg tablets in a tilting type melting furnace

with 750 kg Al capacity. The pure-Al ingot and ap-
propriate amount of Mg tablets were added to AlSi7
melt to prepare AISi5SMgx alloys. Also, AITi5SB1 and
AlSr10 master alloys were added to the melt for grain
refinement and modification of the microstructure.
During the melting process, the composition was
checked by optical spectrometry measurements on 5
samples of the liquid metal. After melting, the alloys
were degassed for 15 min. This process is for remov-
ing dissolved hydrogen gas in the liquid metal and
minimizing possible casting defects. After degas-
sing, the melts were transferred to the LPDC unit
with transfer crucibles and wheels castings were per-
formed at 745 °C. The die made of H13 tool steel is
also preheated to 470 °C before LPDC process. The
die is subjected to pothole coating process with DY-
COTE-30 before the casting process to control the
heat transfer in the cast part, to have a better surface
quality and to leave the mold without deformation.
During the production, the same LPDC unit was
used for each alloy and 30 sample wheels were cast
in different compositions. Also, the cooling rate cor-
responds to ~2.08 °C-s*' when it is considered that
the casting starts at 745 °C, ends at 25 °C and the
cycle time is 5.45 min for the production of the one
wheel. After casting, all of the wheels were subjected
to X-Ray control. For the mechanical tests, at least
5 samples were obtained from the relevant parts of
each wheel according to DIN EN ISO 6892-1 auto-
motive standard. For tensile tests, the samples also
were taken within the scope of DIN 50125 stand-
ard and the test was carried out with 50 N pre-load
and 0.002 s! speed. Also, detailed macro and micro-
scopic examinations were carried out in the spoke,
hub and flange regions of the wheel samples based
on ISO/IEC 17025 standard. In the metallographic
sample preparation phase for microstructural exam-
inations, after grinding with coarse to fine grained
(240-2000 sands) abrasive paper, polishing was done
with colloidal silica solution. NIKON SMZ1000
stereo microscope was used in macrostructural ob-
servations and NIKON LV100 optical microscope
working with Clemex image analysis software was
used in microstructural examinations.

3. RESULTS AND DISCUSSION

3.1. Computational Materials Engineering (CME)
Studies

Computational, experimental and industrial
scale studies were carried out for AlSi5SMg0.3, Al-
Si5Mg0.5, AlISi5Mg0.7 alloys as an alternative to
AlSi7Mg0.3 alloy to be used in the wheel production
by the low pressure die casting method. The detailed
computational and experimental elemental compo-
sitions of the alloys are comparatively given in Ta-
ble 1. As the main alloying elements that change in
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TasBLE 1. The subjected alloy compositions to CME and experimental studies (wt.%)

Alloy Si Mg Fe Ti B Sr Mn Ni
" AlSi5Mg0.3 5 0.3 0.1 0.12 0.001 0.015 0.0025 0.005
> 2
% «% AlSi5Mg0.5 5 0.5 0.1 0.12 0.001 0.015 0.0025 0.005
m 9
% g AlSi5Mg0.7 5 0.7 0.1 0.12 0.001 0.015 0.0025 0.005
Q
° AlSi7Mg0.3 7 0.3 0.1 0.12 0.001 0.015 0.0025 0.005
_ " AlSi5Mg0.3 5.007 0.293 0.102 0.1084 0.0013 0.0121 0.0022 0.0053
s =]
é %\j«% AlSi5Mg0.5 5.088 0.562 0.1096 0.1288 0.0025 0.0117 0.0023 0.0054
- = O
i = E“ AlSi5Mg0.7 5.100 0.731 0.1100 0.1168 0.0010 0.0122 0.0027 0.0054
e S
S|
° AlSi7Mg0.3 7.334 0.305 0.1008 0.1214 0.0004 0.0147 0.0026 0.0054
the alloy compositions, the ratios of Si and Mg, are ——AISISM03  ——AISiSMgD. 5 ——AlSiSMg0.7 AISITMg0 3
the ones that directly affect the microstructural and 22 @
mechanical properties in aluminum casting. The 2 ~
amounts of other alloying elements are the same as o 18
the content of the base AlSi7Mg0.3 alloy. As it can 26 ~——
be seen from Table 1, there is overlapping between ;2 g
computational and experimental composition data. Ak .
It shows that the compositions developed by CME 12
studies can be obtained under industrial scale pro- 1
duction Conditions. 550 575 600 625 650 675 700
In the CME prediction studies performed with 27
JMatPro and ThermoCalc software, solidification 265
characteristics, mechanical (hardness, yield and ten- e
sile strengths) and thermophysical (density, liquid .
viscosity, thermal conductivity) properties related to £4255 \
temperature, which are critical data related to alloys, Es a5
especially in the casting process, were studied. Fig- o
ure la shows the variation of liquid viscosity from -
the casting temperature (700 °C) to temperatures 24 ~
(=550 °C) at which the liquid phase is consumed. 235
Accordingly, the studied alloys have similar vis- 0 100 200 300 400 500 600 700

cosity values towards the temperatures where the lig-
uid phase is depleted while AlSi5 alloys have relative-
ly lower viscosity values at high temperatures. It is a
fact that the fluidity generally increases as the com-
position of the alloy approaches the eutectic. On the
subject, initial considerations were that changes in
metal viscosity near the eutectic caused this (Flem-
ings et al., 1976). However, it is now known that this
increase is due only to the solidification characteris-
tic. When the concept of fluidity is evaluated from
many aspects, it should not be represented as viscos-
ity. The viscosity of a liquid is physically related to
the movements that occur in the liquid (Campbell,
2003). Therefore, it has a definite value at a specified
temperature. The fluidity of the metal depends on
two basic factors, the metal properties and the var-
iables of the test performed. Metal-related factors
include viscosity, surface tension, surface films, gas
content, residues, inclusion, solidification and crys-

HH
g
|

Thermal conductivity
(WmK)

0 100 200 300 400 500 600 700
Temperature (°C)

FiGgure 1. Temperature dependent graphs of (a) liquid visco-
sity, (b) density and (c) thermal conductivity values of alloys
calculated by CME-JMatPro

tallization. There is a belief that liquid metals take
quite different values in terms of viscosity and that
poor and slow-flowing metal has high viscosity. In
addition, it is an insignificant factor in castings as
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the fluid viscosity changes little with temperature
(Atasoy, 1990). For this reason, as it is expected that
the alloys used show close viscosity values, it can be
said that the alloys will be an alternative to each oth-
er in terms of the casting process.

The graph in Fig. 1b shows the variation of the
density of the alloys from the casting temperature
(700 °C) to room temperature (25 °C). When metals
melt, an increase in volume occurs. In this case, con-
sidering the density as the amount of mass per unit
volume, it is possible to say that the density of the
liquid is lower than that of the solid. In CME-JMat-
Pro analysis, the density values of the alloys at 25 °C
are 2.687, 2.685, 2.690, 2.680 g/cm? for the alloys Al-
Si5Mg0.3, AlSi5Mg0.5, AlSi5Mg0.7, AlSi7Mg0.3
respectively. In this case, it can be said that there is
a small decrease in the density values due to the Si
amount in the alloys. The reason why such a small
amount of change occurs is because the density is a
physical quantity and the predominant element in
all alloys is Al, over 91%.

Another parameter that plays an effective role in
the casting process is the thermal conductivity co-
efficient. Figure 1c shows the variation of thermal
conductivity of alloys from the casting temperature
(700 °C) to room temperature (25 °C). One of the
most important factors affecting the service life of
the product in Al alloys is the accumulation of ther-
mal stresses in the product. For this reason, ensuring
that the thermal gradient in the product is homo-
geneous during casting is extremely important for
the efficiency of the process and product properties.
When the studies investigating the effects of Al cast-
ing alloy composition on the thermal conductivity
were examined, it was concluded that this was di-
rectly related to the microstructural properties of the
alloy. Accordingly, while the thermal conductivity is
lower in alloys with thinner dendritic network struc-
ture in aluminum casting alloys, the increase in the
ratio of secondary phases in the structure decreases
the conductivity. In alloys, a critical solidification
rate must be determined in order to achieve the de-
sired thermal conductivity value. According to Mat-
thiessen’s rule for thermal conductivity, increasing
the concentration of elements in the solid solution
increases the resistance of the overall alloy almost
linearly (Yamashita and Hayakawa, 1976). In this
context, Miilazimoglu ez al. (1989) in their study on
the effect of silicon and magnesium amount on the
thermal conductivity of the alloy in aluminum cast-
ing alloys, determined that the electrical and ther-
mal conductivity decrease linearly with the increase
of Si or Mg concentrations (Mulazimoglu et al.,
1989). When the microstructural properties of the
alloys are examined, the lowest thermal conductivity
is observed in the AlSi7Mg0.3 alloy, which has the
thinnest aluminum dendrite network structure at the
room temperature. As the amount of alloying ele-

ment contained in the alloys decreases, the thermal
conductivity values increase as expected. This trend
shows parallelism at high and low temperatures.

Solidification analysis were obtained for Al-
Si5SMg0.3, AlSi5SMg0.5, AlSiSMg0.7, AlSi7Mg0.3
alloys by defining all alloying elements to the
Thermo-Calc system and by using the “one axis”
command. The graphs showing the changes in the
equilibrium phase fractions of the alloys with the
temperature, obtained by cooling the alloy to the
room temperature from the casting temperature are
given in Fig. 2. When the temperature evolution of
the different phases is examined, it can be said that
the changes in the Si and Mg content of the alloys
do not affect the eutectic transformation tempera-
ture values marked and it can be seen in Fig. 2. On
the other hand, it is clearly seen that it significant-
ly changes the solidification range, which is one of
the parameters that are important in casting. The
solidification range is the difference between the lig-
uidus temperature at which the solidification process
begins and the temperature at which solidification
is completed. In alloys with a narrow solidification
range, the tendency to form microsegregation in the
cast structure is lower. Microsegregation is another
consequence of the compositional differences oc-
curring during the solidification of the alloys and is
the change of concentration from the core outward
in solidifying grains (Lumley, 2011). From the phase
diagrams, the solidification process of the alloys is
analyzed using to the solidus curve under equilibri-
um conditions. However, stable phase transforma-
tions do not occur since there are non-equilibrium
cooling conditions during solidification in casting.
Therefore, the problem of stratified solidification
called microsegregation arises when the solidifica-
tion range is large. For this reason, alloys with a nar-
row solidification range and close to eutectic com-
position are preferred in casting. The solidification
ranges of the alloys were determined as 73.1, 58.4,
52.3, 66.0 °C, respectively. Accordingly, the lowest
microsegregation tendency is seen in AlSiSMg0.5
alloy.

3.2. Low Pressure Die Casting Simulation Studies

In materials, the microstructure and mechanical
properties are closely linked. The possible phases in
the microstructure affecting the mechanical prop-
erties of aluminum alloys were determined before
casting with the Magmasoft software. The results
of the phase distributions of a-Al, eutectic-Si, Mg-
,Si and AlFeSi intermetallics in different regions of
wheels, depending on alloy composition, are given
in Fig. 3.

The numerical calculations of the colored data in
Fig. 3 obtained from the Magmasoft casting simu-
lation are given in Table 2 in detail. Accordingly, it
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TaBLE 2. Numerical results of Magmasoft phase analysis in wheel depending on composition (in %)

Phase Wheels parts Hub Spoke Flange
Alloys min max min max min max
AlSi5Mg0.3 722 95.6 72.2 95.6 85.9 99.5
AlSi5Mg0.5 722 95.6 72.2 95.6 87.8 99.5
o-Al AlSi5Mg0.7 722 95.6 72.2 95.6 85.9 99.5
AlSi7Mg0.3 55.9 68.3 55.9 68.3 55.9 68.3
AlSi5Mg0.3 6.2 27.8 6.2 27.8 0.26 16.0
Eutectic.Si AlSi5Mg0.5 6.1 27.8 6.1 27.8 0.21 16.0
AlSi5Mg0.7 6.1 27.8 6.1 27.8 0.21 16.0
AlSi7Mg0.3 37.9 44.1 10.0 44.1 28.6 44.1
AlSi5Mg0.3 0 0.18 0 0.29 0 0.02
. AlSi5Mg0.5 0 0.40 0.40 0.50 0 0.03
MeSi AlSiSMg0.7 0 0.39 0.60 0.78 0 0.05
AlSi7Mg0.3 0 0.36 0 0.36 0 0.36
AlSi5Mg0.3 0 0.30 0.30 0.38 0.02 0.10
AlFeSi interme- AlSi5Mg0.5 0 0.30 0.30 0.80 0.02 0.10
tallics AlSi5Mg0.7 0 0.30 0.30 0.35 0.02 0.10
AlSi7Mg0.3 0.34 0.45 0.10 0.45 0.41 0.45
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FiGure 3. Phase distribution in wheels depending on alloy composition.

is possible to say that as the amount of Si increas-
es, the amount of a-Al phase decreases in both the
hub, spoke and flange regions of the alloys when the
distribution of a-Al phase in the wheel is examined.
This is an expected result as the eutectic composi-
tion is approached with increasing Si content and
the solidification range is narrowed. On the other
hand, the ratio of the eutectic phase increases with
the increase of the Si content, inversely to the a-Al
phase. Since the alloys are not heat-treated, it is an
expected result that the Mg, Si phase is close to zero
in the hub, spoke or flange regions of the wheel. The
amount of Mg Si phase is between 0 and 0.7%. Iron
(Fe) is an undesirable element in Al alloys (Fortini
et al., 2016). The presence of iron compounds in the
microstructure and their formation in needle-like
morphologies adversely affect the mechanical prop-
erties (Narayanan et al., 1994; Ji et al., 2013). Ac-
cording to the casting simulation results, the amount

of undesirable compounds formed by Fe with Al
and Si in the microstructure is insignificant. In all
regions of the wheel, the amount of AlFeSi inter-
metallic phases varies between 0 and 0.4%. These
values are acceptable values to produce Al-Si based
alloy wheels by the LPDC method.

The distributions and amounts of macro and
micro porosities on the wheel were determined with
the LPDC module of Magmasoft software. Also,
the variation of the secondary dendrite arm spac-
ing values along the wheel section, depending on the
chemical composition, was analyzed as given in Fig.
4. In addition to the microstructural properties, the
variation of the mechanical properties according to
the regions of the wheel in alloys with different com-
positions was analyzed by the casting simulation.
The visual and numerical results are given in Fig.
5 and Table 3, respectively. Depending on the di-
rectional solidification, the minimum and maximum
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FiGurRe 4. Magmasoft analysis results of the microstructural properties in wheels depending on chemical composition of the
alloys.

values of the microstructural (macro, micro-po-
rosity, SDAS values) and mechanical (tensile, yield
strengths and elongation) properties are given in the
hub, spoke and flange regions of the wheel. Accord-
ingly, no macroporosity formation was observed in
the hub and spoke region of the wheels in the alloys.
On the other hand, the probability of macroporosity
in the flange areas of the wheel is 0-7%. When the
distribution of macroporosities in the flange region
is examined (blue colored regions in Fig. 4), it is seen
that it is similar to the AlSi7Mg0.3 alloy. The sim-

ulation results of the distribution and probabilities
of the microporosities (regions marked in red) on
the wheel are similar to the macroporosity results.
In this case, there is no possibility of microporosity
in the hub areas of the wheels in AlSi5 and AlSi7
alloys. For AlSi5SMg0.3, AlSi5SMg0.5, AlSi5SMg0.7
alloys, this probability is minimum 2.6% and maxi-
mum 3.1% in the spoke regions, On the other hand,
there is no possibility of microporosity in the spoke
of AlSi7Mg0.3 alloy according to the LPDC simu-
lation results. For all alloys there is a possibility of
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FIGURE 5. Magmasoft analysis results of the mechanical properties in wheels depending on chemical composition of the alloys.

microporosity in the flange regions, but it is very low
and can be neglected.

Another factor affecting the microstructure and
thus the properties in Al casting alloys is the sec-
ondary dendrite arm spacing (SDAS) values. As this
value decreases, it is expected that the mechanical
properties of the alloys will improve. When the anal-
ysis results given in Fig. 4 are examined, the SDAS
value decreases from the hub to the flange for the
alloys. The section thickness of the wheel decreases
from the hub to the flange. Accordingly, the cooling

rate increases and a microstructure with fine grains
emerges in the flange region.

In the automotive industry, tensile tests are car-
ried out in 3 different regions, namely the spoke,
inner and outer flanges. According to the automo-
tive standards, the minimum yield strength value re-
quired for a wheel that has not been heat treated in
the spoke, inner and outer flange is 80 MPa. Accord-
ing to the Magmasoft analysis results (Table 3), it is
clearly seen that this value is exceeded in all parts
of the wheel, except for AlSi5SMg0.3 alloy. In Al-
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TasLE 3. Numerical results of the microstructural and mechanical properties obtained from Magmasoft analysis

Wheels parts Hub Spoke Flange
Property . . .
Alloys min max min max min max
AlSi5Mg0.3 0 0 0 0 0 7.0
Macroporosity AlSi5SMg0.5 0 0 0 0 0 7.0
(%) AlSi5Mg0.7 0 0 0 0 0 7.0
AlSi7Mg0.3 0 0 0 0 0 7.0
AlSisMg0.3 0 0 2.8 3.3 2.8 3.3
Microporosity AlSi5SMg0.5 0 0 2.8 3.3 2.8 3.3
(%) AlSi5Mg0.7 0 0 2.9 3.4 2.9 3.4
AlSi7Mg0.3 0 0 0 0 2.6 3.1
AlSisMg0.3 41.9 50.4 37.6 46.1 26.8 35.5
SDAS AlSi5Mg0.5 41.3 50.5 36.7 48.2 25.2 36.7
(1om) AlSi5sMg0.7 48.6 50.9 37.4 48.6 21.2 35.1
AlSi7Mg0.3 452 53.1 37.3 54.2 36.8 37.3
AlSi5Mg0.3 75.4 76.1 76.1 76.8 77.6 80.9
Yield strength AlSisMg0.5 91.3 91.7 91.7 92.9 93.6 95.2
(MPa) AlSi5Mg0.7 109.6 110.4 110.4 111.5 111.9 113.8
AlSi7Mg0.3 83.3 85.4 85.4 87.5 88.5 90.6
AlSi5Mg0.3 131.3 143.3 143.3 149.3 152.3 167.3
Tensile strength AlSisMg0.5 155.6 158.8 158.8 165.1 171.4 180.9
(MPa) AlSi5Mg0.7 166.2 172.5 172.5 182.1 185.3 198.0
AlSi7Mg0.3 145.2 149.3 149.3 161.6 165.7 174.0
AlSi5Mg0.3 5.0 5.2 5.2 5.9 6.1 7.0
Elongation AlSi5Mg0.5 4.0 4.3 43 47 49 5.9
(%) AlSiSMg0.7 3.1 3.3 3.3 3.7 4.1 4.8
AlSi7Mg0.3 5.0 5.3 5.3 5.8 6.1 6.6
AlSi5Mg0.3 41.5 433 48.5
Hardness AlSi5Mg0.5 46.0 47.8 52.4
(HB) AlSisMg0.7 50.0 52.8 57.4
AlSi7Mg0.3 433 46.8 50.4

Si5Mg0.3 alloy, this yield strength value is ~75 MPa
in the hub, ~76 MPa in the spoke and ~78 MPa in
the flange. The casting process is a difficult process
to keep under control and it is possible to say that
this alloy has achieved the standard value. The yield
strength values after the heat treatment should also
be considered since the heat treatment has not been
applied yet.

When the alloys are evaluated according to the
increasing Mg amount, the improving effect of the
Mg element on the mechanical properties is clearly
noticeable. For example, while the yield strength val-
ue obtained in the spoke of the AlSi5SMg0.3 alloy is
~76 MPa, this value is ~110 MPa in the same region
for the AlSi5Mg0.7 alloy. Tensile strength values are
similar to the tendency of yield strength ones. As

it is seen in the virtual simulation results, the high-
est yield strength was recorded in the flange of the
AlSi5Mg0.7 alloy. Another important mechanical
property tested on wheels in the automotive indus-
try is the elongation. From the computational elon-
gation data, it can be said that increasing the Mg
amount affects the elongation in alloys negatively. In
addition, the elongation closest to the AlSi7Mg0.3
alloy was observed in the AISi5Mg0.3 alloy in both
hub, spoke and flange.

Since it is not possible to obtain color visual re-
sults related to the hardness analysis from the Mag-
masoft casting simulation, the hardness values in
different parts of the wheel were calculated using
the “UTS (MPa)=3.45xHB” relationship between
the ultimate tensile strength (UTS) and Brinell
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FI1GURE 6. Stereo microscope images from the hub of the samples (30x), a) AISiSMg0.3, b) AlSi5Mg0.5, c) AlSi5Mg0.7, d) Al-
Si7Mg0.3.

hardness (HB). In the calculations, a single value
was obtained instead of the minimum and max-
imum values, since the computationally reached
maximum tensile strength value in the relevant re-
gion was used. When the hardness data obtained by
the ICME studies were examined, an increase was
observed in hardness values from AISi5Mg0.3 alloy
to AlSi5SMg0.7 alloy, depending on the increasing
amount of Mg. For example, while the A1Si5Mg0.3
alloy obtained a hardness value of ~43 HB in the
spoke, a hardness of ~53 HB was achieved in the
same region in AlSi5Mg0.7 alloy.

3.3. Test and Characterization Studies

In this section, the material data obtained from
ICME and the data obtained from laboratory-scale
testing and characterization studies are given com-
paratively. For macrostructural examinations, im-
ages were taken from the hub of the sample with a
stereo microscope for each alloy composition. Fig-
ure 6 shows stereo microscope images of the studied

alloys. In Magmasoft casting analysis carried out
before the industrial-scale studies, the probability of
macro porosity was 0% in the hub and spoke, while
this probability was predicted as 7% in the flange.
It is possible to say that the results at the laborato-
ry scale macrostructural studies are in parallel with
Magmasoft analysis. Accordingly, while casting de-
fects such as micro-level and acceptable amounts of
porosity were observed in the samples of the alloys
in macrostructure examinations, no macrostructural
defects were found.

After the macrostructural evaluations, detailed
microstructural studies were carried out with the
image analysis systems in an optical microscope.
Microstructure images, given in Fig. 7, were record-
ed from the hub, spoke and flange regions of each
sample. In addition, phase analyzes were performed
from the hub and the results are given in Fig. 8.
From the optical microscope images, it is clear that
the microstructure of the alloys consists of two
main phases, a-Al and eutectic represented in light
and dark gray, respectively. The eutectic phase is lo-
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FiGure 7. Optical microscope images from different parts of the wheel (200x).

cated between the primary o-Al dendrites. This is
the microstructure of hypoeutectic (Si< 12.6 wt.%)
Al-Si alloys. For the alloys, the microstructure is re-
fined from the hub to the flange and the size of the
main phase, a-Al dendrites, is reduced. In addition,
as the Si amount of the alloys increases, the amount
of the eutectic phase increases, while the amount of
the a-Al phase decreases. Moreover, it is concluded
that the grain refinement and modification processes
applied respectively to the alloys before the casting
process by using AlTi5B1 and AISr10 master alloys
are successful when the microstructures are exam-
ined. With the modification process, the morphol-
ogy of the eutectic phase was transformed from a

needle-like structure to a fibrous structure (Timpel
etal.,2012).

The phase analysis given in Fig. 8 are based on
the representation of different phases with different
colors in the optical microscope and the determina-
tion of the phase percentages in the relevant area. In
the analysis, green color was chosen for the a-Al and
dark blue color was selected for the eutectic phase
and measurements were taken 5 times from the hub
foreach alloy. The data in Fig. 8 are the average values
obtained from 5 measurements. Accordingly, a-Al
phase was determined as 93.6%, 94.8%, 92.7% and
91.3% in AlSi5SMg0.3, AlSi5Mg0.5, AlSi5SMg0.7,
AlSi7Mg0.3 alloys, respectively. The eutectic phase
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FiGcure 8. The results of phase analysis (in %).

content was recorded as 6.4%, 5.2%, 7.3%, 8.7%
in AISi5Mg0.3, AlSi5Mg0.5, AlSi5Mg0.7, Al-
Si7Mg0.3 alloys, respectively. The phase percentages
do not differ according to the hub, spoke or flange
on a wheel. It is only the percent of the phases that
varies by region. In these analyzes, only the areal
percentage of the phases represented by different
colors in the relevant image area is calculated. For
this reason, the samples were analyzed only from the
hub. When the results obtained from the Magmasoft
casting simulation and phase analysis using optical
microscope image analysis techniques are compared
with the experimental data, it is seen that the trends
are similar. In both computational and industri-
al scale evaluations, the amount of eutectic phase
increases and the amount of a-Al phase decreases
from AlSi5Mg0.3 to AlSi7Mg0.3 alloy.

Another important result derived from the mi-
crostructure evaluations is related to Mg element.
Since the alloys are still in as-cast condition, the Mg
element is dissolved in the microstructure. When
heat treatment is applied to the alloys, Mg and Si
elements will react at the appropriate temperatures
and conditions to form the Mg,Si phase in the mi-
crostructure which contributes to the increase in
strength. Therefore, Mg Si phase was not found in
the microstructure, as seen in the computational and
experimental results.

The yield strength values obtained from the tensile
test and ICME studies results are given in Fig. 9. The
tensile test was carried out on the spoke, outer and
inner flange specimens in accordance with automo-
tive industry standards. The minimum yield strength
values required for the base alloy AlSi7Mg0.3 in the
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Ficure 9. Comparative plot of yield strength values for the spoke and flange calculated with the ICME and obtained from the

tensile test results.

spoke and flanges is 80 MPa. In the tests and ana-
lyzes, the yield strength of both the spoke and flange
for AISi5SMg0.3 alloy remained below 80 MPa. On
the other hand, other alloy compositions showed a
yield strength above the limit value of 80 MPa in both
the spoke and flange regions, and exhibited a charac-
ter that could be an alternative to AlSi7Mg0.3 alloy
in terms of strength. Among the studied alloys, the
highest yield strength was recorded in AlSiSMg0.7.
When the results are interpreted numerically, the yield
strength value in the spoke is 94.9 MPa in the ten-
sile tests for the AISi5SMg0.5 alloy, while this value is
92.3 MPa in the virtual data obtained with the Mag-
masoft casting simulation. In the case of a traditional
and dynamic method such as casting, a very low dif-
ference of 2.8% was recorded between the numerical
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and experimental yield strength values. Furthermore,
there is no outer and inner flange distinction for these
regions in terms of yield strength in a wheel. Since
these regions are very close to each other in terms of
cross-section, the values recorded separately for the
outer and inner flange regions from the tensile tests
were averaged and compared with the simulation val-
ues. Similarly, when the yield strength values of the
flange region are examined, the yield strength value
obtained as a result of the tensile test at the flange
for AlSi5Mg0.7 alloy is ~100 MPa, while the virtu-
al result is ~111 MPa. In this case, the difference be-
tween experimental and computational data is again
extremely low.

Another important result of the tensile test is the
elongation. The elongation values obtained for the

Tensile test ICME

FLANGE

8AISISMg0.7 RAISiTMg0.3

Figure 10. Comparative plot of elongation values for the spoke and flange calculated with the ICME and obtained from tensile

test results
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spoke, inner and outer flange regions of an unheated
wheel produced from AlSi7Mg0.3 alloy in the auto-
motive sector were determined as 5.5%, 14.0% and
12.0%, respectively. Figure 10 shows the elongation
values of the related alloys. Since a large elongation
was recorded in the different regions of the rim with
the simulation studies, the average of these values
recorded for the hub, spoke and flange regions was
taken as the basis to compare with experimental
data. According to this, the results above the re-
quired value of 5.5% were obtained in AlSi5SMg0.3,
AlSi5SMg0.5, AlSi5SMg0.7 alloys, 6.4%, 7.1% and
5.9%, respectively, on the spoke. In AlSi5SMg0.3,
AlSi5Mg0.5, AlSi5Mg0.7 alloys, results were ob-
tained above the required value of 5.5%, 6.4%, 7.1%
and 5.9%, respectively, on the spoke. On the other
hand, higher values were recorded for the outer and
inner flanges, with only 15.2% and 13.1% for the Al-
Si5SMg0.3 alloy, respectively, compared to the base
alloy AISi7Mg0.3 alloy. However, the desired elon-
gation value could not be reached in the outer and
inner flange regions of other alloy compositions.

When the tensile test results calculated with the
ICME are examined, the values obtained in the sim-
ulated environment vary between 3% and 7%, re-
gardless of the wheel region, while the actual data
varies between 4% and 15%. In this case, it is not
correct to compare virtual and real data in terms of
elongation. The reason for this is that the Magma-
soft casting simulation software, which can calculate
the elongation, is not yet efficient enough for low
pressure die casting process design.

After performing the tensile tests of the alloys, the
results of the hardness measurements carried out to
evaluate the mechanical properties are given in Fig. 11.
As it was stated in the “Materials and Method” sec-
tion, the hardness values of the visualized regional of
the wheel cannot be reached with the Magmasoft cast-
ing simulation software. For this reason, the equation

of ultimate tensile strength and Brinell hardness “UTS
(MPa)=3.45xHB” in metallic materials was used. As
it is seen in Fig. 11, the results of computational and
physical comparison data with very low standard devi-
ation value show the usability and efficiency of ICME
approaches in terms of low pressure die casting pro-
cess efficiency in aluminum alloys. For example, while
the virtual calculations for the base alloy AlSi7Mg0.3
has a hardness of ~50 HB in the flange region, this val-
ue is ~49 HB at the same point according to the exper-
imental hardness test results. To give another example,
while the hardness value of 41.5 HB was reached in
the hub of AlSiSMg0.3 alloy with the computer aided
calculations, a value of 43.3 HB was obtained from the
experimental hardness measurements. The difference
between the computational and experimental values
is 4%, which is extremely low and negligible for the
casting process. It is predicted that the alloys can be
an alternative to AlSi7Mg0.3 alloy by utilizing ICME
approaches in terms of hardness values obtained in all
the regions of a wheel.

4. CONCLUSIONS

In this study, integrated computational materials
engineering approaches, which have been developed
in the recent past and which are gaining momentum
in the development of innovative materials, process
advancement and innovation studies in the field of
metallurgy and materials science, are used in the
production of aluminum-based wheels with low
pressure die casting as a new application area. The
findings are given below:

— Three different aluminum-based alloys, Al-
Si5SMg0.3, AlSi5SMg0.5, AlSiSMg0.7, which
are the subject of the study, meet the targeted
properties for the wheel production.

— In the ICME examinations, there is no mac-
ro-size porosity in the hubs of the wheels pro-
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duced with the developed alloy compositions.
In this context, no macroporosity defects
were found in the macrostructural evalua-
tions as a result of the macrostructural eval-
uations of the hub regions. Similarly, in the
microstructural evaluations, in parallel with
the computational and industrial production
results, there is a 3% probability of micropo-
rosity occurring only in the flange.

—  When the three-dimensional phase distribu-
tions obtained in the wheel are examined in
the alloys as a result of the ICME studies, they
show that the amount of a-Al phase decreas-
es gradually as the amount of Si increases.
The amount of Mg,Si phase varies between
0 and 0.5% in the samples. In addition, the
amount of AlFeSi intermetallic phases in the
alloys varies between 0 and 0.4%. These data
are acceptable values for the production of
Al-Si based alloy wheels by the LPDC. Op-
tical microscopy examinations yielded simi-
lar trend results with the data obtained from
computer-aided manufacturing studies. Also,
Mg,Si compounds were not found in the cast
Al-Si alloys, as expected in the analysis.

—  Considering the distribution of the mechanical
properties obtained from the casting simula-
tions of the different regions of the wheel, the
strength above the 80 MPa yield strength value,
which should be reached according to automo-
tive standards, was obtained in all parts of the
wheel of the alloys except for the AlSiSMg0.3
alloy. Yield strength values increased due to the
increased amount of Si and Mg in the alloys.

— The elongation value obtained from the ten-
sile test results cannot be used with today’s
technology in the comparison of computa-
tional and experimental data, since the low
pressure die casting simulation program
works with a high deviation for this value. In
the future, with the development of the ca-
pabilities of the casting simulation software
and the computational theories, it will be
possible to carry out the elongation analysis.

— It has been proven that the data for the mechan-
ical and microstructural properties of the alloys
obtained in the virtual environment with the
ICME approaches can be compared with the
real data obtained as a result of a series of tests
and characterization of the samples taken from
the wheels cast under industrial conditions, and
the result can be used in alloy design and process
optimization studies before mass production.
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