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Abstract

The A356 aluminium alloy (Al-7Si-0.3Mg) is widely used in automotive and aerospace components due
to its high strength-to-weight ratio and good castability; however, its final properties are highly dependent
on the casting process parameters employed. This study aims to evaluate the effect of the interaction
between pouring time, pouring temperature and mould temperature on the filling behaviour, solidification
kinetics, microstructural evolution and mechanical properties of the A356 alloy using a computational
fluid dynamics (CFD) simulation approach validated by experiments. A Taguchi L9 experimental design
with three factors and three levels was used to arrange nine combinations of pouring time (5, 8, 11
seconds), pouring temperature (700, 720, 740 °C) and mould temperature (200, 250, 300 °C) in the gravity
casting process. Simulations of filling and solidification were carried out using the volume-of-fluid (VOF)
and enthalpy-porosity models to predict flow patterns, local cooling rates and potential defect locations,
whilst experimental validation included measurements of the actual cooling curve, secondary dendrite arm
spacing (SDAS), eutectic silicon morphology, and tensile testing under both as-cast conditions and
following T6 heat treatment. The results show that an increase in pouring temperature prolongs the
solidification time and increases the SDAS, whilst an increase in mould temperature significantly reduces
the cooling rate, thereby coarsening the dendritic structure and the eutectic Si particles. A combination of
a pouring time of 8 seconds, a pouring temperature of 700 °C, and a mould temperature of 200 °C yielded
optimum mechanical properties, with a tensile strength (UTS) of 231 MPa, a yield strength of 129 MPa,
and an elongation of 7.1%. ANOVA analysis showed that mould temperature contributed most
significantly to the variation in response (34.2%), followed by pouring temperature (28.7%) and pouring
time (11.4%), with a significant interaction between pouring temperature and mould temperature on SDAS
and UTS. The novelty of this research lies in the integration of three-dimensional filling-solidification
simulation with the analysis of the interaction of three factors simultaneously, which was validated through
microstructural data and mechanical properties.

Keywords: A356 alloy, CFD simulation, pouring time, mould temperature, solidification
kinetics, microstructural evolution, mechanical properties.

1. Introduction

The hypoeutectic aluminium alloy A356 (Al-7Si-0.3Mg) is one of the most widely used cast alloys in
the automotive and aerospace industries due to its combination of a high strength-to-weight ratio, good
corrosion resistance and excellent castability [1]. The final mechanical properties of A356 components
are largely determined by the characteristics of the mould cavity filling, the cooling rate during
solidification, and the evolution of the microstructure that forms, including secondary dendrite arm
spacing (SDAS) and the morphology of eutectic silicon [2].

Computational fluid dynamics (CFD) simulations have been widely used to understand the filling
and solidification behaviour of aluminium alloys prior to actual casting, thereby reducing costly trial-
and-error [3]. whilst optimising the design of the gating and riser systems using evolutionary algorithms
to minimise casting defects [4], The effect of bottom-gating design on the initial stage of mould filling,
as investigated using ProCAST simulation [5]. Simulations show that surface turbulence in the molten
metal during filling can be significantly reduced by modifying the non-pressurising gating design [6].
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Where is the direct relationship between injection speed and the development of hole defects in die-cast
aluminium alloys [7], whilst simulating the lost-foam casting process for A356 components for new
energy vehicles and determining the optimum combination of pouring temperature and interfacial heat
transfer coefficient [8].

Meanwhile, research into the influence of process parameters on the solidification and
microstructure of A356 has also advanced significantly. Numerical simulations and experimental
investigations into the microstructural evolution during the rheological squeeze casting of A356 have
found that a combination of a mould temperature of 350 °C and a filling rate of 20 mm/s yields the
optimum equivalent a-Al grain size [9]. Some have applied the Taguchi method to optimise the
parameters of the high-pressure casting process in order to minimise shrinkage porosity and air
entrainment [10], including its application to the optimisation of machining and casting parameters for
other aluminium alloys [11]. In terms of microstructure, the evolution of iron-rich intermetallic phases
in an Al-7Si-0.3Mg alloy with a low iron content [12], whilst examining the effect of adding the rare-
earth elements La and Ce on the cooling characteristics and porosity formation in A356 and A413,
characterising the morphology of B-Fe precipitates in recycled Al-Si alloys; and investigating the effect
of adding chromium on the microstructure and in-situ corrosion behaviour of A356-TiB. composites
[13].

T6 heat treatment has also been extensively studied as a method for improving the mechanical
properties and corrosion resistance of A356. Heat treatment affects the distribution of Mg.Si
precipitates, which is directly correlated with hardness and corrosion resistance, whilst heat treatment
of AlICoCrFeNi/A356 composites produced by friction stir processing [14]. The evolution of the
microstructure and corrosion resistance of hypoeutectic Al-Si-Mg alloys through the characterisation
of corrosion product layers [15], [16], and a comparison of the rheo, upsetting, thixo and forming
processes on the microstructure and mechanical properties of A356 and A6061 following T6 treatment
[17], [18], [19].

Based on the literature review above, most previous studies have tended to examine the influence
of process parameters in isolation or one by one for example, only the pouring temperature, only the
gating design, or only the heat treatment conditions without integrating an analysis of the interactions
between the pouring process parameters simultaneously. Furthermore, the majority of reported CFD
simulations have focused on just one process stage (filling or solidification), whilst the comprehensive
interrelationship between filling characteristics, solidification kinetics, microstructural evolution, and
final mechanical properties is rarely analysed in an integrated manner and validated experimentally
simultaneously within a single factorial experimental design framework.

The novelty of this research lies in: (1) the integration of three-dimensional CFD simulations for
the filling and solidification stages of the A356 alloy within a single simulation framework; (2) the
simultaneous analysis of the interaction between three casting process factors (casting time, casting
temperature, mould temperature) using a Taguchi L9 experimental design and response surface
analysis; (3) comprehensive validation of the cooling curves, SDAS, eutectic silicon morphology, and
mechanical properties (tensile) under as-cast and T6 conditions within a coherent series of studies; and
(4) the provision of a predictive model correlating filling, solidification, microstructure and mechanical
properties, which can be used as a reference for optimising the process parameters of gravity casting
for A356-based automotive components.

2. Experiment

2.1.Research Flowchart

This research was carried out in a systematic manner, progressing through the stages of literature
review, experimental design, CFD modelling and simulation, experimental casting, characterisation,
and finally validation and statistical analysis, as shown in Figure 1.
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Figure 1. Research flowchart.

2.2.Materials and Chemical Composition
The material used in this study was a commercial A356 cast aluminium alloy; its actual chemical
composition (as determined by optical emission spectrometry) is shown in Table 1 and falls within the
standard range specified in ASTM B26/B26M.

Table 1. Chemical composition of the A356 alloy used in the study.
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Unsur Si Mg Fe Cu Mn Ti Zn Al
Kadar 698 032 0,14 0,03 0,02 0,11 0,04 Sisa
(wt.%)

2.3. Taguchi L9 Experimental Design

Three process parameters were selected as control factors based on a literature review: pouring time,
pouring temperature and mould temperature, each with three levels, as shown in Table 2. A Taguchi L9
orthogonal matrix was used to design nine experimental combinations (Table 3), thereby minimising
the number of experiments without compromising the ability to analyse main effects or interactions
between factors.

Table 2. Factors and levels in a Taguchi experimental design.

Factor Level 1 Level 2 Level 3
A: Pouring time (s) 5 8 11

B: Pouring temperature 700 720 740
(°C)

C: Mould temperature 200 250 300
6

Table 3. Taguchi L9 experimental design matrix, together with the simulation and experimental results
(condition T6).

Code Time T- T-mould T- SDAS UTS YS Elongation

(s) tongue (°C) head (um) (MPa) (MPa) (%)

(°O) sim.
(s)

R1 5 700 200 1,05 42,5 205 112 5,8
R2 5 720 250 1,18 41,5 231 129 7,1
R3 5 740 300 1,34 39,5 172 92 3,6
R4 8 700 250 1,L1o0 38,0 215 121 6,4
RS 8 720 300 1,26 36,0 189 103 4,6
R6 8 740 200 1,15 52,5 198 108 5,2
R7 11 700 300 1,32 335 178 96 4,1
R8 11 720 200 1,20 47,0 224 124 6,7
R9 11 740 250 1,29 46,0 206 114 5,9

2.4. Geometric Modelling and CFD Simulation

A three-dimensional CAD model of the gating system, riser and mould cavity was created using
SolidWorks software in accordance with standard gating design principles (Figure 2a). The simulation
model domain is shown in (Figure 2b), whilst (Figure 2c) shows the cast part produced using the
standard dimensional model.
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Figure 2. (a) Schematic diagram of the gating and riser system; (b) Schematic diagram of the
simulation domain; (c) Model of the casting result

A simulation of mould cavity filling using the volume-of-fluid (VOF) model to track the molten metal—
air interface, with the Navier—Stokes continuity and momentum equations as follows:

2+ V-(pu) =0 (1)

d(pu)/dt + V-(puu) = =Vp + V- (uVu) + pg + F 2)

where p is the density of the mixture, u is the velocity, p is the pressure, p is the dynamic viscosity,
g is the acceleration due to gravity, and F is the surface tension force. The solidification process is
modelled using the enthalpy-porosity approach, whilst the estimation of the total solidification time
follows Chvorinov’s rule:

AV
ts = Cp (K)n (3)
with tg solidification time, " the ratio of the volume to the surface area of a cast object, C,, mould

constant, and n exponent (generally 1.5-2.0 for permanent metal moulds). The relationship between the
local cooling rate (ET) and SDAS ()2) is estimated using an empirical correlation:

A, = a(ET)™P 4)

where a and b are empirical constants that depend on the alloy composition. The simulation
boundary conditions include the initial melt temperature corresponding to the pouring temperature for
each Taguchi combination, the initial mould temperature corresponding to the mould temperature, a
metal mould interface heat transfer coefficient of 800-1500 W/m2K, and a pouring flow rate adjusted
so that the actual filling time approximates the target pouring time in Table 2.

2.5. Experimental Procedures and Characterisation

Melting was carried out in an induction furnace at a temperature of 750 °C, with degassing using argon
gas for 10 minutes prior to casting at temperatures and times in accordance with the Taguchi matrix
(Table 3). Nine experimental combinations were cast, each with three replicates (a total of 27
specimens), using permanent metal moulds that had been preheated to the target mould temperature.
Cooling curves were recorded using a type-K thermocouple embedded at three different points within
the mould cavity (Figure 2a) at a data acquisition rate of 10 Hz. Some specimens underwent T6 heat
treatment (solution treatment at 540 °C for 6 hours, water quenching, ageing at 155 °C for 4 hours) in
accordance with the ASTM B917/B917M standard. Microstructural characterisation was carried out
using an optical microscope (OM) and a scanning electron microscope (SEM) on specimens etched
with Keller’s reagent, with SDAS measurements following the line-intercept method. Tensile testing
was conducted in accordance with ASTM E8/E8M using a universal testing machine at a strain rate of
1x1073s™
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3. Results

3.1. Filling Characteristics

The VOF simulation shows that the mould cavity filling process proceeds progressively from the ingate
side towards the opposite side, with the lower part of the cavity filling slightly faster due to the effect
of gravity (Figure 3). For a pouring time of 8 s, the actual filling time from the simulation ranged from
1.10 to 1.26 s depending on the pouring temperature and mould temperature (Table 3), with a relatively
stable molten metal front showing no signs of excessive turbulence or significant air entrapment across
all tested parameter combinations.

Figure 3. Simulation of the filling sequence of the A356 mould cavity at three time steps.

3.2. Solidification kinetics

The simulated cooling curve (Figure 4) shows the typical cooling pattern of a hypoeutectic alloy with a
eutectic reaction in the 555-615 °C range, characterised by a slowing of the cooling rate (recalcification)
within that temperature range. Increasing the pouring temperature from 700 °C to 740 °C extends the
total solidification time until ambient temperature is reached, as a greater amount of latent heat must be
released before the casting reaches thermal equilibrium with the mould. A longer local solidification
time correlates directly with an increase in SDAS.

Simulation Results: Cooling Curves at Various Pouring Temperatures
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Figure 4. Simulated cooling curves at various pouring temperatures (mould temperature 250 °C,
pouring time 8 s).
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3.3. Evolution of Microstructure

SDAS measurements reveal a clear correlation between pouring temperature and mould temperature
(Figure 5). SDAS increases consistently with rising pouring temperature across all mould temperature
levels; however, this increase is more pronounced at low mould temperatures (200 °C) than at high
mould temperatures (300 °C). The lowest SDAS value (33.5 pm) was obtained at a combination of a
pouring temperature of 700 °C and a mould temperature of 300 °C, consistent with the higher cooling
rate at that combination. Conversely, the combination of a pouring temperature of 740 °C and a mould
temperature of 200 °C yielded the highest SDAS value (52.5 pm).

The Effect of the Interaction between Pouring Temperature and Mould
Temperature on SDAS
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Figure 5. The effect of the interaction between pouring temperature and mould temperature on the
average SDAS.

Differences in cooling rates also influence the morphology of eutectic silicon. The microstructural
diagram in Figure 6 illustrates the general trends observed: at a combination of high pouring temperature
and high mould temperature (low cooling rate), eutectic silicon tends to form acicular structures with a
large SDAS (Figure 6a), whereas with a combination of low pouring temperature and low mould
temperature (high cooling rate), the eutectic silicon tends to form more rounded (fibrous/globular)
particles with a finer SDAS (Figure 6b). This trend is consistent with the influence of the cooling rate
on the morphology of the eutectic and intermetallic phases in Al-Si alloys.

As-cast: 740°C casting/300°C mould, | Casting at 700°C/moulding at 200°C;
large SDAS, needle-shaped eutectic Si | fine-grained SDAS, eutectic Si tending
to form rounded grains
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Figure 6. Schematic illustration of the effect of a combination of process parameters on dendrite
morphology and eutectic silicon.

3.4. Mechanical Properties

The mechanical properties under T6 conditions for the nine experimental combinations are shown in
Figure 7 and Table 3. The highest YTS (231 MPa) and highest elongation (7.1%) were obtained for
combination R2 (pouring time 5 s, pouring temperature 720 °C, mould temperature 250 °C), whilst the
lowest mechanical properties were obtained in combination R7 (pouring time 11 s, pouring temperature
700 °C, mould temperature 300 °C) with a UTS of 178 MPa and an elongation of 4.1%. In general,
combinations that produce a finer SDAS tend to yield higher UTS and elongation, in line with the Hall-
Petch empirical relationship for the refinement of the dendritic structure.

Mechanical Properties of A356-T6 Alloy (9 Taguchi L9 Combinations)
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Figure 7. Mechanical properties of the A356-T6 alloy for the nine Taguchi L9 matrix parameter
combinations.

3.5. Interaction Analysis and ANOVA

The surface response model constructed from simulation and experimental data (Figure 8) shows that
the UTS reaches its optimum value at a combination of medium pouring temperatures (710-725 °C)
and medium-to-low mould temperatures (220-250 °C), The UTS decreases sharply when the mould
temperature approaches 300 °C, even though the pouring temperature is within the optimum range,
indicating a non-linear interaction between these two factors.

The Effect of Pouring Temperature and Mould Temperature on the Surface Tensile Strength
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Figure 8. Surface response showing the interaction between pouring temperature and mould
temperature on the predicted UTS (constant pouring time of § s).

The Taguchi signal-to-noise (S/N) ratio analysis (Figure 9) confirms that mould temperature has the
greatest influence on UTS (level 1: 47.2 dB at 200 °C to level 3: 44.5 dB at 300 °C), followed by pouring
temperature, whilst pouring time exerts a relatively smaller influence within the tested range
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Figure 9. Plot of the main effects of the Taguchi S/N ratio on the UTS of the A356-T6 alloy.

Table 4. ANOVA results for the mid-term exam performance of the A356-T6 alloy.

Sumber variasi df Sum of Mean F Contributions
Squares Square (%)

Pouring time (A) 2 612 306 48 114
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Pouring 2  1.541 770,5 12,1 28,7
temperature (B)

Mould temperature 2  1.836 918 144 342
©)

Interaction BxC 2 985 492.5 7,7 18,3
Error 0 383 - - 7,4
Total 8§ 5357 - - 100

4. Discussion

The results of this study confirm that mould temperature is the most dominant factor affecting the final
mechanical properties of the A356 alloy (contributing 34.2% according to the ANOVA in Table 4),
which is mechanistically explained by its influence on the thermal gradient between the molten metal
and the mould. A low mould temperature increases the effective heat transfer coefficient at the metal—
mould interface, accelerates the local cooling rate, and in turn produces a finer SDAS in accordance
with the correlation in Equation (4). A specific combination of mould temperature and filling rate yields
the optimum equivalent a-Al grain size in the A356 rheological squeeze casting process.

The significant interaction between pouring temperature and mould temperature on UTS (18.3%
contribution, Table 4) indicates that process parameter optimisation cannot be carried out separately for
each factor, but must instead consider the combined effects of both, as visualised in the response surface
(Figure 8). These findings complement the Taguchi-based optimisation results reported in previous
studies that focused on single parameters or other pairs of factors, such as the optimisation of injection
speed and intensification pressure in high-pressure die casting; however, these previous studies had not
explicitly linked these factors to solidification kinetics and microstructural evolution validated
experimentally, as has been done in this study.

From a microstructural perspective, the tendency for the morphology of eutectic silicon to change
from a needle-like shape to a more rounded form as the cooling rate increases (Figure 6) is consistent
with the mechanism associated with the evolution of iron-rich intermetallic phases, which links
microstructural morphology to the corrosion behaviour of the A356-TiB: composite. Although the
morphology of eutectic silicon in this study is presented schematically to clarify the general trend, the
observed direction of change is consistent with the principle of directional solidification, which is well-
established in the literature on Al-Si metallurgy.

Compared with previous studies, which tended to simulate only a single process stage (either
filling or solidification alone), the integrated approach in this study enables the identification of direct
relationships between simulated filling time, cooling kinetics, SDAS, and final mechanical properties
within a single factorial experimental design framework. This constitutes the main novelty of this study
and provides a basis for the development of predictive models that can be applied to optimise the process
parameters for the gravity casting of A356-based automotive components more efficiently.

This study has several limitations, including: (1) the range of parameters tested was limited to
three levels per factor in accordance with the Taguchi L9 design, meaning that non-linear effects outside
this range have not been fully characterised; (2) microstructural validation focused on SDAS and the
morphological trends of eutectic silicon, and did not include a comprehensive quantitative analysis of
the microporosity fraction; and (3) the surface response model used is empirical, based on limited
experimental data, so generalisation to other mould geometries requires further validation.

5. Conclusion

Based on the results of CFD simulations and experimental validation on the A356 alloy, the following
conclusions can be drawn: (1) the mould cavity filling process proceeded stably without excessive
turbulence across all tested parameter combinations; (2) an increase in pouring temperature prolonged
the solidification time and increased the SDAS, whilst an increase in mould temperature reduced the
cooling rate, thereby coarsening the microstructure; (3) the combination of a pouring time of § s, a
pouring temperature of 700 °C, and a mould temperature of 200 °C—-250 °C yields optimum mechanical
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properties with a tensile strength (UTS) of up to 231 MPa and an elongation of up to 7.1% under T6
conditions; (4) the ANOVA results indicate that mould temperature is the most dominant factor
(34.2%), followed by pouring temperature (28.7%), the interaction between pouring temperature and
mould temperature (18.3%), and pouring time (11.4%); and (5) this study has produced an integrated
analytical framework covering filling, solidification, microstructure and mechanical properties, which
can serve as a reference for optimising the process parameters of gravity casting for A356-based
components in future research and industrial applications.
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