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ABSTRACT

This study optimized the integrated die-casting of an aluminum alloy longitudinal beam and tower component using
no heat-treated aluminum alloy. Leveraging material properties and part geometry, a pouring system was designed
and refined through mold flow analysis. This optimized the velocity, temperature distribution, and air entrapment
to reduce defects like shrinkage porosity. The optimized pouring parameters were 695 °C melt temperature, 210 °C
initial mold temperature, and 4.9 m/s shot speed. This reduced shrinkage porosity by 10.4% versus the original de-
sign. Die-casting trials with the optimized pouring system produced defect-free castings. The critical load-bearing
section of the die casting had a yield strength of 184 MPa and elongation of 10.9%, which can meet the production
requirements. In summary, based on the optimization of pouring system by mold flow analysis, by developing the
integrated die casting process for aluminum alloy, not only are the defects eliminated, but also the castings with

sufficient mechanical properties are produced.
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INTRODUCTION

The development of new energy vehicles has
led to the application of aluminum lightweight al-
loy materials. In recent years, the application of
Tesla’s integrated die-casting technology has driv-
en the development of integrated body structural
components for new energy vehicles in China
[1]. Longitudinal beams, which play a vital load-
bearing role, are part of the vehicle framework
and are positioned along the bridge axis and sup-
ported by the crossbeam. Large-scale integrated
die-casting of longitudinal beam-tower package
components can effectively enhance the structur-
al performance of the vehicle chassis, improving
overall strength and stiffness indicators [2]. How-
ever, large complex thin-wall die-castings often
exhibit uneven wall thickness and intricate struc-
tures, leading to issues such as entrapped air and

shrinkage porosity during the filling and solidifi-
cation processes. The size of the porosity and the
deformation rate due to heat treatment affect the
performance and pass rate of castings [3]. Com-
pared to traditional die-castings, the aluminum
alloys used in automotive structural components
require higher standards in terms of connection
processes, overall vehicle durability, and safety.
Therefore, the use of high-strength, tough, and
heat-treated A1ISi10MnMg alloys in high-vacuum
die-casting is often preferred for manufacturing
automotive structural components[4]. As defor-
mation and bubble defects resulting from heat
treatment are inevitable, there is a pressing need
to develop heat-treated material that avoids de-
fects introduced during heat treatment, such as
pores, thermal cracks, dimensional changes, and
deformations, thereby reducing energy consump-
tion and environmental pollution [5]. Currently,
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companies such as Alcoa, Tesla, Rheinmetall AG,
NIO, and Human Horizons, along with Shanghai
Jiao Tong University, are all actively developing
and improving heat-treated materials [6]. On the
other hand, studying the die-casting filling pro-
cess and predicting defects like entrapped air
distribution can significantly improve the perfor-
mance and pass rate of die-castings, holding sub-
stantial engineering and theoretical value [7-8].
Among them, vacuum die casting plays a pivotal
role in addressing the direction of complexifica-
tion and thin-wall casting. It is irreplaceable in
the development of large-scale integrated die
casting technology [9]. In this regard, the aca-
demic community has conducted much meaning-
ful research and achieved significant results. For
instance, Jenn-Kun Kuo et al. applied mold flow
analysis to the design of a closed impeller casting
system for the 17-4PH stainless steel. They devel-
oped a pressurized gating system with a specific
gate ratio, which achieved stable flow rates and
eliminated common issues, such as shrinkage and
porosity defects [10]. Wan et al. investigated the
effects of die-casting and vacuum die-casting on
the fatigue behavior and mechanical properties
of Al-Mg-Si-Mn samples, revealing that vacuum
die-cast samples eliminated the adverse effects
of iron elements and improved the fatigue resis-
tance, resulting in greater stability compared to
die-cast samples [11]. Dojka et al., studied the
flow of cast steel with 24 variations of the pouring
system and found that properly designed pouring
system geometry and expanded diversion can
eliminate the phenomenon of gusher and improve
the overall quality of castings [12]. Flow-3D soft-
ware can simulate various complex physical and
chemical changes in the die-casting process and
casting equipment conditions, providing detailed
information on casting filling, solidification, and
mold thermal balance. It greatly assists in the
design and optimization of the gating system in
die-casting processes [13]. In authors’ previous
research, high-strength and tough AlSilOMnMg
alloy material was primarily used for vacuum
die-casting and achieved the desired mechanical
properties through reinforcement via heat treat-
ment. However, the heat treatment process intro-
duces defects such as porosity, thermal cracks,
dimensional changes, and deformation, resulting
in prolonged production cycles and increased en-
ergy consumption. The current research focuses
on new heat-treatable materials that can achieve
refined grain and structure without undergoing
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heat treatment. These materials have achieved
mechanical properties that are close to those of
AlSi10MnMg after heat treatment. They meet the
requirements for strength and elongation while
simultaneously reducing carbon emissions and
improving production efficiency and economic
benefits. This study is based on the capability of
Flow-3D software to independently set the ther-
mal properties of new materials [14]. It investi-
gates the filling simulation process of a new mate-
rial applied to the integrated die-casting of auto-
mobile longitudinal beams and tower packages.
By observing the flow rate, temperature distribu-
tion and entrained air volume during the die cast-
ing process, the distribution and size of shrinkage
porosity can be accurately predicted. In order to
reduce the influence of shrinkage porosity and
porosity defects, the original design scheme has
been optimized, developed a rational pouring
system, and achieved optimized process design,
providing theoretical and reference-based support
for actual production. A new integrated die cast-
ing process has been developed for heat-treated
aluminum alloy structural components, address-
ing the challenges in the automotive structural
component industry, particularly in vacuum die
casting. This advancement promotes the research
and application of heat-treated materials in the in-
tegrated die casting process for automotive body
structural components.

MATERIALS AND METHODS

Research process and instruments used

This study is based on finite element simu-
lation analysis using the Flow3D software. Pro-
duction verification was conducted using the
optimized gating system. The longitudinal beam-
tower package integrated component was high-
pressure vacuum die-cast using the Weiming
4500T die-casting machine.

The ZXFLasee D-L model industrial radio-
graphic digital imaging system was utilized to
inspect the die-castings and assess the internal de-
fects of the castings. Subsequently, test samples
were cut from the castings, and the microstructure
of the longitudinal beam-tower package integrated
component was observed using a microscope. The
test samples were processed into standard tensile
specimens and subjected to tensile testing on a
SHIMADZU AGS-X universal testing machine.
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The average values of the tensile strength, yield
strength, and elongation were obtained from three
samples in each group as the final results. After the
completion of the tensile test, appropriate fracture
surfaces were selected for sectioning, and the frac-
ture surfaces were observed using a Regulus 8230
scanning electron microscope.

Structure and material of the integrated
longitudinal beam-tower package
component

The three-dimensional model of the inte-
grated longitudinal beam-tower package com-
ponent is shown in Figure 1. The dimensions of
the integrated longitudinal beam-tower package
component are 1456x607x446 mm, with a vol-
ume of 6.7x10°mm? and a raw material mass of
approximately 17 kg. The average wall thickness
of the casting is 7.73 mm, with the thickest part
measuring about 49.15 mm and the thinnest part
measuring 2.51 mm, As shown by the edge posi-
tion indicated by the red arrow in Figure 1, re-
sulting in significant wall thickness variations. To
enhance the structural strength of the integrated
longitudinal beam-tower package component ef-
fectively and allow it to bear greater loads under
the same mass, a lattice of longitudinal and trans-
verse reinforcing ribs was incorporated within
the component. Moreover, multiple bosses were
introduced at the intersections of the reinforcing

ribs. The material chosen for the integrated com-
ponent is a proprietary no heat-treated Al-Si alloy,
the composition of which is presented in Table 1.
Measurements and calculations of the thermal
properties of material were conducted to facilitate
subsequent simulation and analysis. The obtained
data were incorporated into the material library
of the simulation software for subsequent mold
flow analysis. The thermal properties parameters
of the material, such as thermal conductivity, den-
sity and specific heat capacity, are obtained based
on thermodynamic calculation software. Thermal
conductivity, density, specific heat capacity, and
other properties are functions of temperature.
Figure 2 shows the graphs depicting the varia-
tions of density and thermal conductivity with
temperature. For reference, Table 2 presents the
parameter values specifically at 650 °C.

The gating system was designed based on
the characteristics of the integrated longitudi-
nal beam-tower package component. The av-
erage wall thickness of the casting is 7.73 mm,
and a recommended filling time of 0.08 s was
selected based on empirical values. Using the
flow rate calculation method, the cross-sectional
area of the ingate, was calculated to be 2.2x10°
mm?. The thickness of the ingate is related to
the thickness of the casting at the pouring loca-
tion. For the longitudinal beam, the thickness at
the pouring location is approximately 5 mm, and
for complex components in the range of 36 mm,

Figure 1. The three-dimensional model of the integrated longitudinal beam-tower package component

Table 1. Chemical composition of Non-heat treated Al-Si Alloy (wt%)

Element Si Fe Cu

Mn

Mg Ti Sr Al

Content 6.00~8.50 0~0.25 0.10~0.50

0.40~0.80

0.40~0.80 | 0.05~0.30 | 0.04~0.05 Bal.
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Figure 2. Thermal properties parameters

Table 2. Physical parameters of AISi10MnMg at 650 °C

Density/(kg-m)

Liquidus/Solidus/K

Latent heat/(kJ-kg™)

Specific heat/(kJ-kg™'-K™)

2430

888/808

330

1.15

Note: *At 650 °C.

the ingate thickness is generally between 1.5-2.5
mm. Therefore, a thickness of 2 mm was chosen,
considering the actual production requirements
and the ingate area, resulting in a width of 50 mm
for each ingate. The structure type of the sprue is
often determined by the type of die-casting ma-
chine. In this study, a sprue height of 200 mm and
a thickness of 35 mm were selected. The struc-
ture type of the sprue is often determined by the
type of die-casting machine. In this study, a sprue
height of 200 mm and a thickness of 35 mm were
selected. The runner is connected to the sprue and
ingate, and during the die-casting process, the
runner should be designed with a tendency for the
cross-sectional area to decrease from the larger
area at the end of the sprue to the smaller area at
the ingate. On the basis of the mold design manu-
al and design experience, the specific dimensions
of the runner are as follows: the cross-sectional

Horizontal runner

area of the runner is 6000 mm?, and the thickness
of the runner decreases from 32 mm at the sprue
to 12 mm at the ingate. There are 13 branching
runners uniformly distributed at the filling loca-
tion of the casting. The gating system after design
is shown in Figure 3.

Three-dimensional models of the integrated
longitudinal beam-tower package component and
the pouring system were created. These models
were exported in the STL format and imported
into the Flow-3D software with paths in Eng-
lish characters. In the Model Setup-Mesh & Ge-
ometry module, meshing was conducted with
a grid size of 2 mm. The total number of grids
was 7.9484351x107, with an active grid count of
2.897695%10°. The injection process was divided
into slow injection and fast injection stages. Injec-
tion speed plays a crucial role in the surface qual-
ity and intrinsic properties of the casting [15]. For

(b)

Figure 3. Gating system: (a) top view of gating system; (b) main view of gating system
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the numerical simulation of the integrated longitu-
dinal beam-tower package component, a slow in-
jection stage speed of 0.5 m-s™! and a fast injection
stage speed of 4.9 m-s! were selected. The cho-
sen pouring temperature was 695 °C. The mold
preheating temperature was set to 210 °C, and the
heat transfer coefficient between the aluminum
liquid and the mold was set at 7000 W-m>-K-'.

RESULTS AND DISCUSSION

Filling process analysis

The filling process is shown in Figure 4.
Figures 4a to d depict the velocity field during
the simulation of the pouring process. From
the figures, it can be observed that the designed
straight runner, step-like transverse runners, and
branching transverse runners were able to ef-
fectively synchronize the flow to various inner
gates of the casting. However, due to improper
spacing between adjacent gates, there was a de-
layed filling phenomenon, as indicated by the
appearance of small-scale vortices in the red re-
gion at 0.301 s, as shown in Figure 4a. Figure 4b
illustrates that at 0.317 s, the aluminum liquid
reached the middle of the integrated component,

(a)

directly impacting the bottom of the middle sur-
face of the direct-impact cavity. Subsequently,
due to the incline of the integrated component
structure, the aluminum liquid flowed diagonal-
ly along the hole walls and dispersed outward.
At 0.331 s, the aluminum liquid converged in
the region of reinforced ribs and complex wall
thickness before completing the final filling at
the upper reinforced rib area.

Figure 5a represents the time required for
solidification in different parts of the casting. It
is evident that solidification initiates first at the
thin-wall sections and later at the complex thick-
wall areas. Figure 5b shows the distribution of
the still-liquid phase when solidification is not
yet complete. It is noticeable that isolated liquid-
phase regions exist in the areas with bosses and
reinforcing ribs within the casting. These regions
have complex shapes and thicker wall thickness,
resulting in slower flow of the aluminum liquid.
As a consequence, they become the last areas to
solidify. This impedes the liquid regions from
exerting compensatory shrinkage effects on
these regions. When these isolated regions can-
not be completely filled by the aluminum liquid,
shrinkage porosity defects can occur in these ar-
eas after solidification [16]. Shrinkage porosity
seriously affects the casting qualification rate.

(b)

(d)

Velocity Selected (cm/s)
5000

3750

1250

Figure 4. The filling process: (a) t=0.301s; (b)t=0.317s; (c) t=0.331s; (d) t=0.346 s
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Figure 5. Solidification simulation process: (a) the time required for
solidification; (b) the distribution of the still-liquid phase

To address or mitigate these aforementioned de-
fects, optimization of the original design scheme
was conducted.

Optimization scheme and analysis

To enhance the uniformity of aluminum lig-
uid flow during the die-casting filling process and
reduce the occurrence of turbulence and vortex
phenomena, as indicated by the red circle in Fig-
ure 4a, the pouring system scheme described in
section 1 was improved and optimized. The inner
gating system and the straight runner of the opti-
mization scheme remained the same as the initial
scheme (Fig. 3). However, the key difference lay
in the number of branching transverse runners.
By calculating the width of the integrated longi-
tudinal beam-tower package component and ar-
ranging it reasonably, the number of branching
transverse runners within the transverse runner
system was increased from 13 to 24. Each runner
had a width of 50 mm, ensuring even distribution
throughout the casting filling locations. The com-
parison of two pouring system designs is shown
in Figure 6. Compared to the initial scheme (Fig.

| S
,. 0 E_L\ L

3), the relative cross-sectional area of each indi-
vidual branching transverse runner was reduced
while increasing their quantity. This change en-
couraged aluminum liquid to simultaneously and
uniformly fill the casting from various positions,
thus reducing turbulence and vortex phenomena.

Simulation and analysis were conducted on
the optimized scheme. Figure 2 displays the cast-
ing filling simulation process for the optimized
scheme. A comparison with the initial scheme
(Fig. 3) reveals that the aluminum liquid is more
evenly distributed during the filling process of
the optimized scheme. This is attributed to the
increased number of branching transverse run-
ners leading to more uniform filling, effectively
reducing turbulence as well. Contrasting the is-
sue shown in Figure 4a, the aluminum liquid flow
in Figure 7a is more uniform. In the subsequent
filling process, the velocity decrease of the alumi-
num liquid upon entering the cavity is minimal. It
smoothly completes the filling of both side edges
before moving from the lower to upper cavity of
the casting. After filling the upper reinforced rib
areas, the aluminum liquid gradually fills up to
the overflow groove. Figure 8a and b depict the

Figure 6. Comparison diagram of two pouring system designs
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Figure 7. The casting filling simulation process for the optimized scheme:
(a)t=0.301s;(b)t=0.317s; (c)t=0.331s;(d) t=0.346 s
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Figure 8. The temperature distribution within the casting: (a) the front view of the casting for the

initial scheme; (b) the back view of the casting for the initial scheme; (c) the front view of the
casting for the optimized scheme; (d) the back view of the casting for the optimized scheme
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temperature distribution inside the casting for the
initial scheme, while Figure ¢ and d depict the
temperature distribution inside the casting for the
optimized scheme. It is evident that the alloy tem-
perature remains above 650 °C after the filling
process, which is higher than the liquidus temper-
ature. This indicates that there are no issues with
premature solidification during the entire filling
process, enabling successful completion. How-
ever, the optimized scheme exhibited a more uni-
form temperature gradient. Overall, both schemes
exhibit a trend of decreasing temperature from
the near-gate to the far-gate. The temperature in
the reinforcing rib areas and the thin-walled re-
gions of the casting is significantly lower.
Die-casting, due to its high-speed and high-
pressure characteristics, can lead to turbulence,
jetting, atomization, and other phenomena during
filling, resulting in defects such as porosity. The
distribution of porosity reflects the quality of the
filling process [17—18]. Figure 9 shows the distri-
bution of porosity during the filling process for
both schemes. Subfigure 9a depicts the porosity
distribution for the initial scheme, while 9b illus-
trates it for the optimized scheme. From the fig-
ures, it is noticeable that the regions with porosity
mainly occur at the left end and inclined surface.
By comparing the porosity volume under differ-
ent pouring system schemes, shown in subfigure
9c, it is evident that the growth trend of porosity
is similar in both schemes. During the slow injec-
tion stage (0~0.3 s), porosity gradually increas-
es, with the porosity volume of the optimized
scheme slightly lower than that of the initial
scheme. After 0.3 s, in the fast injection stage, the
slope of the curve steepens and porosity rapidly
increases. The porosity volume of the optimized
scheme is significantly lower than that of the ini-
tial scheme. At 0.347 s, the maximum porosity
volume is reached, measuring 2357.4 mm? for the

entrained air volume fraction Selected

1.00

0.75

0.50

0.25

0.00

initial scheme and 2134.8 mm? for the optimized
scheme, resulting in a reduction of 9.4%.

After completing the die-casting filling phase,
the casting enters the solidification phase, during
which casting defects predominantly occur. The
purpose of studying and controlling solidifica-
tion defects is to explore the behavior of metal
die-casting [19-20]. The solidification sequence
in the two pouring system schemes is generally
consistent. Solidification initiates in the overflow
groove and exhaust passage, followed by thin-
shell solidification, then near the pouring gate,
and finally, solidification occurs in the transverse
runners and thicker wall areas. Figure 5 displays
the distribution of shrinkage porosity within the
casting. Subfigures 10a and b depict the distri-
bution of shrinkage porosity for the initial and
optimized schemes, respectively. It is evident
that most of the shrinkage porosity is present in
the overflow groove area, with a few instances
in other parts of the casting. Through statistical
analysis of the volume of shrinkage porosity af-
ter casting solidification under different pouring
system schemes, the volume of shrinkage poros-
ity for the initial scheme is 237.5 mm?, while that
for the optimized scheme is 212.7 mm’, resulting
in an 10.4% reduction. Compared to the initial
scheme, the optimized scheme has relatively few-
er and more evenly distributed shrinkage porosity
defects. Moreover, these defects are located in ar-
eas with lower mechanical performance require-
ments, minimizing their impact on casting perfor-
mance. Most of the defects are concentrated in
the overflow groove, serving the purpose of gas
and oxide slag collection [21-22].

Experimental validation

On the basis of the optimized design of the
gating system, a 4500 T die-casting machine was

—=— Initial plan
—e— Optimization plan

0.25 0.30 0.35
time (s)

Figure 9. Entrained air distribution in castings of different schemes: (a) initial scheme;
(b) optimized scheme; (¢) entrained air comparison chart
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Figure 10. The distribution of shrinkage porosity in castings: (a) initial scheme; (b) optimized scheme

selected for the die-casting process. The integrat-
ed longitudinal beam-tower package component,
obtained using Chem-Trend coatings and micro-
spraying technology, is shown in Figure 11. The
casting exhibited a smooth surface finish, with no
evident defects such as porosity, cracks, depres-
sions, cold shuts, and stable dimensions. Figure 8

Figure 11. The integrated longitudinal
beam-tower package component

presents the X-ray inspection results of the compo-
nent. Figure 12a shows the position indicated by
the red box in Figure 11, and Figure 12b shows the
position indicated by the yellow box in Figure 11.
Subfigure 12a indicates that there are no defects
like porosity or cracks in the reinforced ribs and
circular pedestals. In subfigure 12b, the red circle
highlights the threaded hole area, where there are
minimal primary porosities present. These porosi-
ties align with the grade and size of machining
surface pores. Slices were taken from the critical
load-bearing areas of the casting for sampling. Fig-
ure 13a and b show the microstructure and SEM
images of the sample, respectively. These reveal
that the distribution of -Al and eutectic silicon is
relatively uniform, -Al grains are equiaxed, and
most of the eutectic silicon is spherical. A smaller
portion appears concentrated in a worm-like man-
ner near the grain boundaries. -Al is characterized
by uniformly equiaxed grains. Figure 14 shows the
mechanical properties of the critical load-bearing
area. The tensile strength, yield strength and elon-
gation of the tensile specimens are 269 MPa, 184
MPa and 10.9% respectively, as shown in Figure

Figure 12. X-ray detection: (a) reinforced ribs; (b) threaded hole area
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Figure 13. Metallographic structure and SEM of the sample: (a) the
microstructure; (b) SEM images of the sample
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Figure 14. The mechanical properties of the critical load-bearing area: (a) engineering stress—strain curve;
(b) shape and size of the sheet stretch sample(mm); (c) the SEM fractograph of a tensile specimen

14a, exceeding the production requirements of 120
MPa in yield strength and 10% in elongation. This
indicates the mechanical properties of the obtained
integrated castings meet specifications. Figure 14b
shows the SEM fractograph of a tensile specimen.
High density of dimples and tearing edges along
with some cleavage planes can be observed, sug-
gesting the alloy fractured mainly in a ductile man-
ner with relatively good plasticity.
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CONCLUSIONS

In this work, a no heat-treated Al-Si alloy was
applied for the integrated die casting of the au-
tomotive longitudinal beam and tower package.
Simulations of the mold filling and solidifica-
tion process were carried out. Combined with the
simulation results and experience, castings were
produced with process parameters of pouring
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temperature 695 °C, initial mold temperature 210
°C, plunger velocity 4.9 m-s™'. The following con-
clusions can be drawn:

1. For the integrated longitudinal beam-tower
package component, considering the casting
performance of the no heat-treated Al-Si alloy,
increasing the number of gating systems and
reducing the cross-sectional area of individual
gating systems can result in a design where the
aluminum liquid uniformly and steadily fills
the casting from all pouring gates, effectively
reducing the occurrence of turbulence and vor-
tex phenomena. The optimized pouring system
reduced porosity by 9.4%.

2. Shrinkage defects concentrated in ribs and
bosses which have complex shapes and thick
walls, where late solidification occurred. The
isolated liquid phase regions led to shrinkage.
This was mitigated by 10.4% with the opti-
mized scheme.

3. The integrated longitudinal beam and tower
rear castings produced with the no heat-treat-
ed Al-Si alloy achieved 269 MPa in tensile
strength, 184 MPa in yield strength and 10.9%
in elongation, indicating satisfactory mechani-
cal properties and casting performance.
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