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Abstract: Due to their low density, high specific strength, good toughness, and corrosion resistance, aluminum alloys
have become core materials for lightweight structural components, finding wide application in the aerospace and
automotive industries. In recent years, non-heat-treatable integrated die-casting technology has developed rapidly in the
field of new energy vehicle manufacturing, driving profound transformations in the automotive sector by enhancing
part performance, improving production efficiency, and reducing manufacturing costs. This paper systematically
reviews the research progress on non-heat-treatable aluminum alloys for die casting, with particular emphasis on the
alloy design and microstructure characteristics. The mechanisms underlying the formation of common defects during
die-casting, corresponding process optimization strategies, and their effects on mechanical properties are discussed in
details. Finally, the technical advantages, typical applications, existing challenges, and future development trends of

integrated die- casting technology are summarized.
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1 Introduction final casting®sBl. However, traditional die-casting

In recent years, to address the global shortage of fossil techniques are incapable of producing large structural

energy, traditional high-energy-consumption industries have
been compelled to transition toward decarbonization, with
energy conservation and emission reduction playing a
pivotal role.l'!l Research data from the automotive
industry indicates that for every 30% reduction in vehicle
weight, fuel efficiency can be improved by 20%-24%,
and carbon dioxide emissions can be reduced by 20%.
This demonstrates that vehicle lightweighting has
become a crucial strategy for energy conservation and
emission reduction in the transportation sector(?l.
Aluminum and its alloys, owing to their low density,
high specific strength, and excellent recyclability, have
emerged as ideal materials for  automotive
lightweighting®l. At present, die casting is the
predominant manufacturing process for aluminum
automotive components. Die casting refers to the process
in which molten or semi-molten metal is injected into a
mold cavity under high pressure and high speed,
followed by solidification under pressure to form the
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components, such as underbody panels and longitudinal
beams, as integrated parts. Instead, smaller components
must first be cast individually and then assembled, which
often results in poor surface quality, reduced impact
resistance, and lower mechanical strength. These
shortcomings introduce potential safety risks. In 2019,
Tesla introduced integrated die-casting technology for
the Model Y chassis, replacing approximately 370
individual components with just 2-3 large castings. This
advancement marked a significant breakthrough in
die-casting technology by enabling the one-shot forming
of large structural parts. The implementation of this
technology resulted in a 30% reduction in vehicle body
weight, a 40% decrease in manufacturing costs, and a
substantial improvement in overall safety performance!®.
Tesla's successful application has drawn unprecedented
attention to integrated die casting technology across the
automotive industry. In particular, this technology is
undergoing rapid development in China, with continuous

progress being achieved in both academic research and
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industrial implementation. Several major domestic
manufacturers, including NIO, ZEEKR, and Xiaomi
Auto, are actively employing this technology to produce

ultra-large components such as front cabins and rear

underbodies. However, several critical challenges remain.

Owing to the presence of significant residual stress
within large integrated die cast aluminum components
such as rear underbodies these structures are highly
susceptible to deformation during heat treatment. The
thermal expansion effect may result in severe distortion
and dimensional deviation which renders conventional
heat treatment strengthening unsuitable for such large
scale castings. In response to these issues the
development of non-heat-treatable die cast aluminum
alloys and their application in integrated die casting has
gradually become a major focus of current research(”],
In addition, during the melting stage, undissolved gases
often remain trapped within the interdendritic regions of
the molten metal, which commonly leads to the
formation of gas pores in die-cast components!!%H!!], The
presence of such defects severely compromises the
mechanical integrity of the casting, rendering it
unsuitable for load-bearing structural applications and
limiting its performance under elevated temperature
conditions.

Therefore, an overview of recent progress in the
compositional design of Al-Si and AI-Mg alloys is first
provided, focusing on the underlying concepts and
strategic approaches. To address the typical casting
defects commonly observed in integrated die casting,
including gas pores, shrinkage pores, and hot cracking,
this paper provides a detailed analysis of their primary
types, morphological characteristics, and formation
mechanisms. In addition, effective approaches for
controlling these defects and improving performance
through the optimization of process parameters are
discussed. Furthermore, this paper summarizes the
quantitative relationships between micropore characteristics
such as size, morphology, distribution, and location and
their effects on mechanical properties. These findings
provide theoretical support for fatigue life prediction and
structural design optimization. In conclusion, by
reviewing the practical applications of integrated die
casting technology among leading domestic automotive
manufacturers, this paper evaluates its advantages and
technical challenges in the production of new energy
vehicles

and provides perspectives on future

development trends and research directions.
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2 Research progress of aluminum alloy systems for
integrated die casting

The intrinsic properties of cast aluminum alloys largely
determine their upper-limit applicability in structural
components. With the rapid development of new energy
vehicles, automotive structural parts are evolving toward
highly integrated, lightweight, and efficient design and
manufacturing. Representative examples include the
one-piece hot-stamped door ring, the integrated die-cast
body, and the integrated die-cast subframel'?. For
large-sized integrated die-cast aluminum components,
the alloy system must meet several critical
requirements!!3]. (1) Excellent fluidity is essential for
achieving complete mold filling and ensuring high
surface quality. (2) Sufficient mechanical strength at both
room and elevated temperatures is required to meet the
demands of large, complex, and thin-walled structural
parts. (3) A narrow solidification temperature range helps
to reduce shrinkage-related defects and improve the
casting quality. (4) Low reactivity between the alloy and
the die material reduces the risk of die sticking or
soldering during casting. (5) Superior corrosion
resistance and structural integrity are necessary for
reliable  operation under harsh  environmental
conditions!'¥, Among the various cast aluminum alloy
systems, Al-Si and AI-Mg alloys have emerged as the
primary focus of current research and the mainstream
choice for integrated die casting applications due to their
excellent castability and well-balanced mechanical

properties.

2.1 Al - Si alloy

2.1.1 Composition design

The Al-Si die-cast aluminum alloy system has become
the primary focus in integrated die casting applications
due to its excellent fluidity. Typically, the composition of
die-cast aluminum alloys have a significant influence on
the mechanical performance of structural components!!>,
The selection and proportion of alloying elements are
critical for promoting the formation of sufficient
strengthening phases while maintaining the desired level
of fluidity!'®l. As the primary alloying element in Al-Si
alloy systems, Si is typically present in the range of 4 to
11.5 wt.%7. The addition of Si significantly enhances
melt fluidity, mitigates shrinkage pores, and reduces the
tendency for hot cracking. Moreover, it contributes to an
improvement in tensile strength to a certain extent.
During solidification, the formation of eutectic
strengthening phases further imparts superior mechanical
properties to the alloy. However, owing to the relatively

coarse eutectic structure of Al-Si alloys, alloying
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elements such as Cu, Mg, Mn, Sr, and rare earth
elements are commonly added to further enhance their
overall properties. The chemical compositions and
mechanical properties of newly developed Al-Si die-cast
alloys, designed for enhanced strength, toughness, and
ductility, are presented in Tables 1 and 2, respectively.

In Al-Si alloys, the Fe element is primarily added to
prevent die soldering. However, its content is typically
restricted to below 0.5 wt.% as excessive Fe may result
in the formation of brittle intermetallic phases that
significantly degrade the mechanical properties of the
alloy. In Al-Si alloys, Fe commonly exists in two typical
phases. One is in the form of plate-like or needle-like
structures, primarily located at grain boundaries, with the
chemical formula B-AlsFeSi, as shown in Fig. 1(c)!'8l.
This needle-like phase can split the matrix and
significantly reduce the alloy's toughness, making it a
detrimental phase. The other phase appears in a
Chinese-script or fishbone morphology, with the
chemical formula a-AlsFe.Si, as shown in Fig. 1(d). It
contributes to the increased strength and hardness of the
alloy. An increase in Fe content from 0.8 wt.% to 1.0
wt.% in Al-Si alloys has been shown to significantly
reduce both tensile strength and ductility, with values
dropping from 230 MPa to 205 MPa and from 1.2% to
0.79%, respectively!’. To mitigate the detrimental
effects associated with Fe, some researchers have
attempted to partially substitute Fe with Mn. The
addition of Mn promotes the formation of intermetallic
phases such as AlsMn or Alis(Mn,Fe)sSi2, which helps
suppress the formation of brittle phases commonly
generated under high Fe concentrations. Consequently,
the mechanical properties of die-cast Al-Si alloys can be
effectively improved?®”. To enhance the mechanical
properties, Mg is commonly added to Al-Si alloys. The
incorporation of Mg leads to the formation of Mg.Si
strengthening phases. It has been reported that each 0.1
wt.% increase in Mg content can improve the yield
strength by approximately 10 MPa. However, this
enhancement is accompanied by a reduction in ductility.
Therefore, the Mg content is typically limited to below
0.5 wt.%?". During T5 or T6 heat treatments, the
MgsSisAl,  can
precipitate, thereby enhancing the alloy’s strength. For
example, in the Silafont 36 alloy (Rheinfelden Alloys),
T5 treatment can increase the yield strength by

metastable  strengthening  phase

approximately 100 MPa compared to the as-cast

condition. After T6 treatment, the yield strength can
reach ~240 MPa, while the ultimate tensile strength can
increase to 310 MPa (see Table2). Similarly, T5 heat
treatment is also applicable to the Aural alloys (Magna)
with varying Si contents. Among them, Aural 2 exhibits the
highest strength, reaching up to approximately 340 MPa,
while Aural 5 demonstrates a favorable combination of
strength and ductility, with elongation ranging from 6%
to 12%?%. Similar to Mg, Cu enhances the strength and
hardness of Al-Si alloys primarily through the formation
of Al:Cu precipitates. However, excessive Cu content
can significantly deteriorate the corrosion resistance of
the alloy™®l. As a surface-active element, Sr can
fundamentally alter the behavior of intermetallic phases.
Therefore, Sr is commonly used for alloy modification
treatments to effectively improve the ductility,
machinability, and overall quality of Al alloys. Sr exerts
a spheroidizing and modifying effect on the eutectic Si
phase, effectively hindering grain boundary migration
and dislocation slip. As a result, the strength of the alloy
is enhanced, along with improved fracture toughness,
thermal expansion behavior, and workability. In addition,
the addition of 0.015-0.03 wt.% Sr to extrusion
aluminum alloys can promote the transformation of the
B-AlFeSi phase into the o-AlFeSi phase, thereby
improving the mechanical properties of the material and
reducing surface roughness of the final product®. Li et al.
systematically investigated the effects of Sr on the
morphology and size of Fe-rich phases using X-ray
computed tomography (XCT). Their results revealed that
Sr addition reduces both the size and volume fraction of
Fe-rich phases in the as-cast alloy, and the underlying
mechanism was further elucidated at the atomic scalel?’),
Ti and B are commonly added to Al-Si alloys as grain
refiners. During solidification, they promote the
formation of TiB: particles, which serve as potent
nucleation sites, thereby refining the grain structure and
enhancing the alloy's strength, toughness, and ductility.
Hu et al. investigated a high-pressure die-cast,
non-heat-treatable A19Si0.6Mn alloy and found that the
addition of 1 wt.% and 2 wt.% TiB: significantly refined
the grain structure, with the average grain size
decreasing from 17.1 pm to 13.1 um and 9.3um,
respectively®®l. Correspondingly, the yield strength and
ultimate tensile strength increased by 9.7 MPa and 11.2
MPa, while the elongation slightly decreased from 9.5%
to 8.8% and 8.3%, respectively, as shown in Fig. 2.
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Fig.1 Microstructure of as-cast Al-Si alloy: (a) low-magnification optical micrograph; (b) enlarged view of the selected region in (a); (c)

Table1. Elemental content of Al-Si series alloys

typical morphology of the B-Als FeSi Fe-rich phase; (d) typical morphology of the a-AlsFe2Si phasel'8l.

Al-Si Element content(wt%)
Companies alloy Refs
Si Fe Cu Mn Mg Zn Ti Sr Other
system
Silafont ~ 9.5-11. 0.04-0
<0.15 <0.03 <0.8 0.1-0.5
36 5 15
Rheinfelde  Silafont- 0.1-0.
8.5-10.0 <0.15 0.1-04 04-0.8 0.3-04 <0.15 Zr,Mo (221
n 38 3
Castasil ~ 8.5-10. 0.35-0. 0.006-0.
<0.15 <0.05 <0.06 0.07 <0.2 Mo, Zr
37 5 6 025
9.5-11.  0.15-0. 0.45-0.  0.27-0. 0.01-0.0
Aural 2 <0.03 <0.08 <0.03 (271
5 2 55 33 16
9.5-11.  0.15-0. 0.45-0. 0.01-0.1
Aural 3 <0.03 0.4-0.6 <0.08 <0.03
5 2 55 6
Magna
0.15-0. 0.45-0. 0.004-0. 11223,
Aural4  4.0-45 <0.03 0.4-0.5 <0.08 <0.03
2 8 007 (281
0.15-0.
Aural 5 6.5-95 5 <0.03 0.3-0.6 0.1-0.6 <0.08 0.03
Mercury Mercall 0.25-0. 0.05-0.0
8.5-9.5 0.25 0.25 0.1-0.3 0.1 0.2 <0.15
Castings oy A368 35 7 o3l
Mercury Mercall 0.25-0. 0.05-0.0 (221
8.5-9.5 0.25 0.25 0.3-0.5 0.1 0.2 <0.15
Castings oy A367 35 7
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EZCast 0.15-0. 0.01-0.0
6.0-9.0 <0.2 0.1-0.8 <0.2 <0.05
370 8 25
Alcoa (291
0.15-0. 0.01-0.0
Cc611 6.0-9.0 <0.15 0.4-0.8 <0.1 <0.05
30 3
Tesla 0.01-0.0
6.5-7.5 0.4 0.4-0.8 03-0.7 0.1-0.4 <0.15 V, Cr
Alloy 1 3
Tesla 0.35-0.  0.15-0. 0.015-0.
Tesla 6—11 0.5 0.3-0.8 <0.15 V, Cr (301
Alloy 2 8 4 05
Tesla 0.35-0. 0.015-0.
6—11 0.5 0.3-0.8 0.1-0.4 <0.15 V, Cr
Alloy 3 8 05
LIZHONG LDHM- 0.35~ 0.06~  0.015~
9.1~10 0.15 0.03 0.06 0.05 Mo, Zr Bl
GROUP 02 0.6 0.15 0.025
0.03-0.  0.005-0. Ni, Gr,
Chinalc ZL 7.5-9.5 0.4-0.8 0-0.4 (321
1 025 Zr
Tsinghua 0.01-0.0
o THAS-1 8-11 0.2 0.4-0.8 V, Zr (331
University 4
Shanghai
0.05-0. 0.05-0.  0.01-0.0
Jiao Tong JDAL1 8-10 0.2 s 0.5-0.8 0.1-0.5 5 s V,RE (341
University
0.03-0.  0.015-0.
HT11 7-10 0.1-0.2 0.05 0.3-0.7 0.07 A%
Guangdon 2 03 53]
g Hongtu 0.03-0.  0.015-0.
HT22 7-10 0.1-0.2 0.05 0.3-0.7 0.2-03  0.07 A%
2 03
0.09-0.  0.25-0. 0.05-0.  0.02-0.0 Zr, Hf,
Xiaomi Tiantans  6.5-8.3 0.5-0.8 0.2-04 025 361
25 5 2 4 Re
CHINA 0.02-0.0
- 6-8 0.5-0.6 0.6-09 0.6-0.8 0.3-04 0.1-0.2 (371
FAW 5
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Fig. 2. SEM images and grain size statistics: (a—b) Al9Si0.6Mn alloy; (c—d) Al9Si0.6Mn-1TiB: alloy; (e—f) Al9Si0.6Mn—2TiB: alloy?¢!
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2.1.2 Recent advances in domestic and international research

At present, numerous institutions both in China and
abroad have independently developed their die-cast
aluminum alloys. Research and development on
non-heat-treatable die-cast alloys was first initiated
C611, part of the EZCast alloy series
developed by Alcoa for large structural castings, is a
representative  heat-treatment-free ~ alloy.  Its
composition includes 0.01-0.03 wt.% Sr, which contributes

to its excellent high-temperature fluidity and good

overscas.

chemical

demoldability. The alloy exhibits a tensile strength of
268 MPa, a yield strength of 123 MPa, and an elongation
of 16.2%,
performance. At present, the C611 aluminum alloy has

outperforming Castasil 37 in overall
been applied in the manufacturing of all-aluminum
bodies for vehicles such as the Audi A8 and Ferrari 360
Modenal3®], C611
non-heat-treatable structural die-cast aluminum alloys, Aural

Similar to the alloy, two
6 and Aural 5, have been developed by Magna in Canada.
Among them, Aural 6 is commonly used for producing
self-piercing riveted (SPR) structural components in car
bodies due to its excellent ductility and natural ageing
stability after casting and before paint baking. Other
alloys with comparable performance to the Aural series

include the EZCast series developed by Alcoa and the
Mercalloy 368 and 367 alloys!*M®h22], Castasil 37 is a
Al-Si
developed by Rheinfelden Alloys in Germany. When the
Mg content is 0.06 wt%, the alloy exhibits a tensile
strength of 230 MPa, a yield strength of 120 MPa, and an
elongation exceeding 10%, as shown in Table 2. To

non-heat-treatable die-cast aluminum alloy

achieve a synergistic improvement in strength and
toughness, Jason introduced a series of newly developed
alloys by Tesla (Tesla alloy 1, Tesla alloy 2, and Tesla
alloy 3) in a recent patent. These alloys enhance strength
without significantly compromising ductility by precisely
controlling the Cu/Mg ratio, which promotes the
precipitation of the AlCuMgSi phase instead of the
conventional Mg>Si and Al-Cu phases. In addition, Sr is
added to modify the morphology of the Si phase, and V
is introduced to promote the formation of spherical
AlFeSi(Mn+V) phases while reducing the formation of
plate-like Fe-rich phases. Both modifications contribute to
improved toughness. The final as-cast alloy, designed for
large structural castings, exhibits a yield strength of at least
approximately 130 MPa and a bending angle of at least
approximately 20 degrees at a section thickness of 3 mm, and
has been successfully applied in the Tesla Model Y13,

Table2. Mechanical properties of typical high-strength and high-toughness aluminum alloys

YS UTS EI Alloy YS UTS EI Alloy
Grades Temper Grades  Temper
(MPa) (Mpa) (%) system (MPa) (Mpa) (%) system
F 120-150  250-290  5—11 Al-Si F 105-140 250280 7.5-13  Al-Si
157- EZCast
Silafont T5 290-316 4.5-8.9  Al-Si T6 135-250 195-300  7-16 Al-Si
212 370
36
240- Tesla
T6 300-310 7.1-10  AI-Si F 130 Al-Si
250 Alloy 1
Silafont- Tesla
F 140-160  270-300 4-7 Al-Si F 130 Al-Si
38 Alloy 2
Castasil 120- Tesla
F 230-300 10-14  Al-Si F 130 Al-Si
37 150 Alloy 3
LDHM
F 140 310 8.6 Al-Si 0 F >110 >220 >12 Al-Si
Aural 2 )
189— 14.7-
TS 303-339 89 Al-Si ZL F 123-141  276-298 Al-Si
230 17.4
130— THAS- 130~ 280~ 10~
F 250-310 4-8 Al-Si F Al-Si
160 1 150 295 16%
Aural 3
190-24 260~ 10~
TS 300-340 4-6.5 Al-Si JDAL1 F 120-160 Al-Si
0 320 15
Aural 4 F 103 219 17 Al-Si HTI1 F 116 263 16.85 Al-Si
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TS 112 221 16 Al-Si HT22 F 120 284 15.5 Al-Si
170- Tiantan 135~ 270~
T6 260-300 9-17 Al-Si F >10 Al-Si
235 S 170 320
125— Magsi
F 245-265 9-12 Al-Si F 160220 310-340 12-18 Al-Mg
145 mal 59
Aural 5
120-
T5 160 190-260 6-12 Al-Si  Magsi F 208 348 10 Al-Mg
125 mal-plu
F 260275  10-12  Al-Si ] T5 230240 360-370 10 Al-Mg
Mercalloy 140
A368 185— Castad
T6 280295  14-16  Al-Si F 123-135  245-265 11-15 Al-Mg
200 uct-42
180~ 360~
F 115 270 8.1 Al-Si JDA2 F 8~12 Al-Mg
220 420
Mercalloy 170—
T5 295-310 5-9 Al-Si 560
A367 205 17-
F 150-156  262-274 Al-Mg
230- 23%
T6 295-340 8-10 Al-Si 560.1
245
10-
Co6l11 F 117-132  228-268 Al-Si

14.1

In recent years, notable progress has been made in China
in the development of integrated die-cast aluminum
alloys. LDHM 02, a non-heat-treatable aluminum alloy
independently developed by LIZHONG GROUP,
exhibits excellent die castability and mold filling
capability, along with good high-temperature corrosion
resistance, thermal stability, and electrical conductivity.
Designed as a counterpart to Castasil 37, LDHM 02
adopts a low Mo modification technology, in which the
Mo content is only one-fifth to one-seventh of that in
comparable international modifiers. This approach
effectively addresses the key issue of compositional
segregation during large-scale integrated die casting.
While
manufacturing costs by 15 to 20 percent compared to

enhancing performance, it also reduces
similar foreign alloys, significantly improving the market
competitiveness of domestically developed non-heat-treatable
alloysB!M31, The research team led by Liming Peng,
developed a non-heat-treatable die-cast Al-Si alloy
named JDAI. In addition to Sr modification for refining
the eutectic Si phase, the alloy uniquely incorporates a
combination of V and RE elements during processing.
This composite addition of V and RE helps maintain the
eutectic Si in a fine and dispersed form, thereby
enhancing the alloy’s ductility. The JDAL1 alloy achieves
a significant improvement in elongation without
compromising tensile strength and has been included in
the material database for General Motors' Cadillac
CT6B4.  In  addition,

Tsinghua  University, in
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collaboration with FAW Group, has developed a
high-toughness as-cast Al-Si die-cast alloy, as shown in
Table 1. Unlike conventional die-cast alloys, the THAS 1
alloy contains trace additions of Zr and V, which serve to
refine the grain structure and enhance solid solution
strengthening and matrix strength. The alloy exhibits a
yield strength of up to 130 MPa, an ultimate tensile
strength in the range of 280 to 295 MPa, and an
elongation of up to 16%!3. On this basis, the THAS 2
alloy was subsequently developed with the addition of
0.1-0.4 wt.% Mg and 0.1-0.4 wt.% Zn. By optimizing
both the individual contents and the ratio of Mg to Zn,
the alloy's strength was further enhanced™’l. The THAS
3 alloy, with additional Cr and Ti elements introduced to
reduce the size of Fe-rich phases, exhibits excellent
strength and ductility™']. China FAW introduced Mg and
Cu into the alloy system and carefully controlled their
relative ratio, promoting the formation of a finer
AlSiCuMg phase. This design strategy enhances the
alloy's strength without compromising its ductility®®’]. In
contrast, Guangdong Hongtu developed the HT11 alloy
by reducing the Mg content to limit the formation of
Mg.Si phases, thereby achieving a balance between
strength and eclongation that meets the mechanical
performance requirements for automotive structural
components®®’]. Xiaomi has simultaneously introduced
Mg, Cu, and Zn into its alloy system, with the Zn content
specifically controlled at 0.25%, to comprehensively
enhance the alloy’s strength and meet the fundamental
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performance requirements of electric drive housings!®®,
In addition, to address the issue of thermal stability,
Chinalc has developed the ZL alloy, which exhibits
After
temperatures not exceeding 150 °C for 1000 hours, the

excellent thermal resistance. exposure at
mechanical properties show less than 10% degradation.
The alloy demonstrates outstanding as-cast mechanical
performance, with a yield strength exceeding 120 MPa
than 14%. These

characteristics significantly improve the qualification

and an elongation greater
rate of thin-walled die cast structural components and

help reduce the production cost of automotive parts!32,

2.2 Al - Mg alloy

2.2.1 Composition design
Compared with Al-Si alloys, Al-Mg die-cast alloys have
attracted  increasing  attention as  promising
non-heat-treatable materials due to their high strength,
excellent toughness, and superior corrosion resistance.
However, thermal

their relatively high expansion

coefficient and solidification shrinkage limit their

application range, which currently remains narrow and is

mainly focused on castings that require high corrosion
resistance and superior surface quality. Commonly used
non-heat-treatable Al-Mg alloys and their chemical
compositions are listed in Table 3.

In Al-Mg alloys,
strengthening element, typically in the range of 3-12
wt.%. solid

strengthening, making Al-Mg alloys well-suited for the

Mg serves as the primary

Mg mainly contributes to solution
development of non-heat-treatable aluminum alloys. To
improve the castability of Al-Mg alloys, Si is usually
added in the range of 0.8-1.3 wt.% to enhance melt
fluidity and feeding ability during solidification. The
microstructure of high-pressure die-cast Al-Mg alloys
typically consists of an a-Al matrix with dissolved Mg
atoms and a eutectic phase composed of a-Al + MgSi.
Using scanning transmission electron microscopy (STEM),
Yuan® captured bright-field and dark-field images of the
typical morphology of Mg:Si, as shown in Fig. 3. The Mg>Si
particles exhibit a short, rod-like morphology with elliptical
ends. The lengths of these rod-shaped MgxSi particles range
from 497.2 to 1064.7 nm, while their diameters vary between
118.1 and 258.8 nm.

Table3. Elemental content of Al-Mg series alloys

Al-Mg
Companies alloy Si Fe Cu Mn Mg Zn Ti Sr other Ref
system
Magsimal
I 1.8-2.6 <0.2 <0.03 05-0.8 5.0-6.0 0.07 <0.2 Be
Magsimal Mo,
Rheinfelden 2226  <0.15 <0.05 05-0.8 6.0-64 0.07 <0.05 [22]
-plus Be, Zr
Castaduct-
2 <0.2 1.5-1.7 <0.2 <0.15 4145 03 <0.2 <0.2 Be
Shanghai 0.15 Be,Ca,
Jiao Tong JDA2 2.0-3.6 <0.04 0.6-09 6.0-8.0 0' 20 VRE, [43]
University ' Zr
1.10- 2.80-
560 0.25 0.2 0.05 0.15
1.40 3.60
Alcoa
1.10- 2.85-
560.1 0.25 0.15 0.05 0.15
1.40 3.60
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(a)

Fig. 3. Typical morphology of the Mg.Si phase: (a) bright-field image; (b) annular dark-field image

The Zn plays a solid solution strengthening role in
Al-Mg aluminum alloys, primarily through the
formation of MgZn.. In addition, Zn provides
electrochemical protection, reducing the corrosion rate of
Al-Mg alloys, particularly in humid or electrolyte-rich
environments. Moreover, the presence of Zn improves the
alloy’s casting fluidity and formability, making Al-Mg
alloys more suitable for the production of large and
complex die-cast components, while also reducing
casting defects such as cold shuts and porosity*. In
addition, properly controlling the Fe content can mitigate
its detrimental effects on the mechanical properties of
Al-Mg alloys. According to the findings of Zhu et al.,
when the Fe content is below 2.0%, its addition can
enhance the ultimate tensile strength. However, as the Fe
content increases further, the ultimate tensile strength
decreases significantly. To achieve optimal overall
mechanical performance, the Fe content should be
maintained within the range of 2.0-2.5%%l For
non-heat-treatable alloys, controlling the content of
porosity and inclusions is critical to ensuring desirable
material properties. In Al-Mg alloys, Be is commonly
used to improve the oxidation behavior of the melt. Due
to the high reactivity of Mg with oxygen at elevated
temperatures, excessive oxidation products can form and
induce porosity defects. The addition of Be facilitates the
formation of a dense and stable BeO film on the surface
of the melt, which effectively isolates the melt from air
exposure. This not only reduces oxidation losses and
suppresses pore formation, but also lowers the oxygen
content and defect rate in the alloy. In addition, Be also
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serves as a modifying element that reduces the
detrimental effects of Fe-rich phases and refines the size
of eutectic silicon, thereby contributing to the
improvement of both mechanical and fatigue properties
of the alloy™®l,

2.2.2 Recent advances in domestic and international research
The 560 series is a die-cast aluminum alloy developed by
Alcoa in 2008. This alloy uses Mg and Mn as its primary
alloying elements, both contributing to solid solution
strengthening. Upon its development, the 560 alloy was
promptly applied in the production of large-sized door
components for the Nissan GT-R. However, due to its
wide solidification temperature range, the alloy exhibits
a strong tendency toward hot cracking during die casting.
As a result, it is not the optimal choice for components
with significant variations in wall thickness. Building
upon the previously developed alloy, Alcoa introduced
the A152 alloy with 3% magnesium and the A153 alloy
with 4% magnesium to improve the hot cracking
resistance. These modifications were aimed at enhancing
the plasticity and cold formability of Al-Mg alloys"l.
Rheinfelden  developed the Magsimal59 alloy
(AIMg5Si2Mn), in which the addition of Si was
employed to improve hot cracking resistance and
enhance melt fluidity during the casting process. In the
as-cast condition, the alloy exhibits a yield strength of
160 MPa, an ultimate tensile strength of 310 MPa, and an
elongation of 12%. Another variant, Magsimal-Plus,
achieves a high as-cast tensile strength of up to 340 MPa.
In addition, this alloy exhibits excellent corrosion
resistance, often eliminating the need for protective
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coatings??l. Castaduct42 is another alloy developed by
Rheinfelden. Compared to alloys such as C446F and
Magsimal59, it features a lower Mn content and a
relatively higher Fe content. This composition provides
improved anti-soldering performance during die casting.
Moreover, the alloy is well-suited for production using
recycled aluminum, offering advantages in reducing
carbon emissions.

The JDA2 alloy, developed by Peng’s team in Shanghai
Jiao Tong University, contains a high magnesium content,
which tends to promote the formation of coarse eutectic
Mg.Si particles in the microstructure, thereby reducing
the alloy’s elongation. To address this issue,
grain-refining elements such as Ti, Zr, and V were
introduced, along with RE/Ca composite modifiers to
refine the eutectic Mg:Si phase. As a result, an optimized
microstructure composed primarily of an a-Al matrix
and fine eutectic Mg-Si was achieved. In the as-cast state,
the alloy shows a yield strength of 210 MPa, tensile
strength of 340 MPa, and elongation of 12.1%. Notably,
after conventional die casting followed by natural ageing,
its mechanical properties surpass those of Magsimal59
alloy even after T6 heat treatment. This category of heat
treatment—free die-cast aluminum alloys is particularly
well-suited for manufacturing thin-walled automotive
components43H48],

2.3 Other newly developed alloys

In addition to the aforementioned systems, many
researchers have also focused on the development of
other categories of non-heat-treatable alloys. Song et al.
from the Institute of New Materials, Guangdong
Academy of Sciences, independently developed a
non-heat-treatable, high thermal conductivity die-cast
aluminum alloy named GDAS. In this alloy, Zn is
employed as the primary strengthening element. Due to
its high solubility in aluminum, Zn mainly exists in the
form of a solid solution, thereby enhancing the strength
of the matrix. Without any heat treatment, the alloy
achieves a tensile strength exceeding 320 MPa, a yield
strength above 200 MPa, an elongation of over 8.0%, and
a thermal conductivity greater than 160 W/(m-K). These
properties make it highly suitable for manufacturing
communication infrastructure components, such as base
station housings and heat sinks™. Li et al. from
Shanghai Jiao Tong University developed a
non-heat-treatable high-strength and high-toughness
die-cast Al-Ce—Mg-Si alloy. Unlike conventional Al-Si
and Al-Mg die-cast aluminum alloys, this alloy
incorporates 68 wt.% Ce, which promotes grain
refinement by forming AlCeSi phases that serve as
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heterogeneous nucleation sites for o-Al grains.
Furthermore, the presence of AlCeSi and Al;;Ces phases
as secondary particles contributes to second-phase
strengthening. In the as-cast state, the alloy exhibits a
yield strength exceeding 140 MPa, an ultimate tensile
strength above 250 MPa, and an elongation greater than
10%, while maintaining excellent castability™®”. Xiaomi
has developed a die-cast Al-Cu—Mg—Zn aluminum alloy
tailored for electric drive housings. The alloy exhibits a
yield strength above 220 MPa and a tensile strength
exceeding 330 MPa, meeting the structural performance
requirements of the housing. However, its ductility
remains relatively lowl!], Similarly, NIO has developed
a non-heat-treatable aluminum alloy for motor housing
applications. Cu and Mg are added to the alloy, and the
mass ratio of Cu to Mg is carefully controlled within a
specific range to maximize strength enhancement
without  compromising  toughness. The  alloy
demonstrates a tensile strength greater than 360 MPa, a
yield strength above 230 MPa, and an elongation
exceeding 3 %, making it suitable for use in motor

housings?.

3 Effects of casting defects on microstructure and
mechanical properties and process optimization

3.1 Types of casting defects

Fluctuations in die casting process parameters and
improper operation inevitably lead to the formation of
casting defects, which in turn manifest variations in
defect types, sizes, and severity levels. A systematic
analysis of different types of defects and their formation
mechanisms can effectively guide process adjustments
and thus improve product quality. Fiorese et al. reviewed
the hierarchical classification methods for defects in
aluminum castings'™). They categorized defects into: (1)
defect morphology and location (internal, external,
geometric); (2) metallurgical origins of defects (such as
porosity, solidification shrinkage, etc.); and (3) specific
defect types (noting that the same metallurgical
phenomena may give rise to multiple defect types). This
study builds upon the defect classifications summarized
by Fiorese and Wang et al., refining them into four
categories: internal defects, surface defects, geometric
defects, and metallurgical defects. Fig. 4 illustrates the
morphological characteristics of each defect type.

3.1.1 Internal defects

3.1.1.1 Shrinkage pores

During solidification, shrinkage pores are discontinuity
defects caused by insufficient feeding of molten metal.
These regions are typically the last to solidify, known as
hot spots, and are usually located within the interior of
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the casting. In rare cases, they may appear near the
surface, resulting in surface defects resembling shrinkage
depressions. Based on their volume and distribution
characteristics, shrinkage pores can be classified into
macro-shrinkage pores and interdendritic shrinkage
pores®¥.  Macro-shrinkage pores typically form in
specific regions of the casting, such as thermal hot spots,
and are characterized by rough surfaces and a spongy
appearance. Interdendritic shrinkage pores mainly occur
during the final stage of solidification. As dendrites
solidify first in local regions, volume contraction arises.
When liquid metal fails to sufficiently feed the
interdendritic areas, shrinkage pores form. According to
extensive work by our group, shrinkage pores in cast
aluminum alloys range in size from a few micrometers to
several millimeters and exhibit significant inhomogeneity in
their distribution.

3.1.1.2 Gas pore, gas-shrinkage pore and blisters

Gas pores typically appear as spherical or elliptical
cavities with relatively smooth surfaces and small
sizes!!!l. A thin oxide film is often observed on the inner
surface, resulting from reactions between air and molten

metal at high temperatures. Due to their distinct
formation mechanism and geometry, gas pores are
generally easy to identify in XCT or metallographic
analyses and can be distinguished from shrinkage-related
defects. Fig. 4 shows representative images of gas pore
defects. Although small in size, such defects can still act
as crack initiation sites under high stress or cyclic loading
conditionsP®. When gas pores become interconnected with
shrinkage pores during solidification, they form
gas-shrinkage pores. These pores exhibit typical hybrid
characteristics, with an overall rounded morphology
often accompanied by localized protrusions or elongated
tails. Such features reflect the combined influence of
internal gas pressure and solidification shrinkage during
their formation, resulting in morphologies that are
intermediate between isolated gas pores and shrinkage
poresl®®l. When the internal pressure of gas pores near the
surface is sufficiently high, it can induce plastic
deformation of the casting surface at elevated
temperatures, resulting in the formation of small surface

bulges known as blisters7H381,
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Fig.4 Multilevel classification of defects in aluminum alloy castings

3.1.2 Surface defects

Surface defects are typically attributed to abnormal
surface conditions caused by interactions between the
molten metal and the mold. Common types of such
defects include sinks, flow marks, cold joints, surface
sediment, erosion, indentations, cold laps, cold shots, and
laminations. These defects are usually found in areas that
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affected by the
high-temperature molten metal or by severe thermal

are  heavily impingement  of
cycling.

3.1.2.1 Flow marks, cold joint, cold laps and cold shot
Flow marks, cold joints, cold laps, and cold shots
primarily originate from insufficient fluidity of the
molten metal during mold filling, uneven temperature
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distribution, or inconsistent cooling rates. These
conditions lead to poor metallurgical bonding or the
entrapment of cold metal inclusions within the casting.
Below is a brief overview of the formation mechanisms
and characteristics of each defect type. Flow marks refer
to surface stripes on the casting that follow the flow
direction of the molten metal, accompanied by
non-directional linear marks exhibiting a color difference
from the metal matrix. The causes of flow marks include:
(1) low mold temperature;(2) poor gating design,
including unfavorable location of the internal gate;(3)
low material temperature;(4) low filling velocity and
short filling time;(5) inappropriate design of the pouring
system; (6) defective ejector pins®l. Cold joints and cold
laps both reflect inadequate fusion when multiple
streams of molten metal meet. A cold joint is formed
when two streams of molten metal fail to fuse
completely upon meeting. Cold joints are especially
prone to occur under conditions of low temperature, slow
filling speed, and long metal flow paths, typically
appearing as narrow and elongated defects. In contrast, a
cold lap forms when a relatively cooler metal flow
encounters another stream of molten metal at a higher
temperature that remains fluid. This uneven thermal
exchange affects the flow behavior of the molten metal,

(391 In addition,

resulting in the formation of cold laps
cold shots differ from the previously described defects.
When molten metal enters the mold in the form of
droplets or splashes and rapidly solidifies upon contact
with the mold wall, it may become entrapped within the
casting under the impact of subsequently injected
high-temperature metal, leading to the formation of cold
shot defects®3]. These defects often have a significant
negative impact on the surface quality and overall
structural integrity of the casting.

3.1.2.2 Surface sediment, erosion and indentations

Such defects fundamentally originate from the complex
interactions between the mold and the molten metal in
high-temperature and high-pressure  environments.
Surface sediments refer to a layer of material
accumulated on the casting surface, which exhibits
significant  differences in chemical composition,
thickness, distribution, and adhesion strength compared
to the underlying substrate!®. In contrast, erosion is
primarily caused by the repeated impingement of
high-velocity molten metal on the mold surface,
eventually leading to surface protrusions or pitting on the
casting. This defect not only compromises the surface
quality of the casting but may also reduce the service life

of the mold. Such defects are typically attributed to
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improper design of the location and geometry of the
ingate, which results in abnormal flow direction and
velocity of the molten metal. Additionally, indentations
refer to marks caused by direct contact between the
casting surface and the mold cavity surface, or to
step-like depressions formed on the casting surface.
These defects are typically associated with poor mold
closure, surface damage to the mold, improper
demolding, or non-standard operating procedures. They
directly affect the surface appearance and dimensional
accuracy of the casting.

3.1.2.3 Sinks

Sink marks are casting defects that occur as surface or
near-surface depressions caused by solidification
shrinkage of the metal during the casting process. They
are commonly observed on the upper surfaces or in thick
sections of castings, typically appearing as shallow or
Although  the

mechanisms of sink marks are similar to those of

irregular  indentations. formation
shrinkage porosity, their location near the surface
classifies them as surface defects.

3.1.2.4 Laminations

Laminations, as a typical casting defect, refer to layered
separations present within the casting or near its surface.
They form when the molten metal comes into contact
with the mold surface and rapidly solidifies, resulting in
localized, distinctive layers inside the casting. Although
both laminations and surface sediments manifest as thin
layers, surface sediments are foreign materials adhering
to the casting surface, whereas laminations are internal
layered separations caused by incomplete fusion between
two streams of molten metal or by entrapped oxides,
gases, and other inclusions. Therefore, laminations are
classified as forming defects. The main causes of
laminations include insufficient fusion of the molten
metal, improper gating system design, and poor mold
venting.

3.1.3 Geometrical defects

Geometric defects refer to deviations of the actual
casting shape from the design specifications caused by
factors such as uneven material distribution, insufficient
or excessive mold filling, and dimensional tolerances
being exceeded. Common geometric defects include
incomplete filling due to poor mold filling, flash
resulting from mold misalignment, and deformation
caused by uneven cooling or demolding stresses. These
defects directly affect the dimensional accuracy and
assembly performance of the casting.

3.1.3.1 Incompleteness and flash

During the mold filling process, insufficient molten
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metal or limited fluidity can easily lead to at the end of solidification(®?. Fig. 4 shows the

incompleteness, which is characterized by blurred
contours and missing structural features. One of the
fundamental causes of such defects is the high viscosity
of the melt. In a highly viscous state, the melt exhibits
increased flow resistance and has difficulty effectively
filling thin-walled regions or complex features within the
mold cavity. However, if an excessive amount of molten
metal is present, it may infiltrate tiny gaps between the
mold and the part, resulting in the formation of flash.
When the clamping force provided by the die-casting
machine is insufficient to counteract the internal pressure
of the molten metal, the metal may escape along the
mold's parting lines, thereby producing flash defects3].
3.1.3.2 Deformation

Deformation refers to the deviation of a casting from its
intended geometric shape, primarily caused by thermal
contraction during the cooling process. This defect tends
to be more pronounced under high-temperature
conditions or in castings with significant variations in
wall thickness. Differences in solidification time and
temperature across various regions of the casting
generate internal stresses that cannot be fully relieved,
resulting in the formation of residual stress and,
consequently, deformation.

3.1.4 Metallurgical defects

3.1.4.1 Cold crack

Cold cracks are cracks that form in castings after
solidification, as the temperature gradually decreases to
lower levels, due to the effects of structural stress or
residual stress. In high-pressure die casting (HPDC)
processes, this defect typically occurs at lower
below the
solidification temperature range. Cold cracks are

temperatures,  significantly alloy's
typically elongated and often manifest as transgranular
fractures. As shown in Fig. 4, the presence of brittle
intermetallic compounds within the alloy led to cold
cracking, causing spontaneous fracture of a 500 kg
aluminum alloy slabl®!],

3.1.4.2 Hot tear

Unlike cold cracks, hot tear form in the liquid phase
within the mushy zone during the final stage of
solidification. These cracks typically exhibit a dendritic
morphology. Due to their formation at relatively high
temperatures, the fracture surfaces are often
accompanied by severe oxidation. This type of defect
commonly occurs in alloys with a wide solidification
range or in regions with thermal concentration, where the
local stress, although significantly lower than the tensile

strength of the alloy, is still sufficient to cause cracking
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intergranular fracture characteristics of hot tear, with a
tree-like propagation path.

3.1.4.3 Inclusion

Non-metallic or metallic compound phases that are
present in the matrix and differ from it in both
composition and structure are referred to as inclusions.
According to their characteristics, inclusions can be
classified into metallic and non-metallic types. The
majority of inclusions are non-metallic, among which
oxide inclusions are the most prevalent. Oxide inclusions
are typically formed during the melting and pouring
processes of the alloy. They result from complex
chemical reactions between the charge materials, fluxes,
modifiers, and atmospheric components such as oxygen
and water vapour, and generally appear as thin films,
flakes, or dispersed particles. Aluminum oxide, as the
primary component of oxide inclusions, typically exists
in the form of an oxide film. During pouring and mold
filling, the folding and bending of the oxide film can lead
to the formation of a double-layered structure known as a
bifilm[%3M4, In the lower right corner of Fig. 4, a
double-layered film structure is shown. A pore defect is
located in the middle, and the bright white regions on
both sides correspond to oxide films[®3].,

3.2 Process optimization and defect control strategies
3.2.1 Integrated optimization strategy

As described above, casting defects are inevitably
generated during the actual production of large integrated
castings. Therefore, it is necessary to perform numerical
simulations to predict micropore defects before practical
design and development, allowing for the optimization of
process parameters and the control of casting defects,
ultimately improving the overall performance of the
castings. At present, many researchers have adopted
numerical simulation methods to comprehensively
evaluate each process parameter. By employing
optimization techniques, they aim to identify the optimal
combination of parameters to enhance the performance
of the cast components.

Dong et al. simulated the forming process of an
integrated die-cast rear floor (IDCRF) using ProCAST®¢],
The simulation results revealed issues of delay and
asymmetry during mold filling, which led to severe
shrinkage pore defects. To reduce these defects, they
employed the response surface methodology (RSM) to
analyze the influence of key process parameters. The
results indicated that pouring temperature had the
greatest effect on the shrinkage pore volume, followed
by mold temperature, fast shot velocity, and slow shot
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velocity. By applying the optimal parameters determined
through RSM, the simulation results, as shown in
Fig.5(a), demonstrated a 59.1% reduction in the total
This
simulation-driven optimization strategy can significantly

shrinkage pores volume of the casting.
improve the quality and performance of large integrated
aluminum alloy die castings. Kim et al. also addressed
casting defect issues by proposing an optimization
method that combines ProCAST simulation with a
comprehensive quality index based on multi-attribute
decision making!®”. By converting multiple quality
attributes into a single comprehensive quality index, they
identified the optimal parameters for minimizing defects
in AlISi9CulMg alloy. The optimized parameters were a
pouring temperature (PT) of 640 °C, a filling ratio (FR)
of 40%, a piston velocity (PV) of 6.5m/s, and a
preheating mold temperature (PMT) of 150 °C. Among
these, pouring temperature was again found to be the
most critical process parameter affecting defect
formation. Xu et al. adopted a similar method to
comprehensively  optimize the casting process
parameters, which ultimately minimized the porosity of
the alloy™®®]. Our research group has conducted relevant
work on investigating the influence of casting parameters
on defect formation!®. Taking aluminum wheels as the

research object, we used the ProCAST system to study
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the effects of process parameters, including pouring
temperature, mold temperature, filling temperature, and
holding pressure, on shrinkage pores. The results
indicated that, within a certain range, increases in
pouring temperature and mold preheating temperature
improved the mold filling capability of the molten metal,
thereby reducing shrinkage pores. However, when either
the pouring temperature or the mold preheating
temperature became excessively high, shrinkage pores
began to increase. In recent years, with the widespread
application of machine learning and artificial intelligence
algorithms, some researchers have begun to use
advanced computational methods to optimize process
parameters in die casting. Shahane et al. proposed and
validated a method that integrates a non-dominated
sorting genetic algorithm (NSGA 1I), deep neural
networks, and finite volume simulation to optimize the
solidification process in die casting!’’l. In this method,
product quality was evaluated as a function of the initial
molten metal temperature and the boundary temperature.
By adjusting the initial temperature and the mold
temperature, optimal control of product quality was
achieved. This research direction is expected to become a

major focus in the future development of numerical

simulation in the casting industry.
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Fig. 5. (a) Forming simulation of the integrated die-cast rear floor (IDCRF); (b) sequential solidification simulation of a wheel

under low-pressure casting; (c) micropore distribution under different injection speeds
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3.2.2 Single-parameter optimization strategy

For key process parameters such as pressure, vacuum
level, die casting speed, pouring temperature, and mold
temperature, extensive research has already been
conducted by many researchers. Die casting pressure
plays a vital role in obtaining a compact microstructure
and minimizing defects.

Yang et al. employed a vacuum-assisted high-pressure
die casting process to fabricate large integrated castings
under three different dynamic casting pressurest’!. XCT
was used to quantify the pore defects at each pressure
level. At 390 bar, the porosity of the sample was reduced
by 88.46% and 62.5% compared to those cast at 266 bar
and 300 bar, respectively. Meanwhile, the yield strength
of the casting produced at 390 bar increased by 5.59%
and 12.32% compared to those cast at 266 bar and 300
bar, respectively. In addition, according to the actual die
casting process, the pressure ratio can be categorized into
the first-stage injection pressure ratio (IPR) and the
second-stage boosting pressure ratio (BPR). In practical
production, the selection of IPR should take into account
various factors, including the geometry, size, complexity,
and wall thickness of the casting, as well as the alloy
properties and temperature. The literature has
summarized the criteria for selecting these pressure
parameters!®,

Vacuum level is primarily applied in high-pressure die
casting, and previous studies have indicated that the
number and size of defects in large castings produced
under ultra-high vacuum conditions can be significantly
reduced. For example, Cao et al. conducted simulations
using Magma to compare vacuum die casting with
conventional high-pressure die casting. The results
showed that during vacuum die casting, the local
pressure in certain regions of the casting was
significantly lower than that in conventional
high-pressure die casting’l. As the absolute pressure in
the mold cavity decreases, both the number and size of
porosity defects in the casting are significantly reduced.
Szalva et al. also employed a vacuum-assisted
high-pressure die casting process with three absolute
pressures set at 170, 190, and 70 mbar. They found that
reducing the mold cavity pressure significantly decreased
both the porosity rate and pore size in the castings. When
the pressure was lowered to 70 mbar, the porosity rate
was reduced by as much as 57%[3l. Building on the
above work, Yang et al. developed a three-stage
ultra-high
achieving a vacuum level below 50 mbarl’. The

vacuum assisted process, successfully

minimum and average vacuum levels within the entire
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mold cavity reached 10 mbar and 23.4 mbar, respectively,
surpassing the results reported in the published study!!.
The microstructure obtained by ultra-high vacuum
high-pressure die casting is denser and finer, with fewer
porosity defects.

In addition, the injection speed is also a critical factor
affecting casting quality. It is generally divided into slow
injection speed and fast injection speed. Dou et al.
investigated the effect of different slow injection speeds
of the plunger on the mechanical properties of A356
alloy. The results showed that increasing the slow
injection speed led to a more uniform distribution of
surface oxides and a gradual reduction in porosity[’l.
Kim et al. investigated the influence of injection speed
on segregation behavior, and the experimental results
indicated that injection speed had the most significant
effect on liquid-phase segregation. Therefore, this
parameter must be strictly controlled”®). Jiao et al.
investigated the influence of injection speed on alloy
defects under high-pressure die casting using XCT. For
rod-shaped samples, a moderate reduction in fast
injection speed was found to decrease porosity, and the
radial distribution of pores nearly disappeared. However,
the proportion of irregular shrinkage pores increased. In
contrast, for plate-shaped samples, reducing the fast injection
speed led to an increase in porosity and promoted the
formation of large shrinkage pores. This phenomenon is
closely related to the accumulation of externally solidified
crystals (ESCs). The distribution of pores under different
injection speeds is shown in Fig. 5(c).

Even with well-controlled vacuum level and injection
speed, neglecting temperature parameters can still lead to
the formation of large-sized pores in castings. If the
pouring temperature is too high, coarse grains may form
in the casting, increasing the risk of cracking. Conversely,
if the pouring temperature is too low, defects such as
cold segregation, surface marks, and incomplete filling
are likely to occur. In addition, previous studies have
shown that increasing the mold temperature is beneficial
for improving the castability of large castings[®l.
Therefore, when the mold temperature is excessively
should be
conducted numerical

high, appropriate cooling measures
implemented. Dong et al.
simulations of the low-pressure casting process for A356
alloy wheels to investigate the effects of cooling
parameters and holding time on the forming quality. The
results showed that at a cooling flow rate of 400 L/h and
a holding time of 140s, sequential solidification
occurred in the rim region, effectively preventing defect

formation, as shown in Fig. 5(b)["]. Experimental results
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further confirmed that a refined secondary dendrite arm
spacing (SDAS) and uniformly distributed eutectic
silicon were the fundamental reasons for the improved
mechanical properties.

3.3 The influence of casting defects on mechanical
properties

3.3.1 Porosity

Lee systematically investigated the correlation between
porosity and mechanical properties in 200778, He found
that porosity exhibited a linear relationship with tensile
strength and an inverse parabolic relationship with
elongation, and further demonstrated that fracture-based
constitutive predictions provided a more accurate
estimation of the overall tensile performance of A356
alloy than those based solely on volumetric porosity.
Lordan proposed a novel estimation approach, referred to
as Z-Project, which enables highly accurate prediction of
the area fraction of voids during tensile fracture,
significantly outperforming previous methods’). As
illustrated in Fig. 6(a), the Z-Project method achieves
improved prediction accuracy for both tensile fracture
strain and fracture strength by integrating the estimated
void area fraction with an existing plastic instability
evolution model. Similarly, Kong et al. conducted a
study on specimens from different regions of
low-pressure cast wheels and found that elongation
decreased with increasing porosity and SDASPEY. Based
on experimental data and numerical simulations, they
developed a constitutive model describing the effect of
porosity on flow stress, as well as a damage model
characterizing the relationship between fracture strain,
porosity, and stress triaxiality. In addition, Zhang et al.
found that the local porosity in the fracture region of
die-cast alloy specimens exhibited a stronger correlation
with elongation. However, since measuring porosity
directly in the fracture region is challenging, the authors
proposed estimating the variation in ductility using the
maximum local porosity within the gauge section
obtained before tensile testing. As shown in Fig. 6(b), a
functional relationship between the maximum local
porosity and elongation was established®!!. Zhang et al.
also investigated the quantitative relationship between
porosity and Young’s modulus®?. In summary, porosity
is closely related to mechanical properties, and the
development of constitutive models based on porosity
can lead to more accurate predictions of the mechanical
performance of cast components.

3.3.2 Maximum micropore size

Micropore size has a significant influence on the
mechanical properties and fatigue life of materials,
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among which the maximum micropore size plays a
dominant role as a critical factor in crack initiation and
propagation. At present, numerous studies have
investigated the quantitative relationships between
maximum micropore size, elongation, and fatigue life.
Teng et al. conducted tensile tests on 30 cylindrical
specimens to establish the relationship between
elongation and micropore size!®}). The study revealed that
elongation exhibited an approximately linear correlation
with the maximum projected micropore area. Liu et al.
similarly found that elongation is closely related to the
volume fraction of the largest micropore within the
gauge section, and that fracture tends to initiate
preferentially at the location of the largest micropore in
the specimen®. Therefore, by using XCT scanning to
characterize micropore defects in castings and
determining the volume fraction of the largest micropore
in the specimen, elongation can be estimated. Zhang et al.
found that in T6 heat-treated alloys, the maximum
micropore size is negatively correlated with elongation.
Furthermore, based on experimental results, the level of
microporosity is a key factor influencing the variability
of mechanical properties. When the micropore size is
less than 0.3 mm, its adverse effect on the mechanical
performance of the alloy can be considered negligible!®3,
Additionally, Tebaldini et al. defined the maximum
micropore size in the spoke region as the Maximum
Feret Diameter and used calculation and fitting methods
to predict the fatigue limit of A356 wheels[®®l. Ren et al.
further incorporated micropore size, location, shape, and
other parameters to refine the fatigue model®71. Streck et
al. proposed a novel clustering method based on 3D
volumetric datal®®. In this method, two micropores are
considered to interact and are treated as a single larger
"equivalent defect" if the center-to-center distance
between them is smaller than the diameter of the smaller
micropore. This approach enhances the capability of
defect-based fracture mechanics analysis and enables the
identification of critical micropores that interact with
stress concentration zones, thereby providing more
accurate failure predictions for die-cast aluminum alloys.
In addition to micropore size, similar quantitative
relationships have been observed between the
microstructure and mechanical properties of Al-Si alloys.
Yan et al. systematically investigated the effects of
SDAS, grain size, and eutectic silicon on the mechanical
behavior of various cast Al7Sil.5Cu0.4Mg alloys. The
results showed that both grain size and SDAS follow the
classical Hall-Petch relationship with respect to yield
strength. Furthermore, a predictive model for ultimate
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tensile strength was established, along with a novel
Tensile—Fatigue Bridge Model, which serves to bridge
tensile behavior and fatigue performance, ultimately
enabling the evaluation of non-uniform mechanical
properties®l.

3.3.3 Micropore morphology

Micropore morphology is primarily distinguished based
on sphericity. Typically, micropores with a sphericity less
than 0.4 are classified as shrinkage pores, while those
with a sphericity greater than 0.4 are considered gas
poresi®. The shape of micropores influences stress
concentration, which can ultimately lead to fracture®!.
Numerous researchers have conducted studies on this
subject.

Nicoletto et al. investigated the influence of casting
micropore morphology on stress concentration and found
that shrinkage pores exhibit higher stress concentration
factors than gas pores. Moreover, the average stress
concentration induced by actual micropores was found to
be greater than that of ideal spherical microporest®?.

Z- Project

Le et al. performed finite element simulations on
spherical and oblate-spheroidal micropores and observed
that, under the same equivalent diameter, the normalized
Dang Van equivalent stress was higher for oblate-spheroidal
micropores®.. In summary, there is a consensus in the
existing literature that the morphology of micropores has a
significant influence on the stress state at their surfaces.
Chaijaruwanich et al. quantitatively investigated the
evolution behavior of micropores during the
homogenization process of cast aluminum alloys. With
increasing homogenization time, the micropore shape
factor decreased significantly, and coarsening occurred
in local micropore regions. This phenomenon was
primarily attributed to Ostwald ripening within the
micropores®. In addition, some researchers have
developed cellular automaton models to simulate the
evolution of the three-dimensional morphology of
micropores and have

during alloy solidification,

identified the key influencing factors®3-%6],
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initiation behavior near the surface and the spatial relationship between paired micropores and the casting surface.

3.3.4 Micropore distribution and location

Apart from porosity, micropore size and morphology, the
location of micropores is a crucial parameter. Yi and Le
et al. suggested that large micropores or oxide films
located on or near the specimen surface serve as
favorable sites for crack initiation®”. However, in the
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absence of such surface or near-surface defects, the
fatigue performance of the alloy is primarily governed by
the eutectic silicon particles within the material. Li et al.
4] pointed out that the initiation and propagation of
fatigue cracks are influenced by the maximum local
stress concentrations caused by micropores near free
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surfaces and crack tipsP®l. Serrano-Mufioz et al. '] also
investigated the effect of internal defects on the fatigue
life of aluminum alloy castings. They found that both the
crack initiation and propagation rates at internal defect
sites were significantly lower than those at surface
defects. This observation indicates that internal defects
have a less pronounced impact on fatigue life compared
to surface defects®). Szalva conducted an innovative
analysis of all micropore characteristics and visualized
them in a three-dimensional coordinate system defined
by sphericity, shape factor, and defect volume, as shown
in Fig. 6(c). The results revealed a distinct trend among
these micropore features. Despite a wide numerical range
of boundary conditions, the material heterogeneities
leading to final fracture were found to cluster within a
significantly narrower region, highlighted by the blue
wireframe column in the figure. Ultimately, it was
concluded that the location and size of casting defects
are the primary factors determining the fatigue life of the
specimens!'%!. Micropores located near the surface can
significantly influence fatigue crack initiation. Toda
employed high-resolution XCT combined with statistical
methods to investigate the geometric parameters that
govern the relationship between micropores and fatigue
crack initiation. The results indicated that the average
diameter of micropore pairs and their average distance
from the casting surface are the primary factors
controlling crack initiation!°!, Fig. 6(d) illustrates the
crack initiation behavior originating near the specimen
surface, along with a schematic representation of the
relationship between the average diameter of micropore
pairs and their average distance to the surface.

3.3.5 New perspectives on micropore defect and
mechanical properties

3.3.5.1 X-ray computed tomography

X-Ray Computed tomography (XCT), as an advanced
non-destructive testing technique, enables high-resolution
three-dimensional ~ visualization and  quantitative
characterization of internal micropore defects in castings.
Currently, XCT-based reconstruction of three-dimensional
mesh models incorporating real defects, followed by
their implementation in finite element analysis, has
become one of the key approaches for investigating
damage mechanisms under complex stress states. Yang et
al. employed XCT to obtain three-dimensional structures
containing realistic defect distributions, which were
subsequently used as input for finite element
modeling!'?l, The damage initiation mechanisms of cast
aluminum alloys under complex stress states were
investigated from the microscale to the macroscale. The
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study revealed that crack propagation primarily occurs
through two microporosity-driven coalescence mechanisms:
(1) micropore aggregation induces internal necking and
stress concentration, thereby initiating cracks; and (2)
cracks propagate along specific directions and further
coalesce, ultimately leading to fracture. Moreover, this
approach has been widely adopted in numerous studies
to investigate damage mechanismsP®!H!%, Our research
team has conducted foundational work in this area. By
employing XCT, finite element analysis, and digital
volume correlation (DVC), systematically investigated
the effects of micropore size, morphology, and spatial
distribution at different positions within the wheel hub
on its mechanical properties. The results demonstrated
that the ratio of micropore projected area to the shortest
distance from the free surface (PA/SD) exhibited the
strongest correlation with the stress concentration factor
(K) around the micropores, with a correlation coefficient
as high as 0.90, and showed a clear linear relationship.
Therefore, effectively eliminating large micropores near the
edges can significantly enhance the mechanical
performance of automotive wheel hubs!'%, Wang and Li
developed a multiscale fatigue life prediction method for
automotive wheel hubs that simultaneously considers
hydrogen porosity, shrinkage pores, and SDAS[I%] A
three-dimensional cellular automaton (CA) model was
employed to simulate dendrite growth and hydrogen pore
formation concurrently. Additionally, a database
correlating pore equivalent diameters with casting
conditions was established. This database was mapped
onto the structural mesh using an efficient grid mapping
algorithm to facilitate both static and dynamic finite
element simulations. Ultimately, a multiscale fatigue life
prediction model for the wheel hub was constructed,
incorporating the corresponding S-N curves at each mesh
node, enabling accurate prediction of the lateral fatigue
life of automotive wheel hubs. Additionally, team
member Li employed laboratory XCT and the Shanghai
Synchrotron Radiation Facility to investigate the
influence of internal micropore defects on the
mechanical properties of alloys during solidification,
tensile deformation, and under various heat treatment
conditionst!06-{108]

3.3.5.2 Machine learning

On the other hand, the use of machine learning methods
to predict material performance based on defect
parameters and processing conditions as inputs has
become a current research hotspot!!®l. Kazup et al.
proposed a bivariate analysis combined with machine
learning regression modeling approach to systematically
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investigate the relationship between pore characteristic
parameters and mechanical properties of A356 castings.
As shown in Fig. 7(a), Spearman’s correlation
coefficients were used to explore the linear relationships
between any two pore characteristic parameters. Fig. 7(b)
presents the ranking of mean importance scores
calculated based on the optimal model. The results
ultimately revealed that total deformation is mainly
influenced by the pore location on the fracture
cross-section and the porosity on the fracture surfacel!'%l.
Zhai et al. established the Gurson-Tvergaard-Needleman
(GTN) damage model to predict the mechanical
properties by introducing a novel identification
framework that integrates machine learning methods
algorithms!!'!,  This

effectively overcomes the high cost and low efficiency

with  optimization approach
associated with traditional parameter identification
methods. Chen et al. proposed a method that applies
machine learning to the prediction and understanding of
surface-related defects in castings. By correlating
production data with defect data, six models were trained,
and the results were interpreted and analyzed using the
SHAP framework!'!'?l. Yang et al
high-vacuum die casting process with a clamping force
of 1800 tons to fabricate 3500 mm-long S-shaped
structural castings!!!'¥). They investigated the effects of

employed a

alloy composition, flow length, and filling time on
mechanical properties and defect formation. The study
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revealed that flow length significantly influences
microstructural uniformity and porosity distribution.
Through random forest regression analysis, alloy
composition was identified as the dominant factor
affecting strength, while flow length was found to play a
decisive role in determining ductility. Hou et al.
generated a comprehensive porosity dataset comprising
472 samples using three-dimensional cellular automaton
simulations, and compiled an additional dataset of SDAS
containing 310 samples from published literature. Seven
artificial intelligence algorithms were systematically
evaluated, among which extreme gradient boosting
(XGBoost) was identified as the most robust model for
microstructure prediction. SHAP analysis was further
employed to reveal the influence of alloying elements
and processing parameters on  microstructural
features!!'¥. In addition, Yang et al. developed a
methodology  that simulation

integrates  casting

techniques with data-driven approaches to establish a

framework!!13],

process—defect—property ~ correlation
Temperature data from different locations were used as
input for a convolutional neural network (CNN), with
mechanical properties as the output. This model enabled
the prediction of mechanical performance at previously
untested locations. Therefore, machine learning methods
offer a fast and effective means of identifying the
between and mechanical

correlation micropores

properties.

Fig.7 (a) Linear relationships between any two porosity feature parameters; (b) ranking of average importance scores for

porosity feature parameters; (c) framework of the interpretable deep learning model; (d) visualization analysis of the model.
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3.3.5.3 Image processing techniques

Accurate quantitative characterization of the material’s
microstructure is essential for exploring the relationship
between microstructure and mechanical properties.
Currently, image recognition combined with data-driven
approaches provides a reliable solution for predicting the
performance of complex cast components. Li et al.
proposed a novel method for microstructural feature
extraction based on the large visual model MatSAMI!!6],
This approach demonstrates strong generalization
microstructural  features,
defects,
boundaries. Building upon this model, further predictions

capabilities for various

including secondary phases, and grain
of alloy mechanical properties can be achieved. Wu
proposed a Haar Dual-Domain Network (HDD-Net) for
ring artifact correction!!''”, This method effectively
separates and removes ring artifacts while preserving
low-contrast microstructural features, offering a valuable
technical reference for processing a series of
noise-contaminated images. Ma et al. developed an
interpretable deep learning model by using optical
microscopy and SEM images as inputs(''®l. As shown in
Fig. 7(c), a multimodal and multiscale dataset was
constructed to predict the tensile properties of aluminum
alloys. Visualization techniques were also introduced to
further reveal the internal mechanisms of the deep
learning model, with Fig. 7(d) presenting the results of
the model’s visualization analysis. Guru et al. also
developed a generalized machine learning workflow for
performance prediction based on microstructure and
texture descriptorst!'?]. Additionally, Ren et al. developed
a generalized deep learning framework capable of
databases  that
information and

handling  multimodal include

compositional multi-source
microstructural images. This framework enables accurate
prediction of ultimate tensile strength and elongation
across a wide range of stress—strain values!'?’l. In
summary, methods based on image processing
techniques and multimodal machine learning are
gradually overcoming the limitations of traditional
modeling, providing efficient and scalable solutions for
performance prediction of complex castings. These
research achievements lay a solid foundation for
developing more universal composition—microstructure-property

relationship models.

4 Application prospects of integrated die casting
technology

4.1 Technical advantages

Since Tesla introduced integrated die casting technology
in 2019, its development has driven a profound
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transformation in the automotive manufacturing sector
by significantly enhancing component performance,
production efficiency, and cost-effectiveness. This
technology demonstrates four key advantages: (1) In
terms of production cost, it eliminates the need for
numerous welding auxiliary equipment, robotic systems,
and other production facilities, thereby optimizing space
utilization and reducing manufacturing expenses. (2)
Regarding lightweight design, the integrated fabrication
reduces vehicle body weight, which in turn decreases
battery requirements. (3) In production efficiency, the
traditional vehicle body manufacturing process involves
over 500 individual parts that require separate fabrication
and extensive stamping and welding operations.
However, integrated die casting technology simplifies
the process, reduces workload, and improves production
accuracyl® 21l (4) Concerning safety performance, this
technology addresses the strength issues of aluminum
alloy weld joints, enhancing structural integrity and body
strength, thereby improving vehicle driving stability.

4.2 Typical applications

With the gradual advancement of integrated technology,
not only can lightweight design be achieved, but the
technical advantages of integrating multiple components
can also be maximized. Currently, integrated die casting
technology is primarily applied to the rear floor, front
floor, and front engine compartment in complete vehicle
manufacturing.  Leading new  energy  vehicle
manufacturers have swiftly adopted this technology, with
Tesla, XPeng, AITO, and Xiaomi at the forefront in
implementing large-scale integrated die-cast body
structural components in mass-produced vehicles(®H2?],
Fig. 8 illustrates the clamping force configuration of
large die casting machines. Tesla’s Cybertruck series
continues the technical approach of the Model Y,
employing a die casting machine with a clamping force
of 90,000 kN to manufacture the front engine
compartment and rear floor. The AITO M9 model
produces an integrated rear floor and front compartment
structure using the same 90,000 kN clamping force die
casting machine. This structure integrates 222
components, reduces welding points by 1,440, and
increases torsional stiffness by 23%. XPeng G6’s
extra-large rear floor structure integrates 161
components and utilizes die casting equipment with a
maximum clamping force of 120,000 kN, representing
the current highest clamping force. Additionally, a
160,000 kN die casting machine is under installation,
which will be wused for battery pack component

production in the future.
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4.3 Challenges and development trends
Although integrated die casting technology offers
numerous advantages in automotive manufacturing, a
series of pressing challenges remain to be addressed in
its large-scale application. To begin with, the maturity of
integrated die casting equipment remains relatively low.
As the level of integration in die-cast structural components
continues to increase, higher demands are placed on the
tonnage and functionality of die casting machines,
particularly in terms of clamping force and injection speed.
However, the development and application of ultra-large die
casting equipment are still in their early stages, and achieving
reliable, industrial-scale deployment will require considerable
time. For instance, these structures exhibit poor reparability.
Once the vehicle body is damaged, the -current
technology does not allow for simple repairs, and
complete replacement is often the only option. Secondly,
the product qualification rate remains low. The increased
size and structural complexity of die-cast components
significantly raise the risks associated with mold filling
and defect control, thereby substantially increasing the
difficulty of the die casting process. At present, the
qualification rate for integrated structural components
generally ranges between 40% and 60%, indicating a
relatively low overall yield. In addition, the coordination
of auxiliary die casting equipment is relatively poor.
Although integrated die casting simplifies the production
process by eliminating numerous process steps and
supporting equipment, it significantly increases reliance
on auxiliary systems such as temperature control,
spraying, and mold cooling. This places higher demands
on system integration and automated control within the
entire die casting unit.

To address these challenges, future development
trends may include the following directions: The first

major trend is the development and intelligent upgrade of
large-scale die-casting equipment, as the machinery
directly affects the quality and dimensional accuracy of
cast parts. Currently, only a few manufacturers worldwide
can produce ultra-large die-casting machines with clamping
forces exceeding 60,000kN, such as Swiss Biihler,
Haitian Metal, Yizumi, and Lijin Technology along with
its subsidiary brand IDRA. The production of extra-large
structural components not only requires powerful
equipment but also calls for systemic breakthroughs in
theoretical modeling, mold design, temperature-control
technologies, and forming expertise. Secondly,
advancements in simulation modeling and parallel
computing have become essential tools for addressing
the challenges posed by increasingly complex die casting
processes. As the structural complexity of die-cast
components continues to grow, higher precision is
required in predicting mold filling behavior,
solidification processes, and thermal field distribution.
Process simulations involving multi-scale and multi-physics
coupling are progressively relying on high-performance
computing platforms. Moreover, intelligent algorithms such
as machine learning are being introduced to optimize process
parameters, thereby enhancing both the efficiency and
accuracy of simulations. Thirdly, guided by the integrated
computational materials engineering (ICME) framework, the
establishment of end-to-end models linking alloy
composition, casting processes, microstructural evolution,
and service performance is driving the rapid development of
aluminum alloys tailored for integrated die casting. By
constructing multiscale coupled models and incorporating
artificial intelligence-based optimization algorithms, it
becomes possible to design high-strength, high-toughness,
non-heat-treated alloys that meet the specific requirements of

die casting applications.
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5 Conclusion

This paper provides a focused review of recent advances
in integrated die-cast aluminum alloys, systematically
analyzing the mechanisms by which casting defects and
process parameters influence mechanical properties. It
also explores the potential applications of this
technology in industrial settings. Therefore, the
following conclusions can be drawn.

(1) Currently, lightweight alloys used for integrated
die casting in non-heat-treatable manufacturing are
predominantly based on Al-Si and Al-Mg systems.
Strengthening and toughening of these alloys are mainly
achieved through microalloying design combined with
solid solution strengthening and grain refinement. The
development of a new generation of non-heat-treatable
alloys that balance strength, corrosion resistance, and
recyclability for large-scale, complex die-cast
components by integrating data-driven approaches and
intelligent algorithms is expected to become a key
research focus in the field of aluminum alloy materials.

(2) Compared to traditional die casting technology,
integrated die casting imposes higher technical
requirements on materials, molds, processes, and
equipment. In particular, regarding production factors,
the use of simulation to design and optimize multiple
parameters such as injection pressure, filling velocity,
filling time, holding pressure time, mold temperature,
and cooling system design has become an essential
approach for advancing integrated die casting processes.

(3) This study systematically summarizes the intrinsic
relationships between casting defects and the mechanical
properties of materials, with a focus on the influence
mechanisms of porosity, maximum micropore size,
micropore morphology, spatial distribution, and location.
The research demonstrates that micropore characteristic
parameters play a dominant role in damage initiation and
crack propagation, directly affecting the service
performance of materials. A thorough understanding and
modeling of the damage mechanisms related to pore
failure are of critical importance for achieving defect
control and performance prediction. The integration of
high-resolution XCT with machine learning, advanced
image processing models, and artificial intelligence
algorithms to develop data-driven models capable of
predicting the performance of large, complex die-cast
components will be a key focus of future research.

(4) The rapid growth of the new energy vehicle
industry has provided a strong driving force for the
development of integrated die-cast aluminum alloy

materials and the manufacturing of ultra-large integrated
die casting equipment in China. The development of
large, complex thin-walled structural components
requires a high degree of collaboration across multiple
fields, including materials design, forming process
development, die casting machinery, ultra-large molds,
numerical simulation, and auxiliary software. Only by
establishing a complete industrial chain can the
high-quality development and mass production of giant
castings be achieved.
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