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Abstract: With the growing demand for automotive light-weighting and the development of new energy vehicles,
Giga-cast technology for aluminum alloys has become a research hotspot in the field of lightweight manufacturing due to
its advantages of integrated forming, simplified process flow, and significantly reduced production cost. This paper
provides a systematic review of the development of high-pressure die casting (HPDC) technology, outlines the evolution
from HPDC to large-scale giga-cast technology, and focuses on the analysis of key process parameters involved in
giga-casting—such as injection velocity, die casting pressure, pouring temperature, mold temperature and vacuum level
as well as their effects on casting quality. Additionally, the formation mechanisms and optimization strategies of common
casting defects, including porosity-related, fusion-related, thermal contraction related, and inclusion-related defects are
comprehensively summarized.
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1 Introduction with the Italian die casting equipment manufacturer

In recent years, the automotive and aerospace industries IDRA to utilize its 6000-ton large-scale integrated die

have increasingly pursued lightweight manufacturing of casting machine. This enabled the giga-casting of the

components to reduce energy consumption and enhance entire rear underbody assembly of the Tesla Model Y,

mobility performance. For conventional internal consolidating more than 70 individual parts into a single

combustion engine vehicles, every 100 kg reduction in large component, as shown in Figure 1. The process

curb  weight can lower fuel consumption by eliminated stamping and welding operations, reduced
approximately 0.3-0.5 L/100 km and reduce CO; over 1,600 weld joints, achieved a 10% weight reduction
of the rear body, and lowered manufacturing costs by

emissions by 8-11 g/km. For new energy -electric
40%61.

vehicles, a 10% reduction in curb weight can lead to a
13.7% increase in average driving rangel!l. Giga-cast &
technology for aluminum alloys offers significant
advantages in reducing component weight and thus plays

a vital role in lightweight manufacturing. Since its

inception, this technology has greatly accelerated the

application of aluminum alloys in high-end equipment Fig. 1 (a) Tesla Model Y, (b) Rear underbody assembly of the
manufacturing and has become a prominent research

Tesla Model Y
direction in the field of lightweight design>4.
The Tesla Model Y was the first mass-produced vehicle 2 Development of Giga-cast technology
to adopt a giga-cast aluminum rear underbody. In 2019, Giga-cast technology has evolved from high-pressure die
Tesla published patents related to giga-casting casting (HPDC) technology. HPDC is a casting method
technology’™, and in 2020, Tesla began collaborating that uses high pressure to fill molten or semi-solid metal
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into a mold cavity and solidify the metal under pressure. high-performance  requirements  of  automotive

Its origins can be traced back to the early 19th century!’l,
when the demand for cast lead type in typesetting and
printing equipment surged with the booming printing
industry, prompting efforts to improve the production
efficiency of lead type casting. In 1822, William
Church”! developed the first typecasting machine that
used a piston to inject molten lead, based on which
J.J.Sturgiss!'? introduced more precise molds and a
piston mechanism with improved pressure stability,
producing the first commercially viable, semi-automated
typecasting machine capable of continuous production.
Molten lead was injected into molds via the piston
mechanism, rapidly solidified, and then the mold was
opened to eject the type. The typecasting technology
proposed by Sturgiss is regarded as the prototype of
modern high-pressure die casting technology and laid the
foundation for its subsequent development.

During the fifty years of the latter half of the 19th
century, alongside innovations in high-pressure die
casting processes and equipment, the use of HPDC
technology expanded beyond the printing industry to
mass-produce small industrial components such as gears,
racks, cams, and connecting rods. However, due to the
limitations of mold alloy performance, the materials used
for high-pressure die castings during this period were
low-melting-point metals such as lead and tin, and
production was conducted primarily via the hot-chamber
die casting method. The earliest hot-chamber die casting
18770,
featuring both the original injection mechanism and mold

machine was invented by Dusenbury in
opening and closing system. Hot-chamber die casting is
suitable only for casting low-melting-point materials!*?,
because during automated production, the shot sleeve is
the
shot sleeve and

submerged in molten metal within furnace.
Continuous contact between the
high-temperature molten metals with high melting points
causes rapid corrosion of the shot sleeve and injection
mechanism, as well as severe thermal fatigue and
corrosion!'3,

In 1885, German engineer Karl Benz manufactured the
world’s first automobile powered by an internal
combustion engine and equipped with steering control
and braking systems, marking the rise of the automotive
industry. In 1904, the American company H. H.
Franklin'¥l began producing zinc alloy automotive
the

automotive industry developed, low-liquidus-temperature

components using die casting. However, as

alloys die cast parts increasingly failed to meet the
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components. In 1920, Carl Roehei’” invented the
cold-chamber die casting machine, which separates the
furnace from the shot sleeve. Before production, molten
metal at high temperature from the furnace is transferred
into the shot sleeve, and then forced into the mold cavity
by the injection mechanism to complete solidification.
This design avoids prolonged contact between the shot
sleeve and molten metal, thereby enabling the production
of castings from alloys with high liquidus temperatures,
such as aluminum alloys, magnesium alloys, and copper
alloys. Figure 2 illustrates the process schematics of
hot-chamber and cold-chamber die casting machines.
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Fig. 2 Schematic diagram of: (a) Hot-chamber die casting
machine, (b) Cold-chamber die casting machinel¢!

In the 1940s, the United States Steel Industry
Consortium developed and promoted HI13 tool steel,
which exhibited excellent resistance to thermal fatigue. It
was capable of withstanding cyclic thermal loads at
temperatures ranging from 6000] °C to 65001 °C, and
it
well-suited for manufacturing large-scale dies. Owing to

possessed  outstanding  hardenability, making
its superior properties, H13 tool steel became an
indispensable material for cold-chamber die casting
molds and injection systems, significantly advancing
their development. It remains one of the most widely
used tool steels to this day!'”l. Since the latter half of the
20th century, the injection systems of cold chamber die
casting (HPDC) machines have undergone continuous
advancements, with injection speeds increasing from the
initial 1-2  m/s to 8-10

process evolved from a single-stage injection—where

m/s U8 The injection
molten metal is driven into the mold cavity at a constant
speed—to a three-stage process consisting of slow
injection, fast injection, and pressurization!!®], During the
pressurization stage, the pressure exerted on the molten
metal within the cavity can reach 120 MPa or even
higher®®!, The advancement of die materials, the
implementation of high-speed injection systems, and the
adoption of the three-stage injection process marked the
transition of traditional high-pressure die casting (HPDC)
into a mature application stage. Through successive
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innovations in materials, processes, and die casting
machines, traditional HPDC has eventually evolved into
large-scale giga-casting technology.

2.1 Conventional HPDC

The conventional HPDC process consists of six steps(?',
as illustrated in Figure 3: (1) die preparation, during
which a release agent is sprayed onto the cavity surface;
(2) die closing; (3) dosing of molten metal into the shot
sleeve;

(4) performing three-stage injection (slow

injection—fast injection—pressurization); (5) initiating
localized die cooling at critical areas; and (6) opening the
die and ejecting the casting after solidification.
Compared to other casting methods, conventional HPDC
exhibits several significant advantages: (1) It facilitates
near-net-shape manufacturing, thereby minimizing or
entirely eliminating the need for subsequent machining
operations, which substantially reduces production costs;
(2) The combination of high-speed injection and
solidification under elevated pressure enables the
fabrication of thin-walled castings, components with
complex geometries, and intricate surface details; (3) It
offers exceptionally high production efficiency, with
cycle times for small parts produced in multi-cavity
molds reduced to mere seconds, while large components
typically require casting cycles of approximately one
minute; (4) The process accommodates low-cost
secondary alloys, often derived from recycled scrap,

leading to considerable cost savings in material usage.
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Fig. 3 General schematic diagram of conventional HPDC process
cyclel?2

HPDC
advantages over other casting methods in terms of cost

Although conventional offers significant
reduction and production efficiency, its application in
high-performance structural components remains highly
constrained. During the conventional HPDC process,
molten metal is injected into the mold cavity at extremely
high speeds, generating turbulent flow that entraps gases
within the cavity and leads to porosity formation during

solidification. While the high pressure applied during
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solidification can compress these pores to smaller sizes,
the overall porosity volume fraction remains relatively
high. Such elevated porosity levels cause internal pores
to expand during T6 heat treatment of castings produced
by traditional HPDC, resulting in swelling or even
cracking of the parts. Since conventional aluminum
alloys like A356 require T6 heat treatment to achieve
satisfactory strength, this issue substantially limits the
engineering applications of conventional HPDC.

2.2 Vacuum HPDC

In recent years, vacuum high-pressure die casting has
been increasingly employed in the production of
high-performance castings to reduce or even eliminate
the abundant porosity defects caused by gas entrainment
during the casting process. The core concept of vacuum
high-pressure die casting is to create a vacuum
environment inside the mold cavity using vacuum valves
prior to injection. As a result, when molten metal is
injected into the cavity at high speed, the generated
turbulence does not entrain gas, fundamentally reducing
or even eliminating porosity defects caused by gas
entrapment>>?4 - Additionally, the surface tension of
molten metal decreases under vacuum conditions,
significantly enhancing its fluidity and making it more
suitable for the production of thin-walled components.
The resulting castings exhibit improved tensile strength,
elongation, hardness, and density!>”, Moreover, due to
the reduction of porosity defects, castings produced by
vacuum high-pressure die casting can undergo heat
treatment and welding processes.

Based on the achievable cavity vacuum level of die
casting machines, vacuum high-pressure die casting can
be classified into vacuum-assisted die casting (VADC)[2®)
and high vacuum die casting (HVDC)?”! . VADC can
maintain the cavity vacuum level within 60 to 300 mbar,
whereas HVDC can achieve cavity vacuum levels below
60 mbar?2%1. However, HVDC requires higher standards
for mold sealing, vacuum systems, and die casting
machine control systems, resulting in increased costs.
Currently, HVDC is primarily employed for producing
structural components and thin-walled parts that demand
superior weldability and heat treatability, such as
automotive chassis and body structural parts. Although
VADC achieves relatively lower vacuum levels, its
equipment cost and operational requirements are lower,
making it suitable for products with lower sensitivity to
porosity and for traditional aluminum alloy components
that do not require heat treatment.
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2.3 Giga-casting
Giga-casting essentially involves the application of high
vacuum die casting (HVDC) technology to the integrated
forming of large, complex structural components? . The
successful implementation of giga-casting technology
benefits from advancements in tool steel performance,
large-scale die casting machines, and heat-treatment-free
casting aluminum alloys. The mold, die casting machine,
and casting materials—collectively referred to as the
"three elements of die casting"®', which jointly
determine the quality, efficiency, and performance of die
cast components.

Giga-cast components are characterized by large
dimensions, complex geometries, and uneven wall
thicknesses, which lead to increased mold size and
structural complexity. Compared to molds for smaller
parts, giga-casting molds are subjected to greater molten
metal impact forces and longer impact durations. To meet
the demands of large-scale production of complex
giga-cast components, mold steels used in giga-casting
must possess excellent comprehensive properties,
primarily including high hardenability, thermal fatigue
and thermal

resistance, conductivity.  Currently,

commonly used hot-work tool steels for giga-casting

molds include 5CrMnMo, 5CrNiMo, 4CrNi4Mo,
4Cr3Mo3SiV, and 3CrWgVI321,
Both the injection filling and pressurization

solidification of large giga-cast components require
higher injection pressures. The clamping force provided
by large die casting machines prevents mold separation
caused by high pressure during the casting process,
which is critical to ensuring the efficient operation of the
giga-casting process and producing denser castings.
Since IDRA produced the OL6100CS large die casting
machine with a clamping force of 6000 t for Tesla in
2020, manufacturers capable of producing large die
casting machines have continued to develop machines
with higher clamping forces. By 2022, LK Technology,
in collaboration with Guangdong Hongtu Technology Co.,
Ltd., increased the clamping force to 12,000 ti331,
Although giga-cast components are filled under high
vacuum conditions, effectively minimizing gas-entrained
their
thin-walled structures still make them prone to warping

porosity  defects, oversized dimensions and
deformation and dimensional deviations during heat
These

subsequent shaping and reduce the yield of finished

treatment. issues increase the difficulty of

products. Heat-treatment-free aluminum alloys exhibit
excellent mechanical properties in the as-cast state that
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meet the mechanical performance requirements of
giga-cast components, eliminating the need for heat
treatment. The omission of the heat treatment step
significantly optimizes the manufacturing workflow of
giga-cast components, enhancing production efficiency
while effectively reducing overall manufacturing costs
without compromising mechanical performance.

3 Giga-casting process

The process flow of giga-casting is fundamentally
consistent with that of high vacuum die casting (HVDC),
with mass production of a single casting involving a
continuous cycle of eight steps: cavity spraying, mold
closing, pouring, slow injection, vacuum evacuation, fast
injection, pressurization and solidification, demolding,
and post-processing. Specifically, in each cycle, a release
agent is first sprayed onto the die cavity surfaces,
followed by mold closing. A precise amount of molten
metal is then poured into the shot sleeve. Slow injection
is performed via the injection mechanism until the
plunger seals the pouring gate, at which point vacuum
evacuation of the cavity is rapidly initiated. Fast injection
is then carried out to fill the cavity completely, followed
by pressurization that is maintained until the molten
metal solidifies. Finally, the mold is opened and the
casting is ejected by the ejection mechanism. The casting
then undergoes subsequent finishing operations such as
deburring and surface polishing.

The various stages of the giga-casting process involve
numerous process parameters that govern the flow and
solidification behavior of the molten metal during die
casting. Appropriate process parameters can effectively
the
properties of castings, and improve the stability of the

reduce casting defects, enhance mechanical
production cycle. Conversely, inappropriate parameters
defects,

performance, and potentially shorten the service life of

may lead to various degrade mechanical
giga-casting molds. Given the complexity of different

casting  geometries, extensive  debugging and

optimization of process parameters are required.
Therefore, a thorough understanding of these parameters
is of critical importance for successful giga-casting

production.

3.1 Injection speed

Injection speed refers to the velocity of the plunger as
it drives the molten metal within the shot sleeve. In the
three-stage injection process, the plunger moves at a
relatively low speed during the first stage to seal the
pouring gate and gradually push the molten metal
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upward, filling the shot sleeve and runner system. In
the second stage, the plunger accelerates to a high
speed and pressure to overcome flow resistance and
inject the molten metal into the mold cavity. After the
cavity is filled, the process enters the third stage,
during which pressurization is maintained to ensure
solidification of the metal under high pressure.
Therefore, injection speed can be divided into slow
injection speed and fast injection speed, corresponding
to the plunger velocities during the first and second
stages of the three-stage injection, respectively. In the
third stage, the plunger continues to apply pressure on
the molten metal but experiences counterforce from
the metal in the cavity, resulting in minimal movement
with a very low velocity that ultimately approaches
ZEero.

During the injection process, the flow of molten
metal can be divided into three stages: shot sleeve
filling, runner system filling, and casting cavity filling.
In the shot sleeve filling stage, the molten metal
surface rises slowly to fill the shot sleeve, forcing the
air inside the shot sleeve to flow through the runner
into the cavity. Meanwhile, the plunger seals the
pouring gate, isolating the cavity from external gases.
The runner filling stage typically causes the molten
metal to rise to the front edge of the inner gate or the
runner itself. This stage allows sufficient time for the
vacuum valves to evacuate air from the -cavity,
ensuring that the subsequent casting cavity filling
The
flow stages of the molten metal during injection, along
with the velocity profile of the three-stage injection
process, are illustrated in Figure 4.

Chamber filling

occurs under a high vacuum environment34 .

: Gating system fillin Die cavity ﬁl]m

Pressurization

o
Low speed injection

Plunger Velocity(im/s)

| Highspead injection

Plunger Position(m)

Fig. 4 The three stages of molten metal flow during injection and
the velocity profile of the three-stage injection process

A considerable number of studies have revealed that
both the slow injection speed and the fast injection speed
should fall within a reasonable range!*>3°.. For instance,
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Lopez*l demonstrated that when the slow injection
speed is below a certain threshold, the molten metal fills
the shot sleeve smoothly during the filling phase.
Otherwise, the melt surface becomes turbulent and
entraps air in the shot sleeve, resulting in gas porosity
defects in the casting, which deteriorates the density and
mechanical properties of the part. This mechanism was
also experimentally validated by Zamora*!l. However, an
excessively low slow injection speed can reduce the
production pace, adversely affecting manufacturing
efficiency and even causing a drop in the melt
temperature, thereby diminishing fluidity. Choi and Jiao
conducted studies on the injection process of die casting.
Choi*? found that increasing the fast injection speed,
along with higher mold temperatures, improved the

mechanical performance of the castings.
[43]

In contrast,
Jiao observed that moderately lowering the fast
injection speed could help reduce internal casting defects.
If the fast injection speed is too low, the molten metal
may encounter difficulties in cavity filling, leading to
defects such as incompleteness, cold lap, lamination, and
flow mark. Conversely, an excessively high fast injection
speed may cause the melt to violently impact the mold
surface, Conversely, an excessively high fast injection
speed may cause the melt to violently impact the mold
surface®, resulting in droplet splashing and cold shot
defects, which
properties of the casting.

in turn deteriorate the mechanical

3.2 Die casting pressure

Die casting pressure refers to the force per unit area
exerted by the plunger on the molten metal, and can be
divided into injection pressure and pressurization
pressure. Injection pressure refers to the force per unit
area applied by the plunger to the molten metal inside
the shot sleeve during the fast injection stage. This
pressure drives the molten metal to overcome viscous
resistance and local solidification contraction, thereby
the
pressurization pressure refers to the pressure applied

completing cavity filling. In contrast,
after the cavity is completely filled. During the
pressurization stage, the plunger further compresses
the molten metal to reduce porosity defects and
enhance the density of the casting[®].

In the giga-casting process, the relationship between
injection speed and die casting pressure varies across
different stages. At the initial stage of fast injection, a
higher injection pressure can correspondingly increase
the injection speed. As the mold cavity gradually fills,

the resistance exerted by the molten metal on the
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plunger increases, leading to a certain degree of
decline in injection speed. During the pressurization
stage, since the cavity is fully filled, the plunger
experiences a significantly greater counterforce from
the molten metal, resulting in a rapid drop of the
injection speed to zero.

The selection of injection pressure in die casting is
typically influenced by multiple factors, including the
geometry, size, and complexity of the die, the
properties of the alloy, and the pouring temperature. A
relatively high injection pressure can help the molten
metal fill the cavity more smoothly; otherwise,
insufficient filling may occur, particularly in large,
complex, and thin-walled castings with high filling
resistance. However, excessively high injection
pressure may cause the molten metal to impact the die
violently, shortening the die's service life. In addition,
excessive pressurization pressure places extra
mechanical burden on the injection system, die, and
die casting machinel*¢],

3.3 Pouring temperature and mold temperature

The pouring temperature refers to the temperature of the
molten metal at the time it enters the shot sleeve at the
beginning of the die casting process. A higher pouring
temperature can reduce the Newtonian viscosity of the
molten metal, thereby decreasing the resistance during
cavity filling!*’*%], However, an excessively high pouring
temperature can intensify solidification shrinkage and
increase the tendency for hot cracking in the casting.
Conversely, if the pouring temperature is too low, the
molten metal may have difficulty filling the cavity, which
can lead to defects such as cold lap, incompleteness, and
surface flow marks.

Before the die casting process cycle begins, the die
must be preheated to a specified temperature, known as
die preheating®). In the subsequent production cycles,
the die absorbs heat from the molten metal on one hand,
and dissipates it through the cooling system and air
convection on its surface on the other. Eventually, the die
reaches a state of thermal equilibrium, where the die
temperature at the same moment in each process cycle
tends to become consistent®™®. Some studies have
indicated that the steady-state die temperature after
reaching thermal equilibrium is independent of the initial
preheating temperature. However, die preheating remains
a critical step. Without preheating, more production
cycles are required for the die to reach thermal
equilibrium and produce castings with stable quality.
Additionally, before thermal equilibrium is achieved,

- 1000

repeated impacts of high-temperature molten metal on
the cold die cavity surface can lead to significant
temperature fluctuations, which reduce the die’s service
life. It is important to note that die preheating merely
provides a basic thermal condition for the mold filling
process; maintaining an appropriate thermal balance
during production is also essential. If the equilibrium die
temperature is too low, casting defects such as
incomplete filling, cold shut, and flow marks may
occur®321. Conversely, an excessively high equilibrium
die temperature may result in slow solidification and
coarse grain formation, leading to a decline in the
mechanical properties of the casting. The equilibrium die
temperature can be adjusted through cooling processes,
such as regulating the flow rate of the cooling medium
(typically compressed air or water) within the cooling
channels, or by adding localized insulation materials.

3.4 Vacuum level
The application of vacuum technology to enable molten
metal to fill and solidify under a high-vacuum
environment represents a significant breakthrough in the
high-pressure die casting process. This technique
markedly reduces casting defects and enhances the
mechanical properties of the castings>3-*¢. Caol*”! found
that a high vacuum level can reduce the flow resistance
of the molten metal and suppress turbulence generation
to a certain extent. Lagiewakal®® investigated the effect
of cavity vacuum degree on the surface quality of
castings and observed that castings formed under high
vacuum conditions exhibited the smoothest surfaces.
Szalval?! reported that compared to conventional
high-pressure die casting, the porosity rate inside castings
decreased from 1.10% to 0.47% under a 70 mbar vacuum
environment, representing a reduction of 57%, with
smaller pore sizes. Yalgin™®’! conducted process
optimization on pouring temperature, casting pressure,
injection speed, and vacuum level, revealing that a
vacuum environment in the mold cavity significantly
improves the mechanical properties of the material and
promotes the formation of a fine-grained microstructure.
The high vacuum level inside the mold cavity is
primarily achieved through vacuum valves. After the
vacuum pump creates a vacuum environment within the
cavity, there are two main methods to close the spool:
one is the mechanical valve, which is closed by the flow
of molten metal pushing against it; the other is the trigger
valve, which closes the spool upon receiving specific
signals such as the impact of molten metal, elapsed time,
or temperature. Besides the vacuum valve, the sealing
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performance of the mold, the sealing between the plunger
and the shot sleeve, as well as the control accuracy of the
vacuum system, are also important influencing factors.

4 Defects in giga-casting

Due to fluctuations in process parameters or errors in the
control system, various defects are inevitably generated
in die castings during production. Jian[*®! categorized
common defects into four types based on their formation
mechanisms and locations as internal defects, surface
defects, defects,
However, defects originating from the same mechanism

geometrical and material defects.
may occur at different locations within the casting.
Therefore, Elenal®!l and colleagues proposed a two-level
classification for defects in die castings. The 1% level
categorizes defects based on their location into internal
defects, surface defects, and geometrical defects. The 2™
level classifies them according to their formation
mechanisms, as illustrated in Tables 1 to 3.

Tab. 1 Classification of internal defects[®']

1t Level 27 Level Defect
Macro shrinkage
Shrinkage defects Interdendritic
shrinkage
Gas-related defects Hydrogen pore
Internal Gas entrainment
defects Filling-related Cold shut
defects lamination
Undesired phases inclusion
Thermal contraction Cold crack
defects Hot crack

Tab. 2 Classification of surface defects!®']

15t Level 2" Level Defect
Shrinkage
Sink
defects
Gas-related
Blister
defects
Filling-related Cold shut
Surface
defects lamination
defects
Undesired o
Contamination
phases
Thermal Cold crack
contraction
Hot crack
defects
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Tab. 3 Classification of geometrical defects!¢']

15t Level 2" Tevel Defect
Lack of
) Incompleteness
material
Geometrical Excess
) Flash
defects material
Out of )
Deformation
tolerance

4.1 Porosity defects

According to the defect classification proposed by Elena
et al.,, macro shrinkage pore, interdendritic shrinkage,
hydrogen pore, gas entrainment pore, gas-shrinkage pore
within internal defects, as well as blister and sink among
surface defects, can be categorized as porosity defects.
Their morphologies are shown in Figure 5.

4.1.1 Macro shrinkage pore and interdendritic shrinkage
Shrinkage pores and interdendritic shrinkage are
common defects across various casting processes, often
exhibiting complex and irregular morphologies. These
defects originate from similar mechanisms but manifest
at different scales®! . At the macroscopic level, the
geometric design of the casting and the thermal control
of the mold can result in regions of heat concentration
within the cavity, known as hot spots!® . In such regions,
the molten metal solidifies later than the surrounding
areas, and the contraction during solidification is not
compensated by additional feed metal, leading to the
formation of large shrinkage pores, as illustrated in
Figure 6(a). In complex thin-walled components, early
solidification of the thin sections can block the feeding
paths, creating isolated liquid zones and ultimately
resulting in shrinkage defects.

At the microscopic scale, metal atoms transition from
the random distribution of the liquid phase to the ordered
structure of the solid phase, forming dendrites and
resulting in volume shrinkage. Cavities form between
dendrite arms, and the feeding metal flows in from the
direction opposite to the growth direction of the dendrites.
When the pressure of the molten metal continuously
decreases and falls below the critical level required to
overcome the resistance of the dendrite arms and reach
the cavities, numerous irregularly shaped micro-shrinkage
pores form%], as shown in Figure 6(b). These micro-pores are
referred to as interdendritic shrinkage.
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Fig. 5 Morphology of porosity defects[61-63]: (a) Interdendritic
shrinkage, (b) Hydrogen pore, (c) Macro shrinkage pore, (d) Gas
entrainment pore, () Gas-shrinkage pore, (f) Blister, (g) Sink

4.1.2 Hydrogen pore

Hydrogen has high solubility in liquid aluminum alloys.
During solidification, the solubility of hydrogen decreases,
leading to supersaturation of hydrogen in the interdendritic
liquid metal. When the local hydrogen supersaturation
reaches a level sufficient to sustain the critical volume of a
hydrogen pore, hydrogen atoms tend to aggregate into
hydrogen molecules, forming bubbles that diffuse and escape
from the melt. If these bubbles are not expelled before
solidification completes, they will remain in the casting as
hydrogen pore defects® ], Hydrogen pores are typically
spherical or ellipsoidal in shape, with smooth surfaces free of
oxide films, and are distributed throughout the casting!®!. The
nucleation and growth process of hydrogen pores is illustrated
in Figure. 6(c).

(4) My sone 00 phie] |- :

* Tiegnid phride

o

(e
i Nparel ]

Fig. 6 Formation mechanism of (a) Macro shrinkage pore, (b)
Interdendritic shrinkage, (c) Hydrogen porel7%71]

4.1.4 Gas entrainment and gas pore

The formation of gas entrainment is closely related to the
injection process and vacuum system, with two primary
causes. The first is that the slow injection speed exceeds
the critical threshold, causing air in the shot sleeve to be
entrained into molten metal, which is then injected into
the mold cavity. The second cause is insufficient vacuum
in the cavity, leading to gas entrainment during injection,
as shown in Figure 7. The entrained gas becomes
enclosed by the high-temperature molten metal and, due
to internal pressure, typically forms smooth, rounded
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pores. An oxide film often forms on their surfaces, and as
the molten metal solidifies, entrapped gas pores are
eventually formed”. In addition to the air present in the
shot sleeve and die cavity, gases generated from the
decomposition of lubricate or die release agent may also
become entrained in the molten metal, leading to the
formation of gas porosity.

entrained gas

Fig. 7 Process of gas entrainment in shot sleeve

4.1.3 Gas-shrinkage pore

During solidification, when interdendritic shrinkage
forms between dendrite arms and hydrogen pores
simultaneously precipitate, they may encounter each
other and form gas-shrinkage pores’>7* The morphology
of gas-shrinkage pores reflects the coexistence of
shrinkage gaps and gas bubbles, with irregular tortuous
cracks extending around the spherical or ellipsoidal
cavities.

4.1.5 Blister and sink

When gas porosity defects occur near the casting surface,
the internal gas pressure may cause localized plastic
deformation, leading to blisters!’”]. In another way, if
shrinkage pore occurs near the surface of the casting, the
external atmospheric pressure may cause the surface
layer to undergo plastic deformation and collapse inward,
forming sink defects®). The formation mechanism of
blister and sink is illustrated in Figure 8.

Atmosphenic pressure

ey " o el
o Internal pressure/-

L Cosling

_ Surlace

1 Gas pore

| Skrinkage pore

Fig. 8 Formation mechanism of blister and sink defects
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4.2 Fusion-related defects

During the injection process, the molten metal is forced
into the die cavity, and in areas with complex geometries,
multiple metal streams may form. When these streams
converge, the presence of oxide films or temperature
differences may prevent them from fully fusing, resulting
in internal or surface fusion defects such as cold lap, cold
shot, lamination, or flow mark, whose morphologies are
shown in Figure 9.

Fig. 9 Morphology of fusion-related defects[61]: (a) Flow marks,
(b) Cold shut, (c) Cold shot, (d) Lamination

4.2.1 Cold lap

In complex, large-scale castings, the molten metal
undergoes extended flow paths, making the convergence
of two metal streams common. At the point of
intersection, at least one of the streams often experiences
a significant temperature drop and may be covered by an
oxide film, preventing the two streams from fusing into
one. This results in a distinct boundary or crack in the
solidified casting, known as a cold lap defect!®’7¢, as
demonstrated in Figure 10(a).

4.2.2 Cold shot

The formation mechanism of cold shots is illustrated in
Figure 10(b). If the injection speed is excessively high or
the mold cavity structure is complex and tortuous, molten
metal droplets may splash and rapidly solidify upon
contacting the mold surface. These solidified droplets fail
to fuse with the subsequent molten metal flow, ultimately
resulting in cold shots, which manifest as spherical metal
particles or pits within the casting(®!771,

4.2.3 Lamination

As illustrated in Figure 10(c), when one stream of molten
metal contacts the metal liquid first and rapidly solidifies,
forming an oxide film on its surface, the subsequent
molten metal covers it and solidifies slowly, resulting in
lamination defects. The microstructures of the surface
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metal layer and the internal metal differ significantly and
are separated by the oxide film.

4.2.4 Flow mark

When the molten metal flows along the mold surface
within the cavity, the temperature at the leading edge of
the liquid front decreases and solidifies, or multiple
molten streams stack and fold back due to the complexity
of the casting structure, resulting in non-directional
textures that are not the same color as the metal substrate
on the casting surface, known as flow marks. The main
causes of flow marks include low pouring temperature,
low mold temperature, or insufficient injection speed,
which lead to rapid cooling and solidification of the
leading molten metal during cavity filling. Subsequent
molten metal then flows over and replaces it as the new
front, leaving wave-like or strip-like marks at their
junction(®®11 ag illustrated in Figure 10(d).

(a) i

mem-
——
b [ 3

Fig. 10 Formation mechanism of fusion-related defects: (a) Cold
shut, (b)Cold shot, (c) Lamination

4.3 Geometrical defects

Geometrical defects refer to deviations of the casting’s
geometry from the intended shape, including
incompleteness, flash, and deformation, as shown in

Figure 11.

Geometrical defects

clormaty

Fig. 11 Morphology of geometrical defects[’®!: (a) Incompleteness,
(b) Flash, (c) Deformation

4.3.1 Incompleteness

Incompleteness refers to castings that solidify without
fully filling the mold cavity, resulting in geometrical
deficiencies in the final product. This defect primarily
arises from two causes: insufficient molten metal supply
in the shot sleeve and improper pouring temperature,
mold temperature, or injection parameters that prevent
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the molten metal from completely filling the mold
cavityl7®7],

4.3.2 Flash

During the die casting process, the volume of molten
metal added into the shot sleeve is generally sufficient to
fill the entire mold cavity, as well as the venting channels
and gating system. When the plunger applies high
pressure to the molten metal, the metal inside the cavity
may be forced into the assembly gaps between mold
parts. After solidification, the metal in these mold part
gaps solidifies into thin, sheet-like residuals known as
flash. The primary causes of flash formation include
excessively large mold assembly clearances, insufficient
clamping force, and excessively high injection pressure.
Once the casting has solidified, additional machining is
required to remove the flash defects, which increases the
difficulty and cost of the machining process.

4.3.3 Deformation

After the casting solidifies in the mold, it undergoes a
cooling process before the removal of the vacuum and
gating systems attached to the casting. During
solidification, uneven cooling rates, large temperature
gradients, and asynchronous shrinkage at different
locations within the casting induce thermal and
shrinkage stresses. Subsequent rapid cooling
treatments, such as water quenching, after demolding
can significantly amplify residual stresses, leading to

deformation of the casting, such as warping. Moreover,

the deformation may become more pronounced after
the vacuum and gating systems are removed®%811,

4.4 Thermal contraction defects

Thermal contraction defects include hot crack and cold
crack, as shown in Figure 12. Both hot and cold cracks
are caused by internal stress. Hot cracks occur in the
late solidification stage, with cracks propagating along
grain boundaries. On the contrary, cold cracks occur
after the casting has fully solidified and cooled to a
lower temperature, with cracks developing through the
grains.

Thermal contraction defects

R AR A

' (b) Hot tear

Fig. 12 Morphology of geometrical defects[®'82; (a) Cold crack, (b)
Hot crack
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4.4.1 Hot crack

Hot cracking is a typical crack defect that occurs during
the solidification process or immediately after
solidification while the metal is still at a high temperature.
The formation mechanism of hot cracks is described by
the solidification shrinkage-compensation theory: during
the late solidification stage, when a region within the
mushy zone is subjected to tensile stresses from multiple
directions, the intergranular liquid film lacks sufficient
plastic strength, leading to the formation of micropores.
If the liquid phase cannot timely compensate and heal
these micropores, they will expand along grain
boundaries under shrinkage tensile stress, resulting in hot
cracks characterized by irregular, branched fissures, as
shown in Figure 13. Such defects severely compromise
the mechanical properties and service reliability of

castings!®6l,

Hot tear

Mushy zone
' No erack initiation /

Intergranular fuuure

Compensate

W solid phase

Fig. 13 Formation mechanism of hot cracking (solidification
shrinkage-compensation theory)[83l

4.4.2 Cold crack

Cold cracking is a common defect in castings, typically
occurring when the material has solidified and cooled to
relatively low temperatures. Its primary causes include
the combined effects of shrinkage stress, thermal stress
from uneven cooling, and embrittlement of segregation-prone
regions, which together initiate and propagate cracks
within the metal interior or on its surface, as illustrated in
Figure 14. Cold cracks often propagate as fracture of
grains, spreading rapidly with a distinct audible snap,
forming continuous fractures almost instantaneously and
leading to casting failuref®?l,

| ] transgranular fracture
[ grain

— thermal stress and contraction stress

=

[TTttttyey
[T

[ttty
[T

Fig. 14 Formation mechanism of cold crack
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4.5 Inclusion and contamination

4.5.1 Inclusion

Inclusions refer to foreign metallic or non-metallic
substances with distinct boundaries present within the
metal matrix, as shown in Figure 15(a). Metallic
inclusions mainly consist of primary crystals of various
metal compounds that are insoluble in the matrix and
high-melting-point pure metal particles that have not
fully melted. Non-metallic inclusions include oxides,
sulfides, carbides, fluxes, slag, coatings, and silicates!®4l.
During the aluminum alloy die casting process, Al Oz
oxide film inclusions are the most common type of
inclusion defects. When high-temperature molten metal
is added into the shot sleeve, the molten metal is exposed
to air, forming oxide films that break and become
entrapped within the metal liquid when entering the shot
sleeve. During the metal filling stage, the initially formed
solidified layer may also be fractured by impact,
dispersing into the melt and forming inclusions.
Inclusions can also originate from metallurgical slag
residues, mold scale, and decomposition products of
mold release agents. These inclusions reduce the fluidity
of the molten metal, act as initiation sites for shrinkage
cavities or gas pores, promote crack initiation and
propagation®], and adversely affect the mechanical
properties of the casting.

4.5.2 Contamination

Contamination defects are the result of interaction
between metal and environment. When a contamination
defect occurs, part of the casting surface has a different
color than other regions, as shown in Figure 15. (b).

Fig. 15 Morphology of (a) inclusion and (b) contamination

4.5 Defect control

Casting defects, to varying degrees, undermine the
microstructural continuity and mechanical properties of
cast components, becoming critical factors that limit their
service safety and fatigue life. Porosity defects such as
gas entrainment and shrinkage cavities reduce material
density and often serve as initiation sites for fatigue
cracks. Metallic compound inclusions and non-metallic
inclusions disrupt the metallurgical bonding interfaces,
significantly compromising the strength and ductility of
the casting. Severe fusion-related defects and thermal
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contraction defects, such as cold laps and cold
cracks—may even cause structural failure directly.
Therefore, systematic investigation into the mechanisms
of defect formation, along with the implementation of
effective control strategies through alloy design, process
parameter optimization, and mold structure improvement,
is essential for enhancing casting quality and ensuring
consistent product performance. Table 4 summarizes the
potential causes of various defects and the corresponding
directions for process optimization.

Among porosity defects, hydrogen porosity cannot be
completely eliminated through process control alone, but
its quantity and size can be significantly reduced by
various means. For example, degassing the molten
aluminum prior to casting to lower the hydrogen content
can markedly decrease the size of hydrogen pores in the
casting. In addition, appropriately increasing the cooling
rate of the casting can shorten the growth period of
hydrogen pores, thereby reducing their overall volume.
As for shrinkage pores, it can be completely eliminated
as long as sufficient feeding is ensured during the
solidification of the molten metal in all regions of the
casting. This can be achieved by optimizing the casting
geometry to eliminate hot spots or by locally cooling or
insulating the mold to alter the solidification sequence
and ensure feeding paths for regions with concentrated
heat. Moreover, inclusions may block compensating
paths or induce discontinuous solidification, resulting in
isolated liquid zones that cause shrinkage pores.
Therefore, controlling inclusion defects can also reduce
the possibility of shrinkage pores. Interdendritic
shrinkage originates from the blockage of compensating
paths between dendrite arms at the microscopic scale,
making it difficult to eliminate completely. It can only be
mitigated by increasing the pressurization pressure to
help the molten metal overcome the flow resistance
between dendrites, thereby minimizing the occurrence of
interdendritic shrinkage.

High flow resistance of the molten metal and locally
low mold temperatures are key factors contributing to
fusion-related defects and incompleteness in castings.
Therefore, in the die casting process, it is essential to
design an appropriate mold heating and cooling scheme
to maintain a stable and reasonable mold temperature. On
the other hand, injection speed should be increased
within an optimal range to prevent defects such as
incompleteness, cold lap, lamination, and flow marks.
However, the injection speed should not be too high to
avoid droplet splashing, which leads to cold shot defects.
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Prevention of hot cracking involves two main
approaches. First, optimizing the alloy composition to
reduce the solidification range facilitates effective
feeding of shrinkage during the late solidification stage,
thus mitigating crack initiation. Second, appropriately
increasing the mold temperature lowers the cooling rate
of the casting, allowing sufficient time for accumulated

strains to be released during solidification, thereby

reducing the tendency for hot cracking. Prevention of
cold cracking focuses on managing internal thermal
stresses and brittle phases within the casting. This
includes controlling mold temperature uniformity to
avoid uneven cooling, incorporating fillets in the design
internal and optimizing alloy

to relieve stresses,

composition to minimize the formation of brittle phases.

Tab. 4 Potential causes of casting defects and corresponding process optimization strategies.

Process optimization strategies

Defects Potential causes
Shrinkage pore Macro shrinkage cavities left uncompensated
at isolated liquid zones
Interdendritic Compensating between dendrite arms are
shrinkage obstructed
Hydrogen pore Hydrogen supersaturation

Gas entrainment

Gas entrainment during the injection process

Cold lap Two metal flows collide with each other but
fail to fuse
Cold shot Metal splashing onto the mold surface and
rapidly solidifying
Lamination Large temperature gradient between metal
flows leads to poor fusion
Flow mark Rapid cooling of the molten metal front
Incompleteness Incomplete cavity filling
Flash Molten metal forced into molds assembly
clearance
Hot crack Intergranular cracking under shrinkage
tensile stress
Cold crack Grain fracture under residual stress
Inclusion Metallic and non-metallic substances

dispersed within the molten metal.

Optimize die structure, decrease mold
temperature locally at hot spots(¢%:8¢-88]

Increase pressurization pressure!®-1

Hydrogen degassing, pressurization and
increase cooling ratel791-941
Reduce slow injection speed and increase
cavity vacuum level3>72951
Increase mold temperature and optimize
gating system[¢!.76]

Increase mold temperature and reduce
injection speed!®!.7¢]

Appropriately increase mold temperature

Appropriately increase mold temperature
and injection speed
Appropriately increase mold temperature
and injection speed
Increase clamping force, improve mold
assembly accuracy, and reduce injection
pressure
Optimize alloy composition, increase
pouring temperature and mold
temperature!®3!

Optimize alloy composition and optimize
mold design to prevent uneven cooling
Optimize the gating system, mold structure
and injection speed, clean the furnace,

hopper, and shot sleevel®851
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5 Conclusions

As a crucial component of modern advanced manufacturing
systems, aluminum alloy giga-cast technology has become a
key enabler for achieving lightweight, high-performance, and
cost-effective production of structural components.

(1) Conventional high-pressure die casting (HPDC)
technology has matured through multiple stages of
technical evolution, laying the foundation for
giga-casting technology. Originating from movable type
casting in the early 19th century, high-pressure casting
evolved from hot-chamber to cold-chamber processes,
overcoming challenges associated with casting
high-liquidus alloys. In the mid-20th century, the
introduction of H13 tool steel and the upgrade to
multi-stage control of the injection system propelled the
of HPDC. Notably, the

establishment of the three-stage injection process enabled

industrial ~ application
precise, phased control of injection speed and pressure,
significantly improving mold filling efficiency and
casting quality.

(2) Vacuum die casting significantly reduces gas
entrainment by evacuating gases from the mold cavity
prior to filling, thereby enhancing the density and
mechanical properties of castings and addressing the
challenges of heat treatment and welding faced by
[2] hang W B. Research on

optimization

Multiobjective
technology of automobile
Harbin: Harbin

University of Science and Technology, 2023.

manufacturing process[D].

[3] Amirkhanlou S, Ji S. Casting lightweight stiff aluminum
alloys: a review[J]. Critical Reviews in Solid State and
Materials Sciences, 2020, 45(3): 171-186.

[4] Gupta M K, Singhal V. Review on materials for making
lightweight vehicles[J]. Materials Today: Proceedings,
2022, 56: 868-872.

[S] Hao ZY,JuY, Chen L X. T he use of aluminium and
magnesium  alloys in  automotive  lightweight
technologies[J]. Journal of Mechanical Science and
Technology, 2023, 37(9): 4615-4622.

[6] Kallas M K. Multi-directional unibody casting machine

vehicle frame and associated methods:

US20190217380A1[P]. 2019-07-18.

for a

conventional HPDC castings. Building upon this, the

integration of large-scale die casting machines,

high-performance mold materials, and
heat-treatment-free  aluminum alloys has enabled
giga-casting technology to achieve high-precision

integrate forming of ultra-large, complex structural
components, substantially reducing the number of parts
and manufacturing costs.

(3) Process parameters have a decisive impact on the
quality of casting formation. Key parameters such as
injection speed, casting pressure, pouring temperature,
mold temperature, and vacuum level directly affect the
molten metal’s flow behavior, filling capability, and
solidification process, ultimately determining the
casting’s density, mechanical properties, and surface
quality. Proper control of these parameters not only
prevents various casting defects but also extends mold
life and stabilizes the production cycle.

(4) Giga-casting defects are diverse, requiring control
strategies that integrate material selection, process
optimization, and structural design. These defects can be
defects,
geometric defects, and material defects, with their origins

categorized into internal surface defects,
linked to metallurgical bonding, flow dynamics, and
thermal fields. Conducting systematic analyses of defect
formation mechanisms and implementing effective
control measures in material formulation, process
parameter optimization, and mold structure improvement
are crucial for enhancing casting quality and stabilizing

product performance.
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