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Abstract: Near-net-shaped metal products manufactured by high-pressure diecasting
(HPD) encountered more or less critical failure during operation, owing to the development
of micro-defects and structural inhomogeneity attributed to the complexity of geometrical
die design. Because the associated work primarily relies on technical experience, it is
necessary to perform the structural analysis of the HPDed component in comparison with
simulation-based findings that forecast flow behavior, hence reducing trial and error for
optimization. This study validated the fluidity and solidification behaviors of a commercial-
grade Al-Si-Cu-Mg alloy (ALDC12) that is widely used in electric vehicle housing parts
using the ProCAST tool. Both experimental and simulation results exhibited that defects at
the interface of a compact mold filling were barely detected. However, internal micro-pores
were seen in the bolt region, resulting in a 17.27% drop in micro-hardness compared to other
parts, for which the average values from distinguished observation areas were 111.24 HV,
92.03 HV, and 103.87 HV. The simulation aligns with structural observations on defect
formation due to insufficient fluidity in local geometry. However, it may underestimate the
cooling rate under isothermal conditions. Thus, the simulation used in this work provides
reliable predictions for optimizing HPD processing of the present alloy.

Keywords: Al alloy; high-pressure diecasting; structure; defect; ProCAST

1. Introduction
High-pressure diecasting (HPD) is one of the most significant manufacturing tech-

niques employed by the automotive industry for near-net-shaped aluminum (Al) prod-
ucts [1–3]. HPD is capable of producing thin-walled assemblies with a near-net form
economically by injecting molten metal into a metal frame at high speed and solidifying it
under high pressure [4,5]. This technique, however, generates intrinsic flaws, such as gas
porosity in the resulting castings, which happens primarily due to the trapping of air in the
molten metal as a result of the high-speed injection of liquid metal into the die chamber.
Pores in casting are commonly identified as gas porosity and shrinkage porosity, which are
detrimental as their presence negatively affects mechanical characteristics and pressure re-
sistance [6–8]. Al series alloys, particularly Al-Si alloys, such as Al-Si-Cu and Al-Si-Mg, are
extensively employed in the HPD industry because they have a distinctive combination of
desired properties (high strength-to-weight ratio, high thermal and electrical conductivity,
good formability, distinct corrosion behavior, and recycling potential) that are necessary in
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many areas of technology, especially in automobiles, where they successfully compete with
steel and cast iron [1,9]. Several studies reported that the Al-Si series alloys produced via
HPD demonstrate good comprehensive mechanical characteristics in the as-cast state [1];
however, some die-cast components were rejected at the foundry owing to casting failures
including cold shut, stain, crack, shrinkage, and warpage [10].

The HPD procedure is fundamentally complicated in terms of geometrical design, and
metallurgical and thermal variables, resulting in profound trial and error. According to
Kong et al. [11], the soundness of cast components is greatly impacted by the combination
of die temperature, the geometrical complexities of parts, liquid metal filling capacity, and
die casting cooling rate. To address these challenges in casting manufacturing, numerical
simulations using software such as ProCAST 2019.0 have become indispensable tools in
design and optimization. A study by Andronov et al. [12], deploying ProCAST simulations
for gearbox housing offers a practical way to overcome the challenges associated with full-
mold printing. They successfully removed shrinkage porosity by improving part quality,
regulating the temperature field, and optimizing heat exchange. Additionally, research
conducted by Barkhudarov et al. [13] and Gunasegaram et al. [14] found that a slower melt
moving speed in the shot sleeve can improve the mechanical qualities of the castings and
minimize gas entrainment during the high-pressure diecasting process. The die cavity’s
solidification trends, heat transfer rates, and melt flow properties rely on the runner design
and venting configuration.

Simulation-enabled casting is able to virtually model and evaluate the process, as-
sisting in specific defect prediction and product development and hence decreasing work
repetitions and increasing efficiency [15–17]. The existence of heat-induced defects, such as
shrinkage flaws arising from unequal cooling temperatures, as seen in previous manufac-
turing tests using the conducting modulus method, can be prevented by adding modern
cooling systems into the mold structure throughout the production process [18,19]. More-
over, the pouring temperature, semi-solid filling performance, and gating system design
were explored to justify the microstructure of the critical zones in the components. The
critical zones of Al alloy products were selected based on process parameters and nu-
merical analysis [8,20]. In the present study, ProCAST was employed to simulate the
HPD process of an Al-Si-Cu-Mg alloy for housing components in an electric vehicle (code
name: DC box). The simulations identified problematic regions that require additional
experimental examination.

Therefore, the present study focuses on conducting experimental observation on crit-
ical areas of a high-pressure die-casted Al-Si-Cu-Mg alloy, utilizing ProCAST software
to simulate the process and determine regions of interest. The goal of this work is to
deepen understanding of the casting process and its significant influence on the mechan-
ical characteristics of the alloy. The simulation generated helpful information about the
diecasting process, including the filling process, cooling rates, solidification time, and pore
formation inside the casting. Following on from these findings, thorough experimental
analyses were carried out, including microstructural observation using scanning electron
microscopy (SEM), mechanical performance evaluation with microhardness testing, and
casting defect visualization using 3D X-ray computed tomography. Furthermore, elevated
reliability and efficiency of automotive components can be achieved through optimal design
and manufacture.

2. Materials and Methods
2.1. Alloy and Mold

The material studied in this work was a die-cast ALDC12, whose elemental composi-
tion is provided in Table 1. The alloy was prepared by SeA Mechanics Co., Ltd., (Gumi,
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Republic of Korea). The base alloy was melted in a clay graphite crucible with an electric
resistance furnace at 680 ◦C to effectively restrict hydrogen absorption. After each alloy
addition, the melt was degassed for 15 min with argon using a commercial rotary degasser
at a speed of 350 rpm for 5 min. After degassing, the melt was carefully skimmed, and a
graphite heated cup was gently immersed in the liquid to prevent turbulence. This rigorous
technique prevents oxide and air entrapment, yielding a high-quality finished alloy. The
cups were soaked for about 20 s to attain the melting point. Upon removal, they were
placed on an aluminum block to generate a temperature gradient during solidification.

Table 1. Chemical composition of die-cast ALDC12 matrix.

Element Si Cu Mg Al

Content (wt.%) 9.6 1.5 0.3 balance

A real casted sample (Figure 1a) and simulation-generated sample design with several
view dimensions (Figure 1b) are shown below. The die frame was created to meet the needs
of the automotive industry for housing boxes in electric vehicles. ProCAST 2019.0 was
utilized to determine the efficacy of the design parameters considering spatial features. In
terms of geometrical complexity and simulation aspects, the current work concentrated on
three areas of interest: (i) thick parts (R1), (ii) bolt parts (R2), and (iii) corner parts (R3).
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Figure 1. The view of real and simulation-generated samples from (1) front, (2, 4, 5, 6) sides, (3) back,
and (7) tilted view. (a) real casted sample and (b) software-generated sample design.

2.2. Procast Simulation

ProCAST was developed by UES Software to model the casting of metals. ProCAST
2019.0 was employed in this study which is a comprehensive software package designed
to enhance casting accuracy and yield in the foundry industry. ProCAST employs finite
element analysis. In ProCAST, the Carreau–Yasuda material model was used. This model
can be used for fitting a variety of complicated viscosity–shear rate curves. According to
this model, the viscosity is related to the shear rate [21].
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ProCAST is able to simulate various casting processes and is capable of describing
the transport phenomena occurring in the different stages of casting, i.e., filling (fluid
flow), solidification, die opening, part ejection and die closing. It should be noted that
the solution of the fluid flow (momentum conservation via the Navier–Stokes equation)
is only activated in the filling stages to improve computational efficiency. Whereas, the
energy conservation is always computed throughout the process to update temperature
distributions in the casting and die [22]. The ProCAST model incorporates the key process
boundary conditions and material properties [22]. Validation against data measured on the
production process has demonstrated the model’s accuracy.

2.3. High-Pressure Diecasting (HPD)

Before proceeding with the HPD procedure, distinct parameters (Table 2) were intro-
duced into the simulation environment. The experiment was carried out by applying the
conditions listed below.

Table 2. The parameter of high-pressure diecasting for experiment and simulation.

Filling Temperature (◦C) Die Temperature (◦C) Shot Speed (m/s) Pressure (MPa)

660 230 0.25~2.0 50

2.4. Microstructure Observation and Mechanical Testing

A scanning electron microscope (SEM, Hitachi S-4800 at an operating voltage of 15 kV)
was used to observe both the grain and defects found in the local region that might suffer
from the insufficient solidification as predicted by ProCAST. To attain high feasibility in the
structural analysis, the same position was be taken from five different products prepared
under identical manufacturing conditions. The representative observation will be provided
in the next section. For SEM observation, the surface of the sample was mechanically
polished and chemically etched using a two-step process: first, using a solution consisting
of 20 mL of CrO3 and 12.5 mL of HNO3, followed by the application of a second solution
consisting of 1.25 mL of H2O, 15 mL of HCl, 7.5 mL of HNO3, and 1.25 mL of HF. Moreover,
the X-ray microscope (Xradia 620 Versa, Carl Zeiss Germany, with a spatial resolution of
0.5 µm) was used to characterize the 3-dimensional structure of the sample in order to
understand the spatial population of the casting defect in a qualitative manner.

For mechanical testing on the surface after fine polishing, a series of the micro-Vickers
hardness tests (Wilson Instrument, Norwood, MA, USA, Vickers 402 MVD using 0.5 kg of
indentation load for 10 s of dwell time) were performed under the restricted condition that
maintained 0.2 µm as a gap between indentations in order to inhibit the physical influence
from the previous indentation. Also, a series of indentations were made and the average
value of the data will be provided.

3. Results
As the nature of the HPD microstructure is decorated by defects, the present work

scrutinized the defect formation by simulating the fluidity and solidification behavior
considering geometrical differences. Through this approach, the formation of defects can
be understood and better designs of the sample can be suggested for commercialization.

3.1. Simulation Analysis

From the ProCAST simulation, the filling percentage of the HPD process for 60%, 80%,
and 100% are shown in Figure 2a (front view) and Figure 2b (side view). The filling process
where the feedstock (red color coded) moved through the y direction to fill the mold (gray
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color coded). Although some parts of the sample showed imperfect filling behavior at 60%
(front), the feedstock completely filled the whole mold at 100% progress.
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Figure 2. Filling progress from (a) front and (b) side view within the filling percentage of 60%, 80%,
and 100% from left to right.

Using ProCAST software, three different simulations were carried out, namely, cooling
rate, solidification time, and micro-defect generation, as shown in Figure 3a–c, respectively.
Each feedstock is colored in accordance with the cooling rate (in K/s) and solidification
time (in second), with the color scale right beside the simulated object. In general, cooling
rate was uniform throughout the entire mold under isothermal conditions (Figure 3a). Inter-
estingly, despite the uniform cooling rate, a number of regions showed local solidification
behavior such that the two regions showed higher solidification times (blue color coded) or
solidified later than the other region (violet color coded) (Figure 3b). The results inferred
that the difference in solidification time was obvious in region R1 and R3, whilst it was
hardly found in region R2. Lastly, the simulation of pore presence showed a number of
regions developing pores at the end of the filling process (highlighted by using solid and
dashed lines), which were populated near to the corner and bolt regions.

Based on the simulation results, three different regions, namely, R1 (thick part), R2
(bolt region), and R3 (corner part), which were designed for investigation, showed distinct
solidification times for R1 and R3, indicating that geometrical differences governed the
solidification behavior. This criterion can be employed to predict the risk of shrinkage
failures. The longest casting solidification duration suggests the possibility of cumulative
shrinkage, which could result in the occurrence of future voids. This is typically seen in
places where the walls are thicker [12]. On the other hand, internal micro-defects were also
found in the bolt region of R2, inferring that some factors beyond solidification behavior
influence defect generation. In addition, because R2 is a bolt part considered to have a
complex geometry and as its role is considered to be more significant for the product
application compared to the other parts that contain pores, R2 will be investigated as a
representative of region with pores (Figure 3c, solid lines).
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3.2. Microstructure

Microstructural observation was carried out for R1, R2, and R3 (Figure 4). In general,
the microstructure revealed a mixture of α-Al phase (the darker part) and eutectic phase (the
lighter part), which can be seen clearly at higher magnification. The eutectic characteristics,
commonly observed in Al-Si alloys, are more obvious in Al-Si-Cu owing to the relatively
high liquidous temperature [23]. The formation of such phases would increase the surface
inhomogeneity and accordingly alter the surface properties. For example, whilst the
eutectic phase might increase the strength and hardness, the ductility of the materials might
be dropped [23,24]. It is worth noting that the fraction of α-Al in R3 seemed to be higher
than in R1 and R2.

In terms of internal micro-defects, porosity percentage and average pore size for each
region are shown in the diagram (Figure 4). According to Zhang et al. [19], porosity does
affect mechanical performance, but more significantly, it also depends on the size and mor-
phology of the porosities. A uniform distribution of porosity will reduce potential negative
effects on the sample’s performance. The graph showing the highest porosity percentage
and average pore size are both occupied by R2 (16.06% and 7.4 micron, respectively). On
the other hand, micro-pores were hardly observed in R1 and R3. Qualitatively presented in
the graph, for porosity percentage and average pore size, R1 had 2.78% and 2.8 micron, and
R2 owned 6.86% and 4.1 micron, respectively. Previous research has suggested that holes in
casting products might be detected as either gas pores with a spherical shape or shrinkage
pores with an irregular form surrounded by dendritic borders [7,25]. It is suggested that
the pores found in region R2 of Figure 4 were shrinkage pores which would be formed due
to the effect of shrinkage and the lack of feeding during solidification. On the other hand,
the gas pores would be induced by gas trapping and insoluble gases like hydrogen [7].
Interestingly, the micro-pores found in R2 populated the vicinity of the boundary, viz. the
interface between α-Al and the eutectic phase, α-Al and α-Al, and the eutectic phase and
eutectic phase.
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figures showing the magnification view of the white square on the upper side. The presence of ESCs
(externally solidified crystals) can be seen in the corner body (R3). The porosity percentage and
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In addition, externally solidified crystal (ESC) was detected on R3, which indicated
a certain degree of surface defect [24]. The nucleation of ESCs takes place at the shot
sleeve surface due to the gradient temperatures between the melt and shoot sleeve. ESCs
were typically responsible for microstructural heterogeneity. The weighted average of the
segregation band width and the volume percent porosity may be expected to determine
the strength and overall deformation behavior of the HPD alloy because the structural
heterogeneity varies the grain size between the central area and the surface [26]. The
shrinkage pores might be formed among the boundaries of ESC, which further increases
the surface inhomogeneity of the materials leading to the uneven distribution of hardness.

A dedicated analysis of the bolt area containing a large fraction of pores in R2 was
carried out using 3D X-ray computed tomography as well as elemental analysis using
XRD (Figure 5). The part around the bolt was investigated and it can be seen that a
number of voids were detected and some were clustered to form pores. Based on previous
investigation, the rate of cooling influences how much porosity exists. Higher solute and
hydrogen concentrations are found close to the dendritic as the solute diffusion layer
because solutes and hydrogen have a shorter time to diffuse away into the liquid from
the dendrite at rapid cooling rates [7]. Elemental analysis was carried out to detect the
existence of Al, Si, Cu and Mg. Based on the results, R2 revealed the morphology of the pore
(pit black area) which is located at the α-Al phase where the elements were not detected.
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Furthermore, the eutectic phase was a mixture of both Al and Si while α-Al consisted of
nearly pure Al. In addition, Cu and Mg elements were detected in relatively small fractions
as compared to Al and Si.
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Mechanical assessment using Vickers’ microhardness was carried out on all samples.
A series of indentations were carried out at 17 points around R1, R2, and R3 (Figure 6a). A
distance of 0.2 µm was selected as the minimum distance between indentations in order to
avoid any effect from the neighboring indentation mark. The tendency for hardness was
R1 > R3 > R2. It can be seen that the error bar was the highest for R2, which suggests non-
uniform mechanical properties in this particular part. The average micro-hardness values
from the distinguished observation areas (R1, R2, and R3) were found to be 111.24 HV,
92.03 HV, and 103.87 HV, respectively. However, internal micro-pores were seen in the bolt
region, resulting in a 17.27% drop in micro-hardness compared to the other parts. Figure 6b
shows the characteristics of the indentation marks for R1, R2, and R3.

The indentation mark size was inversely proportional to the calculated hardness,
where the sizes were R2 > R3 > R1, which can be correlated with the grain size and the
presence of micro-defects due to different fluidity. The indentation size decreases with
increasing hardness and is fundamentally correlated to the material’s resistance to plastic
deformation. Moreover, the indentation mark of R1 was finely shaped as compared to that
in the other parts. The indentation mark in R3 had a slight curve in its side, suggesting a
ductile manner rather than a hard manner. More importantly, R2 not only showed a much
coarser indentation size but it also showed a formation of fracture defect.

In summary, the present strategy produced a sample of housing boxes via HPD
with relatively dense microstructures, no macro-defects, and an average pore size of
~7.4 micron in the bolt regions, which is significantly smaller than the ~10 micron reported
in previous works utilizing the same method on Al-Si-Mg alloy for shock tower components
in automobiles [27]. Moreover, lowering the thickness of the HPD-ed sample by less than
1 mm resulted in the formation of macro-defects such as blisters on the Al-Si-Mg for
electronic cases [28]. While no significant defects were observed in the present sample,
Matejka et al. [29] documented that hotspots were detected on the center body of the Al-Si-
Cu following HPD due to the presence of oxides produced by turbulence flow which would
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suppress the venting process and result in trapped bubbles. The defects are characterized by
a spherical shape, and possibly by a combination of mechanisms of bubble and shrinkage
formation. The present strategies were found to be more effective in preventing the
formation of macro-defects such as blisters, while serving at a relatively high hardness of
92~111 HV, which was much higher than those of 72~75 HV on HPD-ed Al 6061 [30].

Figure 6. (a) Microhardness distribution (obtained using 0.5 kgf) and (b) micrograph of the indenta-
tion marks on the regions of interest in the final product corresponding to thick part (R1), bolt part
(R2), and corner part (R3).

4. Discussion
The ALDC12 aluminum alloy is a hypoeutectic alloy that solidifies in two distinct

stages, exhibiting mushy solidification behavior [31]. In the primary phase, globular
structures were formed. In the second stage, the remaining liquid solidified into a eutectic
mixture, resulting in a characteristic microstructure comprising primary phase regions
surrounded by eutectic material. Simulation results demonstrated a uniform cooling rate
across the entire sample under isothermal conditions (as indicated by consistent color
distribution), which explains the observed microstructure of mushy solidification in all
three analyzed regions.

The formation of pores and the degree of porosity was strongly related to the solid-
ification shrinkage (β), volume of the gas, pressure of the gas during solidification (P),
proportion of gas that does not enter the pores (φ), volume of the liquid in the casting
cavity (V*), volume of the casting cavity (Vc), amount of gas during casting (v),solubility
limit of gas in the solid phase (v*), density of the liquid alloy (ρ), and the temperature of
the gas (T), which was formulated below [32].

%P =
βV∗

VC
+

(
φ

T ρL
(237 K) P

)
(v − v∗)

While the first half of the equation describes the relationship of porosity as the results
of solidification shrinkage, the second half describes the porosity caused by gas trapping
including those from physical entrapment, lubricant breakdown, and gas dissolved in alloy.
Therefore, the porosity caused by gas trapping and that caused by solidification shrinkage
offers meaningful information for understanding the feedstock behavior during casting,
which is investigated further by ProCAST.
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The formation of pores in R2, as shown in the microstructural figures in the results
section, was examined with regard to the modelling capabilities of ProCAST. In this soft-
ware, feedstock fluidity was influenced by shear effects. Observing the filling pattern,
the feedstock flowed from the bottom to the top and then encountered the bolt geometry.
According to Bilovol et al. [21], ProCAST accurately predicts the position of weld lines,
which occur when two melt fronts meet after being split by the hollow bolt geometry.
This accuracy surpasses that of C-Mold simulations, which failed to account for the shear
effects between the two streams, thereby predicting identical positions for the melt fronts
with no gradient between them [33]. ProCAST, by contrast, successfully simulates the
weld line position, which coincided with the pore formation observed in R2, which was
shown in the schematic illustration in Figure 7a. This suggests that ProCAST predicted
pore formation based on the estimated weld line locations, consistent with the well-known
structural weakness of weld lines. Interestingly, the size of the forecast pores in the upper
bolt was larger than those in the lower bolt, likely due to a greater gradient between the
two feedstock streams at the upper bolt. In accordance with Figure 4, where ESC was
formed in R3, weld line formation showed more potential in generating pores that negative
effects on the mechanical properties such as hardness. The simulation also shows that the
solidification of R1 and R3 occurs later than that of R2, despite similar cooling rates across
all regions. While reducing solidification time is generally associated with smaller and
fewer pores [34], R2, with a shorter solidification time, exhibited more pores than R1 and
R3, further supporting the hypothesis that weld line formation influences pore distribution.
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different positions.

The presence of internal micro-defects such as micro-pores in R2 which are located
mainly in the interface boundaries between grains or phases are attributed to several factors:
(i) Solidification shrinkage, where α-Al matrix solidifies faster and leaves the impurities
in the vicinity of the boundary, forming micro-defects as the eutectic phase solidifies later.
As the eutectic phase shrinks later, the voids could be made as the liquids could not fill
the shrinkage region [9,35]. (ii) Different thermal expansion coefficients would generate
stress and cause interface separation [36,37]. (iii) A high cooling rate of ~70 K/s would
induce incomplete bonding between the matrix and the eutectic phase, contributing to
defect formation [38]. In addition, a higher cooling rate of 103~105 K/s might induce the
formation of granular Si instead of dendritic structure [39].
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Microstructural observations reveal a higher fraction of α-Al (primary aluminum)
in R3 compared to R1 and R2. Typically, α-Al grain size decreases with higher cooling
rates [40]. However, despite the simulation indicating similar cooling rates across all
regions, R3 exhibits coarser α-Al grains. This rules out a temperature drop due to latent
heat release during Al-Si eutectic solidification, as no fold defects were detected at the
surface [41]. Instead, it suggested another factor affecting α-Al grain morphology. Liao
et al. [42] proposed that as feedstock advances toward the sample’s center, cooling rates
increase due to the enhanced heat absorption capacity of the solidified material. In this
case, the melts positioned around R3 (positioned closest to the gate) were likely to have the
smallest cooling rates, compared to R1 and R2, which allowed more time for α-Al grain to
grow in R3 as compared to that in R1 and R2. A schematic illustration for this is given in
Figure 7b.

In this study, casting parameters were carefully optimized through trial and error
to remain within critical thresholds, as exceeding these limits can result in gas-related
defects and excessive porosity [43]. However, the issues encountered in this study could
not be resolved through parameter adjustments alone where a higher temperature and
pressure of 660 ◦C and 50 MPa, respectively, might be needed to ease the formation of weld
line. The best way to resolve this issue is to carry out design modifications. This research
highlights the importance of using casting simulations, such as those conducted with
ProCAST, to predict pore formation and prevent defects. While no specific geometry was
deemed problematic, the location of certain features relative to the casting gate significantly
influenced defect formation. Overall, the casting parameters employed in this study are
recommended, as they resulted in the absence of surface defects or other significant issues.

5. Conclusions
The present work systematically conducted experimental observation on three distinc-

tive regions that were assigned to be R1 (thick part), R2 (bolt region), and R3 (corner part),
of a high-pressure diecasted Al-Si-Cu-Mg alloy, utilizing ProCAST software to simulate the
process. The following concluding remarks were drawn:

1. ProCAST successfully determined the critical areas to be thoroughly investigated
through the filling process, cooling rate, solidification time, and pinpointed location
with pore occupation. The simulation accurately indicated interior porosity developed
near the bolt area by accounting for feedstock behavior and the formation of weld
lines in the vicinity of the bolt geometry.

2. The highest porosity percentage and average pore size belonged to R2 with 16.06% and
a 7.4-micron pore size. Most of the micro-pore formation found on the microstructure
is shrinkage porosity that was attributed due to the complexity of the geometry and
thicker wall.

3. This simulation was in line with pore-decorated microstructures and the non-uniform
Vickers’ microhardness analysis, mainly in R2. The existence of pores dominantly cut
down the mechanical performance which resulted in a 17.27% drop in observation
areas R1, R2, and R3, which owned the value of 111.24 HV, 92.03 HV, and 103.87 HV.

4. The simulation underestimated the role of solidified material on the cooling rate,
which should have altered the morphology of the α-Al phase. Nevertheless, the
results underscore the utility of ProCAST as a potential tool for simulating the die-
casting process.
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