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Abstract: Tracking the microstructural evolution during high-pressure die casting of Al-
Si alloys is challenging due to the rapid solidification, varying thermal conditions, and
severe turbulence. The process involves a transition from slower cooling in the shot sleeve
to rapid cooling in the die cavity, resulting in a bimodal dendritic microstructure and
nucleation of new finer dendrite arms on fragmented externally solidified crystals. In this
study, a two-dimensional phase-field model was employed to investigate the solidification
behaviour of a hypoeutectic Al-7% Si alloy during high-pressure die casting. The model is
based on thermodynamic formulations that account for temperature changes due to phase
transformation heat, thermal boundary conditions, and solute diffusion in both liquid
and solid phases. To replicate the observed bimodal microstructure, solid–liquid interface
properties such as thickness, energy, and mobility were systematically varied to reflect
the transition from the shot sleeve to the die cavity. The results demonstrated the model’s
ability to capture the growth of dendrites under shot sleeve conditions and nucleation and
development of new dendrite arms under the rapid cooling conditions of the die cavity.

Keywords: phase-field modelling; HPDC; interface behaviour

1. Introduction
High-pressure die casting (HPDC) is an economical method for manufacturing near-

net shape lightweight aluminium alloys. Several factors during HPDC can fundamentally
influence the final quality of the product. Process factors such as intensification pres-
sure, plunger speed, and die temperature have been studied by many researchers [1–3].
The cooling rate in HPDC in the shot sleeve is about 100 K/s, while in the die is about
1000 K/s [4,5]. The microstructure of the final components is not just dependent on the
cooling rate. The severe shearing and turbulence during the injection stage remarkably
affect the microstructure.

The solidification condition in the shot sleeve is very close to simple gravity casting.
Helenius et al. [6], studying the melt heat transfer while entering the shot sleeve, defined
four zones with distinct heat transfer coefficients and turbulence. The temperature of
Al-7% Si melt in the shot sleeve has been reported to be about 620 ◦C [3,6], which is very
close to the liquidus temperature of the alloy. In HPDC, the metal flow rate exceeds the
solid–liquid interface velocity. Primary dendrites initiate formation in the shot sleeve, and
due to the rapid solidification and high metal velocity, columnar dendrites cannot develop
within the thin channels, resulting in a non-dendritic structure. Such microstructural
features significantly influence the as-cast properties of the castings. One of the most
frequently reported microstructural issues in the HPDC of aluminium alloys is the presence
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of externally solidified crystals (ESCs) in the final product. These crystals are formed before
entering the die and have much growth time. Ji et al. [7] evaluated the size distribution
of the α-Al phase in the shot sleeve and die, revealing that ESCs nucleate in the shot
sleeve before the melt is injected into the die. Studies have shown that coarse ESCs in
the final microstructure significantly affect mechanical properties [8]. Efforts to control
ESCs by altering process parameters [9] or modifying chemical composition [10–12] have
demonstrated substantial impacts on mechanical properties. The effect of microstructure
on mechanical properties is more pronounced in large components manufactured by
HPDC, where the high flow length makes it challenging to control the uniformity of the
microstructure. Niu et al. [3] have reported variations in yield strength, ultimate tensile
strength, and elongation along the flow length of large HPDC components.

Although controlling the microstructure is crucial for achieving uniform mechanical
properties, it is challenging to accomplish in fast-paced processes like high-pressure die
casting (HPDC). Given the difficulties in tracking the solidification trend in HPDC, em-
ploying numerical simulations has proven to be a more efficient approach for optimising
casting design and process parameters [6,13]. Several studies have applied various nu-
merical methods to better understand the processes during HPDC. Most of these studies
focus on fluid dynamics and heat transfer modelling using the Finite Element Method
(FEM). For instance, El-Mahallawy et al. [14] applied a 2D heat-flow model to study the
effects of pressure variations and fluid velocity at the in-gate on temperature distribution.
Kwon et al. [15] simulated the filling process to optimise the runner systems and predict
shrinkage areas. There have also been a few studies that have attempted to go one step
further and predict microstructure evolution. These studies typically simulate heat transfer
and fluid flow using FEM and then combine the results with Cellular Automata (CA) to
predict the grain size of the final casting [13,16,17]. The phase-field method is widely used
for modelling the evolution of the liquid/solid interface during solidification, where a
diffuse interface with a hypothetical thickness helps to smoothly track transitions between
phases. However, it has rarely been used for modelling HPDC. The aim of this study is to
analyse dendritic structure evolution during HPDC and provide insights into how rapid
solidification leads to the formation of bimodal dendritic arms.

2. Materials and Methods
The alloy used in this study was a hypo-eutectic Al-Si alloy with a chemical composi-

tion given in Table 1. The casting had been produced by a 16,000 KN cold chamber HPDC
machine, for which the process parameters were discussed elsewhere [3].

Table 1. Chemical composition of hypo-eutectic Al-Si alloy.

Elements Si Mg Mn Fe Ti Cu Sr Al

Wt% 6.70 0.20 0.51 0.07 0.07 0.01 0.012 Bal.

2.1. Microstructure Study

The casting was a ribbed plate of 700 mm × 220 mm × 2.8 mm, connected to a four-
channel gating system, Figure 1. The microstructure was evaluated on the cross-section of
the samples from different locations along the plate. The samples were prepared for optical
microscopy, grinding with SiC abrasive papers, and polishing with an Al2O3 suspension.
The samples were then anodised and studied using a Zeiss Axio-Vision optical microscope
for microstructure observation.
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Figure 1. Sampling region on the plate manufactured by HPDC. 
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Figure 1. Sampling region on the plate manufactured by HPDC.

2.2. Numerical Study
2.2.1. Phase-Field Model

The main idea of the phase-field method is to introduce a diffuse interface by a Cahn–
Hilliard type equation to define the local free energy density at the interface [18]. An order
parameter, ∅, defines the interface transition by varying between 0 and 1 moving from
liquid to solid, respectively. C and T represent composition and temperature. The overall
free energy (F) of the system can be calculated through the following equations.

F =
∫ [

f
(
∅, xL

Si, xS
Si, T

)
+

1
2

ε2|∇∅|2 + g(θ)
]

dV (1)

f = h1Fs + (1 − h1)FL + h2W (2)

where f represents the local volumetric free energy density which is a function of free
energies of solid and liquid phases (FS and FL), the energy barrier separating two phases
(W), and ∅-related functions, h1 and h2. Additionally, ε is a constant associated with the
thickness of the solid/liquid interface, and g(θ) accounts for the free energy arising from
the crystallographic misorientation of neighbouring cells.

The temperature and composition fields need to be calculated separately and fed into
Equation (1). The temperature field is calculated according to Equation (3).

∂T
∂t

= αth∇2T +
1

Cp

∂Htr

∂t
(3)

where αth is the thermal diffusivity, and Cp is the average heat capacity. The first term
identifies how external heating/cooling affects the temperature distribution in the system,
and the second term yields the effects of phase transformation on the temperature field.
Htr represents the enthalpy of transformation that is derived from the Gibbs–Helmholtz
equation as follows

Htr = (1 − h1)GL
ex + h1

(
GS

ex − L
)

(4)

where L = (1 − xSi)LAl + xSiLSi is the average latent heat of fusion of the constituents, and
GL

ex and GS
ex are the excess free energies of the liquid and solid phases, respectively.

The evolution of the composition field is coupled to the phase-field parameter, ∅,
which tracks the interface between solid and liquid. The difference in diffusivity between
the solid and liquid phases influences how elements redistribute themselves during solidi-
fication. On the other hand, the composition field affects the local driving force for phase
transformation and thus influences the evolution of ∅. The free energy functional couples
all the variables, dictating how the system’s microstructure evolves during solidification.

2.2.2. Domain and Boundary Conditions

A two-step process was defined for simulating solidification in HPDC, reflecting the
conditions in the shot sleeve and the die. Two-dimensional simulations were performed
on a grid of 500 × 500 cells. The composition of the liquid phase was set to Al-7 Wt% Si,
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while the initial solid nuclei were assumed to contain 1 Wt% Si. Material properties and
model parameters are summarised in Table 2. Additionally, the boundary conditions for
solidification in the shot sleeve and the die are provided in Table 3.

Table 2. Material properties and model parameters.

Parameter Value

Material
properties

Melting temperatures Tm (Al) 933.50 K
Tm (Si) 1687.15 K

Latent heat
L (Al) 1050 × 106 J/m3

L (Si) 4194 × 106 J/m3

Heat capacity Cp (Al) 2.4 × 106 J/K.m3

Cp (Si) 1.7 × 106 J/K.m3

Model
parameters

Interaction parameters Ωsolid 28,000 J/mol
Ωliquid −8000 J/mol

S/L interface thickness
∆x (Shot sleeve) 700 nm
∆x (Die) 500, 600, 700 nm

S/L interface energy E (Shot sleeve) 0.16 J/m2

E (Die) 0.10, 0.16, 0.20 J/m2

S/L interface mobility µ (Shot sleeve) 0.003 m/sK
µ (Die) 0.001, 0.003, 0.009 m/sK

Table 3. Thermal boundary conditions.

Process Parameter Shot Sleeve Die Cavity

Initial temperature 650 K 450 K
Cooling rate 100 K/s 1000 K/s

3. Results
3.1. Microscopic Observations

The microstructure of the plate comprised the α-Al phase, the Al-Si eutectic phase,
and a small fraction of intermetallic phases (less than 1 vol.%), which can be neglected
in solidification modelling [19,20]. In each section examined, the characteristic regions of
high-pressure die-cast structures were identified, including the central area, the outer skin,
and the segregation band, as illustrated in Figure 2. A progressive change in microstructure
was observed when moving from the in-gate towards the end of the plate. Specifically, the
average α-Al particle size exhibited a significant reduction, decreasing from approximately
21 µm near the in-gate of the die (sample 1) to approximately 3 µm at the far end of the
plate (sample 7).

Additionally, the segregation band became increasingly prominent starting from
sample 6 and extending towards the end of the casting. This feature indicates a variation in
solute distribution, likely influenced by the local solidification front behaviour and flow
characteristics during the casting process. The presence and evolution of these structural
features provide valuable insight into the solidification mechanisms and the influence of
casting parameters on the final microstructure.

The distribution of the α-Al particles at three distinct positions along the length of the
plate was evaluated and presented in Figure 3. The analysis results indicate a noticeably
higher fraction of large α-Al particles near the in-gate region of the casting, with their
quantity decreasing significantly as the observation point moves towards the end of the
casting. Approximately 70% of the α-Al particles in the middle section of the plate and
beyond fall within the size range of 0–10 µm, indicating a finer and more uniform particle
distribution in these areas.
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Figure 3. Size distribution of α-Al particles along the plate.

Upon comparing the micrographs of α-Al particles at the in-gate and the furthest
area of the plate from the in-gate, as shown in Figure 4a, a distinct accumulation of fine
α-Al particles between the large ESCs can be observed at the beginning of the plate,
immediately after passing through the in-gate. This region demonstrates the coexistence of
fine, dispersed α-Al particles surrounding the larger ESCs, contributing to a heterogeneous
microstructure. Additionally, new arms were observed nucleating on the fragmented
dendrites, as indicated by the arrows in Figure 4b, which provides a higher magnification
view for clarity. By contrast, at the end of the plate, shown in Figure 4c, only a limited
number of ESCs were detected. The α-Al particles in the central area of this region appeared
significantly finer and more uniformly distributed compared to the earlier sections of the
plate, further emphasising the variation in solidification dynamics across the casting length.
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Figure 4. Comparison of α-Al particles along the plate, (a) and (b) near the in-gate, (c) at the end of
the plate (the arrows show the new arms nucleated on fragmented dendrites).

3.2. Numerical Results
3.2.1. Simulation of Dendritic Growth in the Shot Sleeve

Considering the high manufacturing rate of the HPDC process, the melt remains in
the shot sleeve for a short time resulting in limited formation of primary dendrites. The
solidification condition at the HPDC shot sleeve before injection has been shown to be
very similar to the gravity die casting [21]. The microstructure at the in-gate was used to
calibrate the simulation since the fraction of the ESCs is at the maximum amount at the
beginning of the plate. Although the shape of the dendrites can change during injection
due to fragmentation, it was assumed that the size of dendrite arms after the in-gate is
still comparable with the dendrites’ sizes in the shot sleeve. An optical microscopy image
of the microstructure immediately after the in-gate has been provided in Figure 5a. A
500 µm × 500 µm domain with an initial nucleation fraction of 0.001 was introduced. The
seeds were randomly oriented and grown at the shot sleeve condition for a duration of
2 ms. Under these conditions, dendritic growth was characterised by the elongation and
thickening of primary and secondary arms, consistent with the controlled cooling and
thermal gradients. The S/L interface properties—thickness (700 nm), energy (0.16 J/m),
and mobility (0.003 m/sK)—were sufficient to replicate the growth observed during this
phase, Figure 5b,c.
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Figure 5. (a) Externally solidified crystals at the in-gate, (b,c) phase-field and Si concentration of
dendrites at shot sleeve after 2 ms, (d,e) after 15 ms.

3.2.2. Transition to Die Cavity Conditions

The solidification process in the die cavity was modelled with a focus on the nucleation
of new dendrite arms on a single externally solidified crystal under new rapid solidification
conditions, as illustrated in Figure 6. After 2 ms of growth, the simulation parameters
were adjusted to represent the rapid solidification conditions within the die cavity more
accurately. Specifically, the cooling rate was increased to 1000 K/s, the initial temperature
was reduced to 450 K, and the temperature gradient was set to zero to simulate a more
uniform thermal environment. The properties of the solid–liquid (S/L) interface were
systematically varied to assess their impact on dendritic morphology, with the conditions
summarised in Table 4.
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Table 4. Modelling plan with variable model parameters.

State No. Solid/Liquid Interface
Thickness (nm)

Interface Energy
(J/m2)

Interface Mobility
(m/sK)

01 700 0.160 0.003

02 600 0.160 0.003

03 500 0.160 0.003

04 700 0.100 0.003

05 700 0.200 0.003

06 700 0.160 0.001

07 700 0.160 0.009

4. Discussion
The distribution of α-Al particles in the casting attracts attention from two perspectives.

Firstly, moving away from the in-gate along the plate, the average size of the particles
noticeably reduced. The large externally solidified crystals (ESCs) [6,22–26] were nucleated
in the shot sleeve and were forced into the die through the injection. The morphology of
these particles shows blunted dendrite arms, resulting from the shearing and fragmentation
of dendrites as they pass through the die in-gate at speeds as high as 50 m/s [3,27].

The second point of interest is the size segregation of α-Al particles which causes the
particles to distribute radially, with larger particles moving toward the centre of the flow
while smaller particles remain near the walls. Size segregation during HPDC has been
evaluated in several studies and can be influenced by various parameters affecting the
drag forces of the fluid and particle shearing. For instance, changing the melt superheat
has been shown to alter the microstructure, making it more dendritic or more globular,
with a noticeable effect on shearing and segregation [28]. The segregation band, which
contains a high amount of Al-Si eutectic, appears in different thicknesses and distances
from the wall depending on the Si concentration and externally solidified crystals fraction
in the alloy [29]. The pressure of the molten metal tends to drop as it flows through the die.
The flow may transition from more turbulent near the gate to more laminar as it reaches
the end of the plate. Turbulent flow in the initial sections can enhance mixing and reduce
the likelihood of segregation. As the flow becomes more laminar, solutes may have more
opportunity to separate, contributing to segregation in the later stages of solidification.
Overall, the lower fraction of ESCs, reduced melt pressure, and less turbulence in the flow
can explain the formation of the segregation band in the last third of the plate length.

Turbulence in the die cavity disrupts the solute boundary layer and enhances localised
undercooling, facilitating the nucleation of tertiary dendrite arms. A reduction in S/L
interface thickness from 700 nm to 500 nm improved the simulation’s ability to capture this
behaviour. A thinner interface represents sharper gradients, consistent with the enhanced
heat and solute transfer caused by turbulence. This adjustment enabled the model to
accurately depict the finer dendritic features observed in experimental microstructures.

Varying the interface energy altered the driving force for dendrite growth and tip
stability. Increasing the interface energy to 0.20 J/m suppressed tip branching, likely due to
reduced thermal fluctuations at the interface, which could have dampened the turbulence-
induced effects. Conversely, lowering the interface energy to 0.10 J/m caused excessive tip
branching, leading to unrealistically irregular structures.

Interface mobility governs the rate at which the solid–liquid interface advances, influ-
enced by local temperature and solute conditions. In turbulent environments, enhanced
mixing increases the effective cooling rate and accelerates dendrite growth. The moderate
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interface mobility of 0.003 m/sK matched the observed tertiary arm sizes, reflecting the
interplay between rapid cooling and turbulence-enhanced solute transport. Reducing mo-
bility to 0.001 m/sK resulted in slower dendrite growth while increasing it to 0.009 m/sK
led to exaggerated arm elongation, inconsistent with experimental microstructures.

Although this phase-field model primarily focused on solidification, the physical
effects of turbulence can be inferred indirectly through the change in solid–liquid interface
thickness. The turbulence accelerates heat extraction, which is reflected in the thinner
interface during solidification in the die cavity. This sharper interface indicates a more
rapid transition from liquid to solid, as might be expected under turbulent flow conditions
where cooling rates are elevated. The turbulence-related fragmentation and increased local
undercooling promote secondary nucleation on pre-existing dendrites, which has been
successfully captured in this phase-field simulation.

5. Conclusions
Turbulence-induced fragmentation is a critical factor in modifying dendrite morphol-

ogy during the high-pressure die casting (HPDC) of Al-Si alloys. The high-velocity melt
transfer from the shot sleeve to the die cavity promotes the fragmentation of secondary
dendrite arms, which subsequently act as nuclei for the growth of new arms. These phe-
nomena are particularly pronounced in regions with elevated solute and thermal gradients,
where turbulence enhances localised undercooling and solute redistribution.

The phase-field modelling approach successfully captured the initiation and growth of
new dendrite arms by systematically varying solid–liquid interface properties. The selected
parameter set effectively represented the morphological changes induced by turbulence
and rapid cooling in the die cavity by reducing interface thickness. This highlights the
interplay between kinetic and thermodynamic factors in dendrite evolution under HPDC
conditions.

These findings provide critical insights into the role of turbulence in dendritic so-
lidification and demonstrate the utility of phase-field modelling in replicating complex
microstructural phenomena. The results also underscore the importance of tuning inter-
face properties to account for process-specific conditions, offering a pathway for further
optimisation of HPDC processes and microstructural control in Al-Si alloys.
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