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Abstract: In the cold-chamber high-pressure die casting (CC-HPDC) process for light alloys, strong shear stress 
generated by the fast-flowing melt through narrow runners breaks externally solidified crystals (ESCs). Two runner 
configurations were applied in the CC-HPDC process of aluminum alloy to address this problem. A comprehensive finite 
element model was established to calculate shear stress in the runner regions during die filling, and a novel mathematical 
model of grain breakup was proposed to quantitatively analyze ESCs fragmentation through different runners. Particles 
ranging in size from 12.2 to 16.1 μm constitute a significant proportion of the ESCs and serve as the primary focus of 
subsequent shear fragmentation. Finally, HPDC test trials validate the mathematical model by characterizing grain 
morphology and size distribution in as-cast samples and the error of the model is less than 20%. The results demonstrate 
that the novel model is highly effective for the design of runner systems and the optimization of process parameters in the 
CC-HPDC process for light alloys. 
Keywords: externally solidified crystal (ESC); flow shearing; mathematical model; microstructure; high-pressure die 
casting (HPDC) 
                                                                                                             

 
 
1 Introduction 
 

The high-pressure die casting (HPDC) for light 
metals is a near-net-shape manufacturing approach 
that allows massive production and high dimension 
accuracy. Especially for aluminum and magnesium 
alloys, the cold-chamber HPDC (CC-HPDC) is 
widely used [1−3]. In this process, the melt is first 
poured into a relatively cold shot sleeve before being 
pushed into the die cavity with a fast-moving piston, 
and the mixture of melt and the partially solidified 
products formed in shot sleeve would flow through 
the relatively narrow runner and the gating system 

into the die cavity. And the fierce turbulence and 
even melt atomization would occur with the   
strong shear stress induced between the runner wall 
and the rapid-flowing melt [4]. As a result of the 
unsteady flow in the HPDC process, the as-cast 
microstructures tend to be non-uniform, and the 
mechanical properties of the as-cast products bear a 
bad reputation for poor repeatability [5]. 

As is studied by many researchers, the typical 
microstructures of HPDC components consist of a 
fine-grain skin region, a coarse grain central region 
and a porosity-containing defect band between them 
[6−9]. The fine grains nucleate and form in the die 
cavity due to high cooling rate and the coarse grains, 
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which are usually termed as externally solidified 
crystals (ESCs), primarily nucleate and grow in the 
shot sleeve and continue their growth into the die 
after being sheared and injected with melt flow. 
According to the Hall−Petch relationship [10], the 
strength of the materials would increase with 
decreasing grain size, so it is beneficial to refining 
the grains in HPDC process for better repeatability 
and improved mechanical properties [11,12]. So far, 
grain refinement in casting of light alloys has been 
achieved through multiple methods such as addition 
of grain refiners [13,14], melt quenching [15], and 
cavitation processing [16]. Specially, utilizing the 
powerful effect of flow shearing force during 
mechanical stirring, the intensive melt shearing 
technology has been developed in BCAST, Brunel 
[17,18] to break and disperse the formed oxides 
during casting process, thus promoting the 
heterogeneous nucleation in the solidification stage. 
This technology gives us a hint that if the shearing 
effect in the runner and gating system could be 
properly used, the shearing technology could be 
further extended and well compensated for industrial 
applications [19,20]. 

Research on flow shearing behavior in the die 
filling stage of the HPDC process is not rare [21]. 
GUNASEGARAM et al [22,23] studied the HPDC 
process of CA313 alloy using a prolonged runner 
and gating system and found that it encouraged the 
shearing of the melt during the die filling stage and 
led to more refined microstructure, less ESCs and 
reduced porosities. WANG and XIONG [24] studied 
the influence of piston shot speed on the evolution of 
ESCs in HPDC of AM60B magnesium alloy and 
found that under a low slow shot speed, large ESCs 
are found in the cast structure while a high fast shot 
speed resulted in more spherical ESCs. 

LI et al [25] studied the effect of runner and 
gating system on the mechanical properties of HPDC 
AZ91D magnesium alloy and found that the ESCs 
were broken and eliminated by the shear stress 
caused by the turbulent melt with the modified 
gating system. Meanwhile, they proposed the 
addition of ESC collector in the runner region during 
the vacuum HPDC process of Mg−3.0Nd−0.3Zn− 
0.6Zr alloy and improved the casting quality by 
eliminating the size distribution of large ESCs in the 
casting part [26]. In another research work from 
JIAO et al [27], a new ceramic type shot sleeve   
was used to eliminate large-size ESCs and the 

mechanical properties of the AlMg6Si2MnZr alloy 
fabricated by CC-HPDC are improved obviously. 
From the above references, it could be concluded 
that reducing the ESCs size is proven to be beneficial 
to the improvement of the microstructure and the 
mechanical properties of the CC-HPDC products. 

In the CC-HPDC process, the mechanism of 
ESC fragmentation induced by strong shear stress 
from fast-flowing melt through narrow runners has 
not been systematically quantified or modeled.   
For the first time, this study develops a novel 
mathematical model to quantitatively analyze the 
shear-induced fragmentation of ESCs with different 
runner designs. Compared to existing research, the 
model integrates a multiphysics coupling of flow 
field characteristics and grain dynamics, enabling 
more accurate predictions of grain morphology and 
size distribution. 

The results validate the model’s accuracy in 
practical die-casting processes and offer significant 
theoretical guidance for runner system design and 
process parameter optimization. This research 
addresses a critical gap in the quantitative analysis  
of ESC fragmentation in CC-HPDC processes, 
contributing to the advancement and optimization of 
high-performance light alloy casting technologies. 
 
2 Experimental 
 
2.1 Shot sleeve pre-filling experiments 

To study the initial solidification of the melt in 
the shot sleeve, a pouring test using Al−Si alloy was 
conducted in the shot sleeve of a 4500 kN cold 
chamber HPDC machine, as shown in Fig. 1. LM24 
alloy (8.09 wt.% Si, 3.11 wt.% Cu, 1.78 wt.% Zn, 
0.86 wt.% Fe, 0.22 wt.% Mn, 0.16 wt.% Mg and 
0.04 wt.% Ti) was used as a base material. A dose of 
750 g melt was poured with an initial temperature of 
680 ℃ and the time duration of 3 s. In the meantime, 
8 K-type thermocouples were placed in various 
locations of the shot sleeve, as indicated in Fig. 1. 

After the casting trials, the fully solidified 
products in the shot sleeve were cut, polished and 
etched using standard sample preparation techniques 
and the solidification structure was observed using 
scanning electron microscope (SEM). Grain size 
distribution was analyzed using image software. The 
thermal profile combined with grain size distribution 
were used for microstructure simulation calibrations. 
The grain size for ESC prior to injection was 
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estimated based on a fitting curve between grain size 
and cooling rate. The cooling rate at the time before 
injection was extracted based on FEM simulation for 
shot sleeve. 
 

 

Fig. 1 Shot sleeve configuration and locations for 8    
K-type thermocouples 
 
2.2 High-pressure die casting experiments with 

two sets of runners 
Two sets of runner and gating system were 

designed for the CC-HPDC process of LM24 alloy. 
Standard tensile samples were cast, and two groups 
of HPDC experiments were conducted based on  
the same set of process parameters, as indicated   
in Table 1. 

Specifically, the melt was degassed using a 
commercial rotary degassing unit and then manually 
poured into the shot chamber of a Frech 4500 kN 
locking force CC-HPDC machine. The pouring 
temperature, die temperature and shot chamber 
temperature were maintained at 680, 200 and 180 °C, 
respectively. Figure 2 presents the two dies used to 
produce ASTM standard E8/E8M tensile specimens. 

Table 1 Thermal die cycling sequence and duration used 
in modelling 

Process Time node/s 

Sleeve pre-filling duration 3 

Piston starting to move 3.01 

Die opening 10 

Part ejection time 20 

Die spraying start time 30 

Die spraying end time 48 

Die blowing start time 49 

Die blowing end time 55 

 
The two dies differ in their choice of runner system: 
one adopts a traditional runner system (TRS), and  
the other employs a lean runner system (LRS) that 
accelerates the liquid through a contractile flow. The 
plunger kinematics was fixed in the experiments, 
with significant speeds of 0.3 and 3.6 m/s at the 
slow-shot and die-filling stages, respectively. 

 
3 Modelling 
 
3.1 Finite element modelling of CC-HPDC process 

Using the finite element method, the filling and 
solidification processes in a CC-HPDC machine are 
modeled. The 1/2 computational domain for the 
entire HPDC machine and a detailed view of the shot 
sleeve region are shown in Fig. 3. The meshes are 
generated with Visual Mesh module in ProCAST, 
with a global mesh size of 2 mm and a refined mesh 
size of 0.2 mm at the thin ingate section. The overall 
mesh number is 1×106. 

 
Fig. 2 Die geometries used to produce ASTM standard tensile specimens: (a, b) TRS geometry employing conventional 
runner; (c, d) LRS geometry with aim to accelerate liquid through flow constriction 
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Fig. 3 (a) 1/2 computational domain of entire HPDC machine, (b) detailed view of shot sleeve region and (c) detailed 
view of die casting region 
 

The three-dimensional Navier−Stokes equations 
for mass, momentum, and heat transfer are solved 
using the finite element method. The volume of fluid 
(VOF) method is employed to model the evolution 
of the free surface of melt during flow process.   
The alloy enthalpy curve, calculated using the 
thermodynamic database provided by ESI, is used to 
describe the solidification of the alloy melt and the 
remelting of pre-solidified ESCs. 

The porosity formed during solidification is 
modelled using the POROS model in ProCAST. 
Moreover, in order to obtain reliable results that are 
consistent with actual HPDC process, the evolution 
of die temperatures from room temperature to steady 
state during the process is modelled based on thermal 
die cycling approach. A detailed description of this 
method can be found in our previous work [28]. 
 
3.2 Microstructure simulation in shot sleeve 

The simulation calculation in shot sleeve is 
mainly aimed at determining the grain size for ESCs 
prior to fast injection. The grain size in shot sleeve is 
calculated based on the fitting equation between 
grain size and cooling rate obtained with results from 
the authors. The cooling rate in the shot sleeve before 
fast injection can be obtained based on the heat 
transfer and solidification model results in this study, 
and the evolution diagram of the cooling rate along 
the length direction of the shot sleeve can be 
obtained from this. 

 
3.3 Modelling of fluid flow during fast injection 

and parameters evaluation of shear stress 
The Al melt is modeled as an incompressible 

fluid. The GAS model (ProCAST version 2018.1 
User Manual 2018 ESI Group France), which 
predicts turbulence and fragmentation of the free 
surface, is employed to qualitatively estimate the 
amount of entrained air in both the melt and the  
final casting. Furthermore, the advanced porosity 
module (APM) is utilized to solve the Darcy 
equation and address gas segregation in the mushy 
zone, thereby predicting the distribution of 
microporosity in the samples. 

The calculation formula for shear stress in the 
flow field is as follows:  

2
2d d

d d
x xu u= l

y y
τ µ ρ

 
+  

 
                      (1) 

 
where τ is the shear stress, μ is the viscosity of melt, 
ρ is the density of melt, l is the Prandtl mixing length, 
and ux is the velocity of melt. In this study, the value 
of ux is given by flow field calculation. 

According to Eq. (1), the expression for 
calculating shear stress in the model established in 
this study can be derived, which is given by Eq. (2):  

1.3 2360 0.0008
0.0023 0.0023

x xu u= +τ  
 
 

        (2) 

 
4 Results and discussion 
 
4.1 Microstructure of pre-solidified products in 

shot sleeve 
The cooling rate is extracted from modelling 

results of shot sleeve pouring. A sample line is drawn 
along the longitudinal direction near the inner 
surface of the shot sleeve. The temperature field and 
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fraction solid of the shot sleeve, as well as the 
cooling rate values extracted from the sample line  
are shown in Fig. 4. 
 

 

Fig. 4 (a) Temperature field and solid fraction of shot 
sleeve; (b) Cooling rate along piston 
 

Several studies have suggested that the grain 
size versus cooling rate variation can be described as 
an inverse power law relationship [29]. In this work, 
the relationship between grain size (d) and cooling 
rate (c) is obtained from an established mathematical 
model from the authors [30,31] and is shown in 
Eq. (3). At the numerical simulation results are 
presented in Fig. 5(b).  
d=46.94c−0.378                                            (3)  

In Fig. 5(a), the solidification structures at three 
positions near the shot sleeve wall are observed 
using SEM and OM. The three positions are 
illustrated in Fig. 1. The grain size of these three 
locations is measured based on the observation 
results, which are presented by the data points with 
error bars in Fig. 5(b). The grain size determined  
by numerical simulation is compared with the 
experiment values in Fig. 5(b). Because the grain 
size is proportional to the cooling rate, the faster 
cooling rate at Position 3 results in a smaller grain 
size. The simulated grain size at three positions is 
smaller than the actual measured average, but closer 
to the lower limit of the measured value. The error 
between simulation and experiment is less than  
20%. Considering the measurement error and the 
unevenness in the microscopic size, this error is 

within an acceptable range. The simulation value can 
be used to reflect the experiment value. 

In Fig. 6, the number of grains in shot sleeve 
under different ESC diameter distributions based on 
numerical simulation is counted. The number of 
grains with a diameter ranging from 4.4 to 27.8 μm 
shows a normal distribution trend, with the highest 
number of grains in the diameter range of 
12.2−16.1 μm, approaching 200. The total number of 
grains with a diameter greater than 27.8 μm is less 
than 50. At this point, the size distribution data of 
 

 
Fig. 5 (a) Solidification structures of shot sleeve wall at 
Position 1−3; (b) Numerical simulation and measurement 
results of grain size along shot sleeve 
 

 
Fig. 6 Number of grains under different ESC diameter 
distributions (based on numerical simulation) 



Jing-zhou LU, et al/Trans. Nonferrous Met. Soc. China 36(2026) 1015−1025 1020 

ESCs are obtained before being subjected to flow 
shear stress through numerical simulation. 
 
4.2 Numerical simulation of flow shear stress in 

old and new runners 
Table 2 lists the inlet sizes of the new and old 

runner gating systems, including length, width, and 
wall thickness. Compared to the old runner, the new 
runner has a longer flow area and narrower flow 
channels, which is beneficial for increasing the 
magnitude of shear stress. In addition, the wall of  
the new runner is thinner. 

 
Table 2 Inlet sizes of new and old runner gating systems 
Runner Length/m Width/m Wall thickness/m 

Old 0.040 0.025 0.010 

New 0.090 0.020 0.006 
 

Figure 7 shows the numerical simulation of 
shear stress distribution for new and old runners.   
In the old runner, the shear stress at the inlet of the 
gating system is small, about 0.3 MPa. The shear 
stress in some parts of the tensile sample is relatively 
high, and the overall stress distribution is very 
uneven (the maximum is 3 MPa, and the minimum 
is only 0.3 MPa). Meanwhile, many connections  
are subjected to high stress due to their compact 
structure. 

The shear stress of the old runner is relatively 
low and unevenly distributed, which is not 

conducive to crystal breakage and refinement, and 
can easily lead to significant differences in the 
performance of the casting in various parts. In 
contrast, the shear stress at the inlet of the new runner 
gating system is high, ranging 2−3 MPa, which is 
conducive to crystal breakage and refinement. At  
the same time, the stress distribution at the tensile 
sample is relatively uniform, and the shear stress in 
the middle stretching part is 1−2 MPa, which is 
conducive to the refinement and uniform distribution 
of casting grains, resulting in excellent casting 
performance. The new runner has higher overall 
shear stress, which is more favorable for the 
fragmentation of ESCs. 

 
4.3 Influence of shear stress on grain size in old 

and new runners 
Figure 8 shows the microstructure of castings 

(the tensile sample) obtained using new and old 
runners. The microstructure observations are 
performed from central samples of the casting 
system, corresponding to the 3rd and 4th samples for 
the old runner and the 4th and 5th samples for the 
new runner. The exact location for observation is the 
middle section of the tensile sample, as shown in 
Fig. 7. By comparing the three distinct regions of 
skin, defect band and centre, the new runner has a 
finer grain size, while the grain size of the old runner 
is relatively close to the grain size in Fig. 5(a), 
indicating that the refinement effect of shear stress is 

 

 
Fig. 7 Numerical simulation results of shear stress on old and new runners 
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Fig. 8 Microstructure in different regions (skin, defect band, centre) of castings obtained from old and new runners 
 
poor in the old runner. By using a new runner, the 
overall grain size of the castings obtained by die 
casting is much smaller than that of the pre-solidified 
grains inside the shot sleeve, where shear stress plays 
a crucial role. Overall, replacing the new runner is 
beneficial for using shear stress to break and refine 
grains. 
 
4.4 Crystal breakage theoretical model and 

validation 
This model is based on the research on protein 

breakage during turbulent flow through different 
flow geometries [32]. And it is further developed 
based on energy and force balance on a solidified 
grain under shear flow in a pipe. The energy 
generated by turbulence eddy dissipation should be 
large enough to overcome the UTS of the grain to 

break it. Equations (4)−(8) are the formulas for 
calculating the grain size after being broken, where 
Eqs. (4), (5) and (8) are consistent with those in the 
literature, while Eqs. (6) and (7) are different. The 
value of k in Eq. (6) is a function of flow velocity, as 
higher flow velocity leads to more breakage.  

50 i th
th

1 ( )
n

D =k tε ε
ε

 
∆ − ∆ 

 
                   (4) 

 
0.1
i0.62n ε=                               (5) 

 
1.100.0001 nk= v                              (6)  

b
th

A v σ=
M

ε
⋅ ⋅

                              (7) 
 

0
50, 50 50tD D D∆ = − ∆                          (8) 

 
where D50,∆t is the median particle diameter at any 
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time, μm; 0
50D  is the initial median particle diameter, 

μm; 50D∆  is the total particle breakage; ∆t is the 
residence time increment, s; thε  is the critical 
turbulence eddy dissipation rate needed to break the 
grain of a given size, m2·s−3; εi is the cross-section 
averaged dissipation rate in the runner; A is surface 
area of particle, m2; v is particle velocity, m/s; σb is 
tensile strength, MPa; M is mass of particle, kg. 

At the same time, orifices of different lengths 
operate at a given mass flow rate, with the same  
fluid velocity, but they exhibit different breakage 
rates, slightly different breakage mechanisms, and 
different εi. Since the breakage mechanism is 
determined by the level of εi, then the k term may be 
expressed as function of the n term. Therefore, it is 
suggested that the k term must be a function of both 
flow velocity and εi. The specific equation values  
are obtained by fitting the experimental results. 
Equation (7) is obtained based on the tensile strength 
that needs to be overcome. 

Based on this theoretical model, the crystal 
breakage under shear stress, i.e. the change in grain 
size, is predicted based on the size of ESCs. 
Figures 9 and 10 show the theoretical prediction of 
particle size changes before and after melt shearing 
in old and new runner, respectively. It can be clearly 
seen that in the old runner, the particle size hardly 
changes after melt shearing. In new runner, the 
particle size decreases significantly after melt 
shearing, and the larger the original size of the 
particles is, the more obvious the melt shear effect 
occurs, and the more the particle size decreases. The 
smaller particles themselves do not show significant 
changes, but the effect is still better than the old 
runner. 
 

 
Fig. 9 Theoretical prediction of particle size changes 
before and after melt shearing in old runner 

 

 
Fig. 10 Theoretical prediction of particle size changes 
before and after melt shearing in new runner 
 

From the above results, the new runner has a 
more excellent application for the shear effect of the 
melt, which is conducive to the uniformity of the 
microstructure of the casting and the improvement of 
the casting performance. 

Figure 11 shows the grain size values at 
different locations measured in the old and new 
runner affected by flow shear stress, as well as    
the predicted grain size values based on the 
aforementioned crystal breakage theoretical model. 
At these three locations, the predicted values 
correspond well with the measured values, and the 
prediction results have small errors. Among them, 
the prediction error of defect band position is the 
smallest. The predicted results of skin and centre are 
also within the error range of the measured values. 
Of course, compared to the other two positions, the 
prediction error of the center is relatively large,  
close to 20%. Therefore, future work will consider 
further reducing the prediction error of the center. In 
 

 
Fig. 11 Measurement and prediction data of average grain 
size after flow shearing at different positions in casting 
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summary, it can be considered that the theoretical 
model has good application in this study. 
 
5 Conclusions 
 

(1) Experiments and numerical simulations 
were conducted to examine the pre-solidified ESCs 
in the shot sleeve, with focus on the relationship 
between grain size and cooling rate. The numerical 
simulation results for grain size closely align with 
experimental findings. Grains in the size range of 
12.2−16.1 μm constitute a significant proportion of 
the ESCs and are the primary targets of subsequent 
shear fragmentation. 

(2) Numerical simulations were performed to 
analyze the shear stress acting on grains in both new 
and old runner designs, with observations of grain 
size before and after melt shearing. The simulation 
results indicate that the new runner generates higher 
overall shear stress, with a more uniform stress 
distribution, making it more conducive to ESC 
fragmentation. Grain observations confirm that 
replacing the old runner with the new one enhances 
the use of shear stress for breaking and refining 
grains. 

(3) Drawing inspiration from cell fragmentation 
processes in medicine, a theoretical model for crystal 
breakage was established and validated. This model 
demonstrates excellent predictive accuracy, with its 
predictions closely match experimental results. It 
serves as a valuable tool for further in-depth research 
and plays a significant role in improving the design 
of die-casting machines and enhancing the quality of 
die-cast components. 
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摘  要：在轻合金冷室高压压铸(CC-HPDC)工艺中，快速流动的熔体通过窄流道产生的强剪切应力会破坏外部凝

固的晶体(ESC)。在铝合金 CC-HPDC 工艺中应用了两种流道配置来解决该问题。通过有限元模型，计算了模具填

充过程中流道区域的剪切应力，并建立了新的晶粒破碎数学模型，用于定量分析不同流道中 ESC 的破碎情况。粒

径在 12.2~16.1 μm 之间的颗粒在 ESC 中占很大比例，是随后剪切破碎的主要对象。在 HPDC 测试试验中通过表

征铸态样品中的晶粒形貌和尺寸分布来验证数学模型，模型的误差小于 20%。结果表明，该新模型适用于轻合金

CC-HPDC 工艺中的流道系统设计和最佳工艺参数选择。 

关键词：外部凝固晶体(ESC)；流动剪切；数学模型；微观结构；高压压铸(HPDC) 
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