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A B S T R A C T   

The application of computer aided engineering (CAE) has become a trend in manufacture industry due to its 
great efficiency and reliability. In casting industries, numerical modelling of the casting process based on CAE 
has replaced traditional trial-and-error R&D procedures in many aspects. With advanced parallel computing 
techniques and numerous calculation models, the fluid flow, heat transfer, solidification and defect formation 
behaviours under different casting conditions may be examined in detail. Based on this idea, component design 
and the optimization of casting parameters may be carried out to produce products for subsequent micro-
structural and mechanical characterization. In this way, a direct link between process condition, casting quality, 
and cast mechanical properties may be established in a manner that is practical, economical and energy efficient 
for such processes as gravity die casting, high pressure die casting (HPDC) and continuous casting. 

In this work, the entire HPDC process, including die heating, thermal die cycling, shot sleeve pre-filling, slow 
shot/fast shot injection, die filling/solidification as well as intensification, is simulated for an Al-Si alloy using 
the casting simulation package ProCAST. The interfacial heat transfer coefficients between melt and die wall/ 
shot sleeve are adjusted according to thermal couple measurements and infrared imaging of the die surface 
temperature distribution. Based on this complete numerical model, the HPDC process may be optimized using 
the following methodology: 1) the optimum thermal die cycle number is determined after which the dynamic 
steady state of die temperature is obtained to guarantee relatively sound casting quality. 2) The piston shot 
profile is adjusted to reduce defect formation during injection. In the meantime, tensile bars are cast using the 
optimized piston shot profile and the mechanical properties (yield strength, ultimate tensile strength and 
elongation) are tested to assess the effectiveness of the computer simulation. Results show that the mechanical 
properties are improved with the optimized process parameters, providing further evidence that CAE could help 
in the optimization of HPDC processes.   

Introduction 

The application of the high pressure die casting (HPDC) process has 
enabled mass production of cast alloy components with high dimen-
sional accuracy and great efficiency. Due to the inherently turbulent 
melt flow during injection, defects such as entrapped air, porosity and 
non-uniform grains are common and randomly distributed in HPDC 
components, which in turn deteriorate the mechanical properties. The 
design and layout of cast systems (gate and runner, overflows, vents) as 
well as the suitable configuration of casting parameters are vital factors 
influencing the melt flow characteristics during HPDC die filling. Proper 
configuration of gate and runner systems plus optimum casting param-
eters could lead to cast components with improved mechanical 

properties and casting consistency. Zhou [1] designed a new runner 
which contained a collector for externally solidified crystals (ESCs) 
forming in shot sleeve and found that the mechanical properties of the 
cast alloys produced with the optimized runner system increased obvi-
ously. Gunasegaram [2] succeeded in achieving improved ultimate 
tensile strength (UTS) and elongation for HPDC aluminium alloys 
through optimization of runner design and increasing of piston velocity. 
Tsoukalas [3] investigated the influence of die casting machine pa-
rameters (piston velocity, intensification pressure, die cavity filling 
time) on formation of porosity in cast components and found that using 
optimal die casting machine parameter levels leads the optimum 
porosity value in final castings. Wu [4] observed the microstructure 
formation of magnesium alloy die castings produced with different 
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plunger velocities in cold chamber HPDC process and found that vari-
ation of plunger slow shot/fast shot velocity could affect the distribution 
of ESCs in final castings and cause the variability in mechanical 
properties. 

Numerical simulation of the HPDC process is not uncommon as re-
searchers and manufacturers are constantly seeking to better understand 
that which cannot be directly observed during actual practice. Hyuk-Jae 
[5] studied the design of HPDC gating systems using CAE method and 
predicted the cast defects accordingly. Gerald [6] studied the optimi-
zation of the liquid jet exiting the ingate during HPDC using the 
smoothed particle hydrodynamics (SPH) method. Cleary [7] studied 
melt flow characteristics during HPDC and assessed the models accuracy 
by conducting interrupted filling tests during actual practice. Brůna [8] 
predicted the re-oxidation process in gating systems for aluminium al-
loys. Abdel [9] studied the effects of shot sleeve filling on the evolution 
of the melt free surface and the subsequent solidification process during 
HPDC using computational fluid dynamics (CFD). It is widely accepted 
that the poor mechanical properties of HPDC parts, and their highly 
variable nature, is closely related to the size and spatial distribution of 
shrinkage/gas porosities, large intermetallic phases and externally so-
lidified crystals that are formed in shot sleeve prior to injection. It fol-
lows then, that by developing a better understanding of fluid flow and 
solidification during HPDC, one may improve product quality and 
property stability, thus reducing the conservative safety factors 
commonly used in component design. 

Whilst each individual phenomenon influencing the HPDC process 
has been researched extensively through numerical modelling and ex-
periments, a complete simulation of the HPDC process considering the 

influence of upstream sub-processes has rarely been seen. That is, to 
chain the entire HPDC cycle into one mathematical model, which in-
cludes die heating, thermal die cycling, shot sleeve pre-filling, slow 
shot/fast shot injection, die filling/solidification as well as intensifica-
tion. Once this model is established in its entirety, a series of modelling 

Fig. 1. Modelling workflow of the entire HPDC process.  

Fig. 2. Typical HPDC procedures during one entire cycle.  

Fig. 3. Configuration and hybrid FEM mesh used in calculation (in ½ sym-
metry) Above: Die and castings dimensions; Below: Shot sleeve and bis-
cuit region. 
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studies could follow, aiming to study the influence of process parameters 
on melt flow, solidification and defects formation in HPDC and new 
techniques for suppressing the formation of defects could be obtained, 
further validated and adopted into industrial practice. 

Modelling Procedure and Workflow 

In this paper, the entire HPDC process is modelled using the finite 
element (FEM) method under the ProCAST software platform, which 
includes three interactive modules: Visual-Mesh, Visual-Cast and Visual- 
Viewer, which is for FEM mesh generation, model discretization/ 
calculation and result analysis, respectively. The workflow for the 
modelling process is shown in Fig. 1. During one cycle of the HPDC 
process, a series of actions are executed in an irreversible order, which 
can be seen in Fig. 2. In this work, the CAE simulation process is per-
formed following this workflow. The geometrical model of HPDC system 
is established using CAD software according to real dimensions of the 
HPDC machine. To save computation time, a symmetrical plane is 
defined, and half of the model is used for modelling, as can be seen in 
Fig. 3. After the CAD files are imported and assembled in ProCAST, a 
hybrid FEM mesh of the entire model is generated. Various mesh sizes 
are defined according to geometrical features and the desired calcula-
tion precision. Initial/boundary conditions of the HPDC process are 
defined in accordance to actual casting practice, as listed in Table 1. 
Temperature-dependent material properties of aluminium alloy A356 
are calculated using a database provided by the ESI Group, as shown in 
Fig. 4. Based on this, the entire HPDC process is calculated using the 

parallel computing technique. The postprocessing module of ProCAST is 
called to visualize and analyse corresponding modelling results, as 
illustrated later in this paper. 

Model Description 

Governing Equations 

Melt injection, die filling and solidification of HPDC process are 
modelled with the ProCAST solver-Visual-Cast. Melt flow, heat transfer 
and solidification are calculated with 3D finite element method using 
the following governing equations based on the enthalpy method. Melt 
turbulence is described using standard k-ε turbulence model. The Vol-
ume of Fluid (VOF) method is used to describe the evolution of the melt 
free surface. 

Continuity equation: 

∂ρ
∂t

+∇∙
(
ρlgl〈v〉l

)
= 0 (1) 

Momentum equation (simplified): 

Fig. 4. A356 alloy thermophysical properties.  

Table 1 
Initial/boundary conditions used in subsequent modelling.  

Alloy type A356 Shot sleeve temperature 180℃ 

Liquidus 
temperature 

614℃ Shot sleeve length 480mm 

Solidus temperature 553℃ Die and sleeve material H13 steel 
Pouring temperature 680℃ Initial average die surface 

temperature 
150℃ 

Part ejection time 20s Die blowing end time 55s  

Fig. 5. Time-dependent iHTCs used in this work.  
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Heat flow Equation: 

∂(ρh)
∂t

+∇∙
(
ρlglh〈v〉l

)
= ∇∙(k∇T) + S (3) 

Enthalpy constitutive equation: 

h(T) =
∫ T

0
CP(T)dT + L(1 − gs(T)) (4) 

In the above equations, 〈v〉l is the intrinsic phase averaged velocity, ρ 
is the density, p is the pressure, μl is the melt viscosity, T is the tem-
perature, Cp is the specific heat, L is the latent heat of solidification, and 
h is the enthalpy. 

Prediction of Trapped Gas and Oxides 

In the HPDC process, due to short die filling time and turbulence 
nature of the melt, the entrainment of air in the final castings are 
inevitable. In this work, the air entrainment in the final casting is pre-
dicted qualitatively combining the ideal gas law and Darcy–Weisbach 
equation as follows. 

Δp
L

= fD∙
ρ
2
∙〈v〉

2

D  

Where Δp is the pressure difference for gas before and after die filling, L 
is the equivalent distance for pressure drop, D is the hydraulic diameter, 
fD is the friction coefficient based on wall roughness and D, ρ is related to 
gas pressure and temperature through ideal gas law. The effect of 
intensification pressure on the casting is described by defining a critical 

gate solid fraction. If the solid fraction exceeds some critical value (in 
this case 0.9), the feeding of liquid metal through the ingates is 
terminated. 

For oxide predictions, the oxides indicator within ProCAST software 
is used, which has the units of (cm2*s). The principle of calculation of 
this indicator is the following: At each point of the free surface, the free 
surface area is multiplied by time. This value is cumulated with the value 
of the previous time step. In addition, this value is transported with the 
free surface and with the fluid flow. When two free surfaces meet, both 
values are added. When there is no free surface at a given location, the 
value of the front tracking indicator will still be transported with the 
fluid. This indicator allows the user to identify the amount of oxides 
formed at the free surface and where they are most likely to end up, 
aiding in the study the flow junctions. 

Near-wall flow and heat transfer 

For fluid flow near to the wall, flow velocity experiences a boundary 
layer due to friction between the melt and the shot sleeve and die sur-
faces. Additionally, impingement of the superheated alloy with the 
relatively cold shot sleeve or die surface results in time-variant interfa-
cial heat transfer coefficients (iHTCs). In this work, two unique functions 
WALLF and WSHEAR are established. WALLF is used to compute the 
velocity of the free surface at the mold wall. The WSHEAR algorithm 
allows to take into account a velocity boundary layer along mold wall. It 
allows to have non-zero velocities at the mold walls, which is more 
representative of the reality (slip of the liquid along walls). Based on 
filling tests performed by the authors, WALLF and WSHEAR are properly 
adjusted to describe the fluid flow characteristics near to the wall. Time- 
dependent iHTCs are then introduced and used in subsequent CAE 
simulation. Details about previous work can be found in this reference 
[10]. The evolution of iHTCs is revealed as in Fig. 5. 

Simulation Results 

Die heating process 

Initially, die temperature is assumed to be consistent with that of 
ambient air (25℃). As the casting process commences, two heating 
channels in the mobile and stationary platens are switched on to heat the 
die to working condition. A target temperature of 180℃ is set, with the 
heating channels switching off once this target is achieved. In the model, 
a dynamic heat boundary condition is applied to heating channel loca-
tions and the temperature distribution in the die are calculated 
accordingly, as depicted in Fig. 6. The calculation results for die heating 
are further extracted and used as an initial condition for thermal die 
cycling simulation. 

Thermal die cycling process (TDC) 

A complete HPDC cycles normally involves several stages including 
shot sleeve pre-filling, piston slow shot phase, die injection, 

Fig. 6. Temperature distribution on the die surface after heating 
from atmosphere. 

Table 2 
Thermal die cycling sequence and duration used in modelling.  

Sleeve pre-filling duration 3s Die spraying start time 30s 

Piston starts to move At 3.01s Die spraying end time 48s 
Die opening At 10s Die blowing start time 49s 
Part ejection time 20s Die blowing end time 55s  
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intensification, part ejection, die surface spraying and air blowing. In 
this work, the time durations and sequence of each stages during HPDC 
are recorded from experiments, as shown in Table 2. Based on the 
recorded data, a dynamic interfacial heat transfer coefficient function 
was defined. The thermal die cycling process was calculated for a 
maximum of 20 cycles. During each stage, the die surface temperature is 
non-uniform and time-variant. Fig. 7 shows the evolution of tempera-
ture on the die surface during the 6th HPDC cycle. It is evident that when 
the die cavity is filled with liquid metal, the die/melt interface tem-
perature first rapidly increases to some maximum and then stabilizes 
due to heat transfer. After the solidified casting is ejected from the die 
cavity, the effect of spraying coolant and blowing air on the die surface 
temperature is modelled accordingly. This is achieved by defining a 
spraying/blowing trajectory at die surface as well as spray nozzle shape 
and its distance from the die. A schematic illustration is shown in Fig. 8. 

To further validate the model reliability, a FLIR T6xx series infrared 
camera was used to capture the die surface temperature during a HPDC 
cycle operated under the same conditions used in this modelling work. A 
comparison between the calculated die surface temperature and 
measured result can be found in Fig. 9, which shows strong agreement 
regarding the distribution of different temperature ranges. On this basis, 

the temperature evolution curves at four locations in the die are plotted 
during various HPDC cycles, as is depicted in Fig. 10. From this figure, it 
is clearly observed that after 6~7 cycles, the temperature distribution at 
the die surface achieves a quasi-steady state. Hence, the temperature 
distribution on the die surface after 7th HPDC cycle is extracted and 
mapped for further die filling modelling. 

Melt injection and solidification 

For the actual HPDC process, a transferring ladle was used to prefill 
the shot sleeve with melt. In the simulation, this process is modelled 
with a flowrate-time function (Fig. 11). Fig. 12 shows the sequence of 
shot sleeve prefill. The left and right figures are colour map of melt 
temperature from two different angles, respectively. It can be seen that 
as the melt is poured into the shot sleeve, the temperature of the melt 
impinging on the sleeve wall drops below the liquidus temperature, 
resulting in the formation of ESCs along the bottom of the sleeve, as 
illustrated in Fig. 13. 

As the piston continues to move along the shot sleeve, the mixture of 
molten metal and ESCs is injected into the die cavity. Fig. 14 shows the 
melt filling sequence in the die cavity. The colour map reveals the air 

Fig. 7. Temperature distribution at die surface during the 6th HPDC cycle.  
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distribution in the casting. It should be noted that the amount of 
entrained air in the tensile samples at different locations tend to be 
different owing to varied flow patterns within the die. This phenomenon 
may prove to be a potential factor influencing the variability of me-
chanical properties. As the distribution of defects in different locations 
of castings varies with casting process condition, the existence of defects 
such as porosity, entrained air, oxides as well as large ESCs would lead to 
stress concentration in the castings when subject to forces. Therefore, 
controlling the formation and distribution of solidification defects is key 
factors in improvement of mechanical properties of HPDC components. 

Fig. 15 shows the solidification time of the casting, a cut-off limit of 
0.7 s is set and positions where the solidification time is below 0.7 s are 
visualized. Interestingly, the melt was observed to rapidly solidify at the 
ingate region shortly after die filling due to the high cooling rate 

incurred by the thin ingate thickness (2 mm in this work). Moreover, as 
is reported by many researchers [11–16], a portion of externally solid-
ified crystals (ESCs) would form in shot sleeve and then be transported 
into the die cavity through the ingate system. If the ingate regions were 
to solidify prematurely, the subsequent build-up of ESCs would inhibit 
the effective transmission of intensification pressure, resulting in poor 
feeding of the solidifying alloy. To alleviate this problem, it is recom-
mended to keep the ingate region at a relatively high temperature. The 
proper placement of heating/cooling channels must therefore be care-
fully considered during the die design stage. 

Discussion 

In the actual HPDC process, proper configuration of the piston shot 
curve is beneficial for reducing defects and improving casting efficiency 
[9,16–19]. A typical shot curve usually comprises of a slow shot stage 
and a fast shot stage, in which the evolution of piston slow shot velocity 
along shot sleeve length is important for initial melt free surface 
development and defects distribution. In this section, the following two 
aspects are discussed. 

Influence of piston slow shot acceleration positions on casting defects 
distribution 

To study the influence of piston slow shot velocity on HPDC defects 
formation, a series of piston shot curves are selected in which the piston 
slow shot acceleration position varies as in Fig. 16. In (a)-(d), the piston 
velocity increases from 0 to 0.2 ms-1 within different distances of 10 mm, 
30 mm, 50 mm, and 60 mm from the initial position. After that, the 
piston slow shot velocity continues to increase to 0.3 ms-1 at the distance 
of 370 mm along shot sleeve length. In (e), the piston velocity first in-
creases to 0.3 ms-1 and remains constant until reaching the distance of 
370 mm. In (f), piston velocity linearly increases from 0 to 0.3 m/s from 
the initial position to 370 mm. In all of the figures above, the fast shot 
velocity is kept constant at 3.6 ms-1. Fig. 17 compares the distribution of 
entrained air in the final casting under the various conditions defined in 
Fig. 16. It can be seen that due to the complex flow patterns in the die 
cavity, the amount of entrained air at various locations in the casting 
differs for each shot condition. The optimum piston slow shot acceler-
ation position is 10 mm from the initial position, in which case the 
amount and distribution of air in cast tensile samples are less and more 
uniform according to simulation results. Although the prediction of air 
entrainment in ProCAST is qualitative, it offers a practical guide for 

Fig. 9. Comparison of predicted die surface temperature distribution with infrared images obtained during HPDC.  

Fig. 8. Schematic illustration of spray/blow after part ejection.  
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determination of piston shot curves and further design considerations 
and optimization routes for the HPDC process. 

Influence of piston slow shot velocity profile on fluid flow and defects 
formation 

To further the influence slow shot velocity on defects formation, 
three piston shot curves are set as in Fig. 18. The initial piston acceler-
ation position is fixed at 50 mm, while the slow shot velocities for Set 1- 
1, Set 1-2 and Set 1-3 are 0.2-0.3 ms-1, 0.4-0.6 ms-1 and 0.6-1.0 ms-1, 
respectively. The modelling results are shown in Fig. 19. 

Regarding the melt free surface in the shot sleeve, it is worth noting 
that the slow shot velocity should not exceed 0.4-0.6 ms-1, otherwise the 
melt free surface would accumulate and collide with the shot sleeve 
ceiling too soon, causing further wave collapses and serious air 
entrainment. Considering the final casting domain, it could be seen that 
castings produced with a shot slow speed of 0.2-0.3 ms-1 exhibit the 
lowest level of air entrainment and when the slow shot speed exceeds 

Fig. 10. Calculated temperature curves at sampling positions of die surface at multiple thermal cycles.  

Fig. 12. Flow and temperature evolution of melt during filling of shot sleeve prior to piston injection, images from two viewing angles.  

Fig. 11. Flowrate curve used during shot sleeve filling.  
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0.6 ms-1, air entrainment in the casting increases and distributes un-
evenly. Regarding oxide formation and distribution, the optimal slow 
shot speed is 0.4-0.6 ms-1, under which the oxide tendency at different 
casting locations are relatively uniform and the amount of oxides tend to 
be relatively low compared with others condition. 

For further comparison, a series of tensile samples are cast using the 
exact same piston shot curves as mentioned in Fig. 18. The mechanical 
properties (ultimate tensile strength UTS, elongation El and yield stress 
YS) of the cast tensile bars are measures and summarized in Table 3. It is 
seen that UTS and El values of tensile bars produced using a piston ve-
locity profile of 0.4-0.6 ms-1 exhibit the highest average values and the 
lowest standard deviations among the three groups. 

As the mechanical properties of the casting is a comprehensive result 

of casting microstructure and its interaction with defects. Obtaining a 
uniform microstructure with less defects is the final goal to improve 
mechanical properties and achieve property stability. For the study in 
this paper, the increased slow stage velocity of 0.4-0.6 ms-1 could reduce 
and homogenise oxides formation without introducing excessive air into 
the melt. It could also limit the formation of externally solidified crystals 
(ESCs) by reducing heat loss of the melt in shot sleeve. 

Conclusion 

A complete simulation approach for cold chamber high pressure die 
casting has been established in ProCAST platform. Based on the FEM, the 
complete HPDC process including die heating, thermal die cycling, shot 

Fig. 14. Filling sequence of the melt and distribution of air in the die cavity.  

Fig. 13. Distribution of externally solidified crystals along the shot sleeve.  

K. Dou et al.                                                                                                                                                                                                                                     



Journal of Manufacturing Processes 60 (2020) 435–446

443

sleeve prefilling, die filling and solidification are modelled and physical 
phenomena including fluid flow, heat transfer, solidification and defect 
formation (entrained air, oxides indicator) are studied and visualized 
with a postprocessing interface. A series of experiments are performed to 
calibrate the model. Using this entire mathematical model, optimal 
thermal die cycling is determined to achieve a steady state die temper-
ature. Based on TDC simulation, influence of the piston velocity profile 
on the formation of defects in tensile bars are studied. Meanwhile, 
tensile bars produced using the same casting conditions are tested to 
reveal the link between operational parameters, casting defects and 
mechanical properties (UTS, YS, El). Based on the simulation, an opti-
mized piston profile is obtained, which could lead to improved tensile 
properties in cast tensile samples. The optimum piston slow shot ac-
celeration position is 10 mm from the initial position and the optimal 

slow shot speed is 0.4-0.6 ms-1. The complete simulation of HPDC in this 
work provides CAE engineers with a systematic and cost-effective route 
to optimizing casting parameters and operating conditions within the 
HPDC cell, without the need for lengthy empirical trials. In the mean-
time, the general idea and modelling technique used in this work would 
contribute to the further development of virtual engineering in metal 
casting process. 
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Fig. 15. Section cut-off for position where solidification time is below 0.7 s.  
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Fig. 16. Piston shot curves with different slow shot acceleration positions.  

Fig. 17. Modelling results of air entrainment in casting with different slow shot acceleration position (from left to right corresponds to Fig. 13 (a)-(f), respectively).  
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Fig. 19. Comparison of modelling results with different piston slow shot velocity magnitude. First column: evolution of melt free surface and air entrainment in shot 
sleeve; Second column: air entrainment and oxides indicator in final castings. 

Fig. 18. Piston shot curves with different slow shot velocities.  

Table 3 
Mechanical properties of tensile samples produced under various piston slow 
shot profiles.  

piston 
velocity 

sample 
No. 

YS (MPa) UTS (MPa) El (%)  

average  average  average 

0.2- 
0.3 m/s 

A-1 208.5 
206.3 
± 2.0 

348.1 
340.5 
± 7.3 

7.6 
6.0 
± 1.3 

A-2 203.9 347.0 6.9 
A-3 204.6 331.1 4.5 
A-4 208.0 335.6 5.1 

0.4- 
0.6 m/s 

B-1 206.9 
204.0 
± 5.0 

348.2 
344.9 
± 1.9 

6.1 
6.2 
± 0.7 

B-2 208.4 344 5.6 
B-3 195.5 344.3 7.4 
B-4 205.3 343.2 5.6 

0.6-1 m/s 

C-1 209.7 
202.9 
± 5.5 

338.6 
339 
± 2.9 

5.4 
5.8 
± 0.6 

C-2 194.5 343.3 6 
C-3 202.9 339 6.6 
C-4 204.6 335 5.1  
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