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Abstract. The high pressure die casting (HPDC) is a technique that allows us to produce parts for various sectors of industry. It has a great
application in such sectors as automotive, energy, medicine, as the HPDC allows us to produce parts very fast and very cheaply. The HPDC
casting quality depends on many parameters. The parameters among others, are cast alloy alloy metallurgy, filling system design, casting
technology elements geometry and orientation, as well as, machine operation settings. In the article, different plunger motion schemes of the
HPDC machine were taken into account. Analyses lead to learning about plunger motion influence on the casting porosity and solidification
process run. Numerical experiments were run with the use of MAGMASoft® simulation software. Experiments were performed for industrial
casting of water pump for automotive. Main parameter taken into account was maximal velocity of the plunger in the second phase. The analysis
covered porosity distribution, feeding time through the gate, temperature field during whole process, solidification time. Cooling curves of
the casting in chosen points were also analysed. Obtained results allow us to formulate conclusions that connect plunger motion scheme, gate

solidification time and the casting wall thickness on the solidification rate and porosity of the casting.
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1. INTRODUCTION

The global die casting market is driven by its diverse appli-
cation in such sectors of the economy as: automotive, energy,
telecommunications etc. High-pressure die casting is one of the
most cost-effective processes production used in the foundry in-
dustry. This process makes it possible to manufacture large light
alloy parts with high precision and uniformity during mass pro-
duction [1,2].

For the casting plant customers the HPDC technique is un-
derstood, as the technique that gives high quality, uniform detail
that is ready to use. Buyers of castings would like to have this
idea in work. Casting companies have additional halls for post-
production, which is necessary to have product that is wanted
by the market. It is very difficult to design permanent mould
for the HPDC machine that ensures high-quality product of
the quality that is repeatable. However some solutions are well
known, there cannot be directly utilized for new castings. There
are many issues that have an impact on the HPDC product qual-
ity, which among others are: casting material, initial pouring
temperature, heating/cooling of die (initial temperature at the
beginning of the cycle), plunger motion scheme, design of the
gating system and resulting filling rate of casting cavity volume,
presence of vents [2—6].
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The HPDC technology is a complex process that depends on
many parameters. Those are connected with piling up of the al-
loy in the shoot chamber, filling of the mould cavity and apply-
ing pressure on the edge of cooling system called biscuit [7-9].

Mentioned processes are driven by the three phases of the
HPDC process. At the first stage of the process, filling of the
shoot sleeve, and air evacuation from this volume happens. At
the second stage of the process, mould cavity is being filled at
the very high velocity. At the third stage of the process, inten-
sification pressure is applied at the biscuit, which pushes liquid
alloy into mould cavity through the gating system and gates,
this alloy allows us to refill volumes empty due to the cast-
ing shrinkage. As the gates solidified no more feeding of the
casting through the gates is possible, any hot-spots still present
at this stage will result in shrinkage porosity of the final cast-
ing [2,7,8,10,11].

Despite that, a lot of research was done on the topic of elim-
ination of shrinkage porosity, gas entrapment and other defects
still it is a challenge to make optimal casting technology, just
based on the casting geometry. That is why simulation is present
in almost all HPDC foundries [2—4,12]. Several simulation pro-
grams are used to optimize the HPDC technology, the most
common used are: MAGMASoft® [13], FLOW 3D CAST [14],
ProCAST, Nova Flow&Solid, AnyCasting [15, 16]. Mentioned
programs use different numerical methods and different mod-
elling methods. Simulation programs allow us to analyse dif-
ferent technology designs and their impact on the final product
quality. Additional profit is understanding of process parame-
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ters impact on its run without additional costs [17-19]. Workers
who may analyse simulation results gets better qualification, as
if they failed or succeeded during real production [20].

In order to support design of HPDC technology that will min-
imize casting defects, such as oxidation, air entrapment, shrink-
age porosity several theoretical works were done. They use an-
alytical formulas that allow us to choose best plunger motion
schemes in the sense of minimizing the volume of entrapment
air. As it was shown in [21,22] it was possible to model the free
surface evolution and wave surface propagation in shot sleeve
on the base of two-dimensional flow model based on shallow-
water approximation. Analytical formulas for plunger motion
rate and initial liquid level can help set process parameters.

The investigation reported in this manuscript is focused to
asset the impact of plunger motion of HPDC machine on the
parameters that define product quality after filling, solidification
and cooling stage. Numerical experiments were performed with
the use of MAGMASOoft® 5.5 simulation system. The HPDC
machine parameters were set in the programs dedicated mod-
ule. It is well known that cooling rate and the alloy composition
have great impact on the final casting microstructure [23-25].

2. MATERIALS AND METHODS

The aluminium-based EN AC — 46000 alloy (alloy chemi-
cal composition is given in Table 1) high pressure die casting
(HPDC) was taken into account during investigation. This al-
loy is quite popular in the automotive industry as it allows to
maintain high mechanical properties for thin-walled compo-
nents. This alloy also has high fluidity, which allows us to fill
even complicated shapes.

Table 1
Chemical composition of A1Si9Cu3 alloy
Element Cu | Fe | Mg|Mn|Ni| Si|Zn| Al
Content [wt.%] | 3.0 | 1.2 [ 0.3 | 04 | 0.4 | 9.0 | 1.0 | 84.7

Chemical composition of EN AC — 46000 alloy has an im-
pact on the thermophysical parameters of the material. These
parameters are crucial in the case of heat flow in the casting vol-
ume. During numerical experiments standard MAGMASoft®
database was used. Thermophysical data in this database de-
pend on temperature, which have an impact on the process of
filling, solidification and cooling during the HPDC process.

Several plunger motion profiles were taken into account. It
was assumed to have standard formula (semi-scaled) plunger
motion profiles — that assumption allows us to have comparable
run of the process and the scaled velocity value can be used as
an independent variable of the process. Within defined scheme
some parameters are threatened as constants and some are de-
pendent on the Vyax value, which is only parameter that de-
scribes the plunger motion scheme. Plot visible in Fig. 1 can be
also defined with Table 2, which defines plunger position and
its velocity.
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Fig. 1. The schematic of standardized run of plunger motion scheme
depended on the maximal plunger velocity value Vyax

Table 2
Values that define the run of plunger motion scheme
Plunger position [m] Plunger velocity [m/s]
0 0
0.025 0.2
0.300 0.4
0.320 (2/3) Vmax
0.340 VMAX
0.445 VMAX
0.450 (1/3) Vmax
0.455 0

During the reported investigation seven values of the Vyax
were taken into account. Analysed values are gathered in Ta-
ble 3. Intensification stage for all the cases was the same, with
pressure of 210 bars.

Table 3
Maximal velocity of the plunger motion in the shot chamber
of the HPDC machine
Vmax [m/s]
0.6 ‘ 0.9 ‘ 1.5 ‘ 1.8 ‘ 24 ‘ 3.0 ‘ 3.6

The examined casting was water pump cover, which is casted
in four for per one HPDC cycle. Its geometry is shown in Fig. 2.
The casting system and location of the casting nests are visible
in Fig. 3.

The numerical modelling results were obtained with the use
of MAGMASOoft® 5.5.1 patch 5 simulation software. This pro-
gram is complex software which allows us to examine differ-
ent casting technologies. For the HPDC there is special module
which allows us to simulate liquid alloy flow in a shot sleeve
before and during first stage of HPDC process.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 5, p. 147339, 2023
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Fig. 3. The HPDC casting system for four water pump half-covers
casted in one HPDC shoot

At the analysis stage standard and user-defined results were
taken into account. Standard results were to compare visual in
the general or clipped view, to understand fluid flow: rate, first
filled gate, air entrapment, also to understand local temperature
or porosity distribution. As a user-defined result it was chosen
to use integrals of the porosity in the mesh cells of the casting
volume. Software result “porosity” shows percentage fraction
of the void in each cell. Sum of porosity value over the cav-
ity cells is comparable result as during each numerical exper-
iment same mesh was used. Number of cartesian elements for
discretization of each casting was about 600000 cells, about
220000 cells for gating system discretization. In both dies vol-
ume almost 35 million of cartesian cells was generated, which
after coarsening process were reduced to about 7 200 000 cells.
In the Integral of porosity was done for total casting volume and
for each individual casting.

During simulations virtual thermocouples were placed in
the casting volumes and nearby permanent mould. They were
placed at the regions where characteristic 3, 6, 11 mm wall
thickness was measured, Fig. 2. Cooling curves can give a lot
of useful information about process run and its characteristic
stages. Simulation software allows us to obtain temperature
curves for geometries that were first marked as individual do-
mains, i.e. gates, individual castings. These curves cover tem-
perature history, flow rate through the domain volume and oth-
ers. Another “user” result was the time of gate solidification,
which has large impact on the feeding of the casting volume
which is needed due to alloy shrinkage.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 5, p. 147339, 2023

3. RESULTS AND DISCUSSION
Following paragraph presents results that was obtained during
simulation.

In Figs. 4, 5 porosity distribution within casting A (Fig. 4)
and casting B (Fig. 5) are shown. It can be clearly seen that
in the case of greater velocities, Vyax, larger porosity regions
appears in the casting. Results visible in mentioned Figs. 4, 5 —
blue regions — can be assessed by the shape and size of porosity
region volume. Because of the growth of the porosity fraction
in the porosity regions visual analysis maybe misleading. That
is why in Table 4 weighted integral of porosity volume for all
four casting in total is gathered. Those results connected with
Vmax clearly confirm tendency that was observed in Figs. 4, 5.
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Fig. 4. Forecasted porosity distribution for different piston speeds in
the bottom A, casting: Vyax = 0.9 [m/s] (a), Vymax = 1.8 [m/s] (b),
VMAX =24 [m/s] (C), VMAX =3.6 [m/s] (d)

Table 4
Comparison of the predicted porosity dependence on the Vyax
Vmax [m/s] Porosity volume [-]
0.6 19.9
0.9 25.2
1.5 29.8
1.8 30.3
24 329
3.0 339
3.6 343

Porosity regions visible in Figs. 4, 5 are different, not only
for the Vyax change, but for the same velocity and different
A and B castings. Distribution of the porosity in the bottom A
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(Fig. 4) and the top B casting (Fig. 5) differs significantly. In the
Fig. 4a—d central porosity region can be observed as two con-
nected regions: one is larger, second smaller (denoted with or-
ange circle). In Fig. 4b this small region (orange circle) is larger
and is connected to larger, central porosity region. As Vyax
value grows, Figs. 4c—d, evolution of this central region size
and shape can be seen. Volume of the central porosity changes
and become larger. Other defects that are visible in Fig. 4a (de-
noted green arrows) are not evolving so much in shape, however
new small regions appears, which may be located in Figs. 4b—d
(denoted red arrows). In Fig. 5a large isolated porosity region
is centre-located, similarly as in Fig. 4a. However, this region
is smaller than centre-located region in casting A, Fig. 4. The
small spherical region also can be visible near to this region, but
its location is different than in Fig. 4a. Small region of poros-
ity is located more to the centre of the casting (denoted green
circle). In following Figs. 4b—c this region is growing and is a
part of largest porosity region. As the Vyax equals 1.8 [m/s],
Fig. 5b, new small spherical region appears (denoted with or-
ange circle). It is located in the similar place as it was in Fig. 4a.
Its behaviour is similar as region denoted with orange circle in
Fig. 4. For the higher Vyax, Fig. 5c, d large porosity region is
connected with this small porosity also and creates one porosity
region. In the case of casting B no new, far regions of porosity
appears in the casting, Figs. Sa—d.
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Fig. 5. Forecasted porosity distribution for different piston speeds in
the top, B, casting: Viyax = 0.9 [m/s] (a), Vmax = 1.8 [m/s] (b), Vmax
= 2.4 [m/s] (c) and Vyax = 3.6 [m/s] (d)

Quantity result of weighted integral volume of porosity for
casting A and B are gathered in Table 5. In this case only several
Vmax values are present. Results show tendency that connects
porosity volume and Vyax. It can be observed that total poros-
ity in casting A is larger than for casting B for each Vyax.

Based on the obtained results it can be said that porosity vol-
ume grows faster for the casting A. However no strict tendency
can be noted. Results from Table 5 confirms results that were
from Figs. 4, 5 and Table 4. It can be also noted that position of
the casting, filling gate placement and shape of the filling sys-
tem has an impact on the porosity. It is also seen that different
gravity direction during the solidification would have impact on
the casting porosity location and size. However from mentioned
parameters the Vyiax value has most significant impact on the
casting quality. According to the obtained results it is possible
to connect a variety of different parameters to gain best casting
quality.

Table 5
Comparison of the predicted porosity dependence on
the Vyax for chosen castings volumes

Porosity volume [mm3]
Vmax [m/s]
Casting A Casting B
0.6 3.461 2.997
0.9 4.295 3.691
1.8 5.187 4.425
2.4 6.647 5.545
3.6 6.922 5.672

To understand the porosity change with the Vyjax some ad-
ditional measurements were made. Using special defined “user
result” it was possible to identify the maximal feeding time
through the casting cavity gate, Fig. 6 and porosity in specified
casting, Fig. 7. The region of the longest feeding time was al-
ways located in the largest of three gates through which casting
was filled. In many simulation programs, no full physical feed-
ing model is used. Programs use critical volume of dendrites
that make it impossible for liquid to travel through their arms.
Same feature is not used anymore by MAGMASoft®, and new
approach, based on Darcy’s law, is applied. In the presented re-
sults limit time was chosen at the stage when software stopped
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Fig. 6. Change of the feeding time with the maximal plunger velocity
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transfer of liquid through the gate, and limiting start of filling
was registered at the time when the cavity is fully filled. Ob-
tained results clearly show that if the gate can longer transfer
the liquid alloy the resulting casting porosity is lower.

Results shown in Figs. 6 and 7 in a form of the plots allow
us to observe, that there is connection between feeding time
from the filling system and total porosity volume values. How-
ever there are some differences visible in the run of maximal
feeding time vs. Vjax and porosity volume vs. Vyax, general
statement about their dependency may be made. For a longer
feeding time porosity volume would be smaller.
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Fig. 7. Change of the porosity volume in whole casting
with the maximal plunger velocity

After stabilization of the temperature field in the cover and
ejector die during filling, different amount of energy is trans-
ferred into the die volume. It strictly depends on mould cav-
ity filling time. With different Vyax values different tempera-
ture profiles in the casting volumes are obtained. The results are
shown in Fig. 8. Scale bar is the same for all castings and cov-
ers liquidus temperature to pouring temperature range, which
allows us to compare coloured maps. All visible regions are
still at temperature above liquidus temperature, and total cast-
ing volume is full of liquid alloy. In the case of the fresh filled
casting the lowest temperature is on their surface. As for Vyax
= 0.9 m/s there are large regions of temperature about 600°C at
the higher values of Vyax temperatures are much higher. For
VMmax equal to 1.8 m/s the lowest temperature is still higher
than 630°C. The highest examined Vyax velocity 3.6 m/s the
temperature distribution map shows that temperature is almost
equally distributed and differs in range 650-670°C.

With different plunger motion velocities filling time of the
cavity varies in the range 128-30 ms for Vyax values in the
range 0.9-3.6 m/s (see Table 7). During filling of the die cav-
ity stage liquid alloy contact area with ejector and cover die
grows and energy transfer from alloy to die is possible. Men-
tioned contact time is longer for lower Vyjax so more energy
can be transferred from liquid alloy to the permanent mould.
This phenomenon impacts not only alloy temperature distri-

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 5, p. 147339, 2023
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bution in mould cavity but also temperature distribution in die
around the casting. Presented results take into account cycling
of the HPDC process and are given for third production cycle.
During the examination three regions of different wall thick-
ness of the casting, Fig. 1, were chosen. Near virtual thermo-
couples placed in the middle of the cavity, 4 mm from the cast-
ing edge additional thermocouples were placed in ejector die.
Those thermocouples constantly registered temperature change
during process, their placement is denoted with red arrows in
Fig. 9. Its run differs significantly for different plunger veloc-
ities, to reach different maximal temperature at the end of the
filling of the casting cavity stage. Registered values are gathered
in Table 6. It can be noted that in each thermocouple tempera-
ture value versus Vyax tendency is similar — for higher veloc-
ities temperature of die gets lower. As the filling time is longer
the temperature of die is higher which results in lower alloy
temperature and higher permanent mould temperature. Percent-
age reduction of temperature value is the greatest for the wall
of 3 mm thickness (about 24%). For other wall thicknesses per-

Table 6
Maximal temperatures at the end of the casting cavity filling, measured
in ejector die 4 mm from the casting wall near given wall thickness of

the casting A
Vmax [m/s] 0.9 ‘ 1.8 ‘ 2.4 ‘ 3.6
Wall thickness [mm)] Temperature °C
3 10595 | 88.03 84.25 79.39
6 202.12 | 179.53 | 172.34 | 165.54
11 211.47 | 184.22 | 178.31 | 170.22
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centage reduction of temperature is less (about 18—-19%) but
still appears as significant observation. As a result temperature
gradient between casting and die is smaller for smaller Vyax
values. At the filling stage all heat energy is transferred into
system, so it is very important to understand how it will be dis-
tributed. As the flow is slower more time is given for the alloy to
heat up the neighbourhood die regions. After this stage the stor-
age energy will allow for slower solidification as well as longer
feeding from the casting filling system gate. At the solidifica-
tion stage the only source of casting cavity feeding material is
biscuit and filling system due to pressure from plunger at the
pressure intensification stage.

Thermocouples

Mat. 1, 101:3
Mat. 1,1D2:3
Mat. 1,10 3: 3
Mat.1,1D4:3
Jc o7
Jeo
1 Jc_o8
7
Thermocouples
Mat. 1,ID1: 3
P A
P A (b)
z
A
|

Fig. 9. Placements of the virtual thermocouples — view on the com-
putational mesh. (a) A casting, (b) B casting. Thermocouples are indi-
cated by red arrows

During each analysis, Vyax — depended, plunger motion
scheme filling time is quite short in comparison with whole
HPDC process, however small differences have significant ef-
fect on resulting temperatures, compare Table 6 and Fig. 8. For
the casting cavity volume longer filling time will result in lower
temperatures of the liquid alloy. For the die volume, near to the
casting, longer filling time will result in the higher temperature.
Sum of those effects will result in lower temperature gradient
between casting cavity and permanent mould for lower plunger
motion speed and higher temperature gradient for faster maxi-
mal plunger motion speed.

Analysis of the solidification time for representative casting
A was also done. Its results are shown in Table 8 and the cool-
ing curves presented in Fig. 10. Data was gathered from the wall
of 11 mm thickness. It can be seen that differences for values
gathered in Table 8 as well as run of the cooling curve Fig. 10
are not significant. For the lowest plunger velocity solidification
time is the shortest (just above 4.9 s), and for the fastest plunger
velocity solidification time is longest (over 5 seconds). Analysis
of the time change trend show slow growth, however statistical
correlation for this approximation is less than 50%. Taking into
account small relative differences it can be assumed that solid-
ification time is almost the same for all Vyax values.

Table 7
Start and end of the filling of the mould cavity related to the moment
of beginning of the plunger motion — values for casting A

VMmax Start of filling End of filling Filling time
[m/s] (ms] (ms] (ms]
0.6 1295 1489 194
0.9 1258 1386 128
1.8 1218 1279 61
2.4 1206 1251 45
3.6 1193 1223 30
Table 8

Solidification times of the A — casting in the centre of 11 mm wall —
for different maximal plunger motion speeds

Vmax [m/s] Solidification time [ms]
0.6 4914
0.9 4949
1.5 4945
1.8 4898
24 4984
3.0 4987
3.6 5039

The obtained result can be explained by different temper-
ature gradient between casting and die volume at the end of
cavity filling stage. Previously registered values show that for
slower Vyax much more energy was transferred from liquid
alloy to the die at filling stage, which has an effect in the liquid
metal average temperature and higher die temperature. It is well
known that temperature gradient value is proportional to cool-
ing rate. In this case at the filling stage large portions of energy
were transferred from casting to permanent mould volume. It is
due to pouring new volumes of liquid transferred by the biscuit
and runner because of plunger motion. However, when filling
stage finishes energy value gathered in the system (casting cav-
ity volume and die) remains constant. As temperature values
evolve slower — no metal flow — main effect on the heat transfer

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 5, p. 147339, 2023



www.czasopisma.pan.pl P
Y

N www.journals.pan.pl

Influence of plunger motion profile of high pressure die casting on the casting porosity and solidification rate

580

560

3
3540_ —— Vyax= 0.6 [m/s]
3 —— Vyax= 0.9 [m/s]

©
o —— Vyax= 1.5 [m/s
8 520 4 MAX [ ]
E —— Vyax= 1.8 [m/s]
= —— Vuax= 2.0 [m/s]
500 Vuax= 2.4 [m/s]
—— Vyax= 3.6 [m/s]

480

T T T T T T 1
313 314 315 316 317 318 319
Time [s]

Fig. 10. Cooling curves of the casting A during solidification
for different values of Vyax (denoted v in the plot)

would have the temperature gradient. For larger Vyax values,
temperature gradient is much greater than for low filling veloc-
ities. This effect counterbalance previous observed temperature
— plunger velocity relations. At the end of mould cavity fill-
ing stage (high Vyax), average temperature of liquid alloy is
large in comparison with die temperature. In effect much larger
temperature gradient than for lower Vyax is observed. Dur-
ing filling stage for slower Vyjax much more energy was trans-
ferred from alloy to die. Now, at the solidification stage smooth
temperature change between casting cavity volume and the die
makes temperature gradient much lower and the energy transfer
is slow in comparison with the fast Vyax.

4. CONCLUSIONS
Presented results and discussion enable us to state following
conclusions.

Numerical simulation allows us to predict run of the HPDC
process, including machine preparation, filling of the mould
cavity, solidification, cooling, pressure application and remov-
ing casting from die phenomena. Thiese advanced tools allow
us to analyse the impact of the plunger motion scheme on the
casting quality.

Casting quality control is possible by change of HPDC ma-
chine parameters. Modelling of those parameters is possible
with simulation software. Simulation software allows us to un-
derstand run of the process and parameters which are crucial
for it.

Location of the casting has an impact on the casting qual-
ity. Analysed cases show that casting which is higher in die has
better quality than the lower one. It, however, is not effect of
the gravity — nowadays research shows, that HPDC process is
so fast, that gravity impact may be neglected. In this case main
impact on the casting quality have design of the filling system.
As different casting filling systems are used different casting
filling runs are obtained, as well as different temperature pro-
files.

Change of the plunger motion scheme value Vyax, has an
impact on the porosity volume in the casting. For higher veloc-
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ities greater porosity volume in the casting is observed, regions

of porosity appearance are also significantly larger.

During research it was shown that larger porosity for higher
velocities is connected to following factors:

o temperature of the die at the end of the filling process the
casting cavity is smaller for higher Vyjax, on the other hand
liquid metal temperature value is greater, it is caused by dif-
ferences in the filling time and possibility of energy transfer
from liquid to die,

e large gradient of temperature makes it faster to solidify gate
volume, which makes gate feeding time shorter. The longer
gate feeding time, the less porosity can be observed in the
casting volume.

Solidification time of the casting depends on wall thick-
ness. Due to temperature gradient between liquid and perma-
nent mould very small differences in solidification time were
noted for Viax ranged 0.6-3.6 m/s, in the centre of 11 mm
thick wall.
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