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Abstract

High pressure die casting (HPDC) is one of the most productive casting methods to produce a wide range of aluminum components with
high dimensional accuracy and complex geometries. The process parameters of high-pressure casting generally directly affect the resulting
quality of the castings, such as the presence of pores in the casting or the microstructure. In addition to air entrapment, porosity can also be
caused by the dissolution of hydrogen. Hydrogen is released by the reaction of water vapor and melt at high temperatures and is released
during solidification. These defects can lead to a significant reduction in mechanical properties such as strength and ductility and especially
fatigue properties. The aim of the presented article is to describe the effect of the temperature of the core of the high-pressure mold on the
presence and distribution of porosity and the microstructure of the aluminum casting in two geometric variants. The temperature of the core
was changed due to the use of two flowing media in the thermoregulation circuit of the core, i.e. demineralized water and heat transfer oil
and worked with a core temperature of 130 + 5 and 165 + 5 °C. With both geometric variants, a higher porosity was achieved when using
water (core temperature 130 £ 5 °C) than when using oil (core temperature 165 + 5 °C). The opposite results were observed for microporosity,
where higher microporosity was observed for tempering oil. The microstructure of the casting with water-cooled cores was more
characterized by finer grains of phase o (Al) and eutectic Si. In tempering oil, the microstructure was characterized by coarse grains of the
o phase (Al) and the Si lamellae were in the form of sharp-edged formations.
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1. Introduction The combination of mold temperature, the fluidity of the
molten metal, the complexity of the part geometry, and the cooling
rate during high-pressure die casting all affect the integrity of the
cast component. If these factors are not properly controlled, we can
expect the appearance of various defects in the final casting. The
thermal profile of the tool during operation is another important
aspect of producing high quality components. Mold temperature is
a key factor affecting heat removal from the molten metal, as well
as for filling the mold and for correct setting of the casting
properties [4-6]. A common source of defects in die casting is that
the mold is not at the optimum temperature. This problem can be
avoided by using a thermoregulating device [7,8].

High-pressure die casting is a complex process that takes into
account a number of factors that significantly affect the final
quality of the cast part. The basic parameters of the high-pressure
die casting process are mainly the maintenance temperature,
casting and molds temperature, hydrostatic pressure, or pressing
pressure, and alloy flow rate in the inlet channel. The mechanical
properties of a high-pressure die-cast product are primarily related
to the temperature of the mold, the speed of the metal at the inlet
and the applied casting pressure [1-3].
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In the production of high-pressure die-cast parts, the ability to
control thermal processes in the tool plays a key role. Each mold
should therefore be heated to the required temperature before
production begins. This generally results in increased mold life.
Casting with a cold or insufficiently preheated die can lead to high
stress on the tool surface as well as low quality castings [9,10].

The key factors for effective temperature control of the die are
the temperature control unit, suitable heat transfer medium and
tempering circuits in the mold die. The tempering channels must be
large enough to ensure rapid circulation and minimal pressure loss.
Choosing the right temperature control unit depends on the design
of the channels in the matrix. The temperature control unit must be
powerful enough to regulate the temperature of the die and
dissipate the heat. The heat-carrying medium plays an important
role in ensuring optimal temperature regulation. The better the heat
transfer properties of the used medium, the more efficiently it is
possible to transfer a large amount of heat. Because of the high
temperatures, die casting often uses oil-based heat transfer media
[11].

The aim of the presented article is to assess the influence of the
medium flowing in the thermoregulation circuit of the high-
pressure die mold core on the change of the internal quality of
castings in two geometric variants of the height of the casting tube.
In the experimental part of the paper, we worked with
demineralized water and heat transfer oil used as a medium for core
temperature regulation. The internal quality of high-pressure die
castings was evaluated by a combination of porosity analysis and
structural analysis of selected critical locations on the casting. This
evaluation should help us better understand how changing the
thermoregulating medium affects the internal quality of castings.

2. Experimental process

In the experimental part, an aluminum alloy AlSi12Cul(Fe)
was used. It is a frequently used alloy for high pressure die casting
process. This material is characterized by good mechanical
properties and is used to produce thin-walled castings with
complex shapes, which are intended for various industries such as
the automotive or electrical engineering industries. The alloy has
good electrical and thermal conductivity, excellent corrosion
resistance and good heat-insulating ability. Chemical composition
of the AlSi12Cul(Fe) alloy used in the experiments is shown in
Table 1.

Table 1

Chemical composition of the AlSi12Cul(Fe) alloys [wt.%]
Si Fe Cu Mn Mg Cr Ni Zn
11.  0.69 089 031 0.06 0.01 006 0.34
4 6 1 8 7 4 8 3

For experimental purposes, a casting marked Statorbuchse EC
75 and Statorbuchse EC 55 was used (Fig. 1). Castings EC 75 and
EC 55 are distinguished from each other by the different height of
the tube part. Experimental castings were cast by Rosenberg-
Slovakia s.r.o. in Medzev. The EC 75 and EC 55 castings are part
of the EC (electronically commutated) motor. It is a synchronous
motor with permanent magnets and an external impeller, which is
powered by an inverter. EC motors are used to drive fans.

Both variants of castings were cast with a change of the
medium flowing in the thermoregulating circuit of the mold in the
core part. By changing the medium, core temperatures at the
beginning of the cycle were reached for water of 130 + 5 °C and
for heat transfer oil of 165 £ 5 °C. Other machine parameters, such
as piston speed in the filling chamber, mold treatment, mold
temperature, casting temperature, and piston stroke, did not change
during the casting process and are listed in Table 2.

Table 2
HPDC process parameters
Process parameters

EC75 | EC55

Temperature in the holding furnace 705+ 10 °C
Casting (tapping) temperature 705+ 10 °C
Temperature of Stationary part 190£5°C
mold Moveable part 190£5°C
Weight of casting 1 kg | 0.9kg
Maximum pressure in the chamber 95 MPa
Filling chamber diameter 80 mm
Active chamber length 470 mm
Pressing time 5s
Degassing temperature 720+ 5 °C
Rotary degassed with nitrogen 120 s

Tube part b)

c)

i

1248

99.7

Hat part I 2217 y & @217 -
Fig. 1. Statorbuchse EC, a) Geometry, b) EC 75, ¢) EC 55
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A STRIKO WESTOFEN MHS 750/350 melting furnace with
a holding space capacity of 750 kg was used. The molten material
was then poured from the furnace into the transport ladle. To
prevent the formation of microbubbles in the aluminum, which are
caused by the release of hydrogen during solidification, it was
necessary to degas the melt with nitrogen for 120 seconds. After
degassing, the oxide layers were mechanically removed from the
surface of the melt and it was transported to the furnace, which
serves to maintain the temperature of the melt and also to dose it.
A pressure casting machine with a horizontal cold chamber CLH
400.02P was used for casting. An automated Gerlieva mold
treatment system was also available during the casting process.

As part of the experimental work, two types of cooling media
were used in the core part, namely water and heat transfer oil -
ITERM 6MB. The water used to regulate the temperature of the
mold was chemically treated - demineralized to prevent corrosion
on flat channels or clogging of thermoregulation circuits with
calcium deposits. The main difference between water and heat
transfer oil is the several times higher heat transfer coefficient of
water (= 800 W/(m2.C) compared to ITERM 6MB oil (= 175
W/(m2.C). The core is regulated by the so-called bulkhead, which
is used for return channels (Fig. 2).
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Fig. 2. Section through the core and location of the core in the
cast and marking of critical places on the cast with a red ellipse
and sampling locations for microstructural analysis with a red
ellipse

Samples for microstructural analysis were taken from the
critical part - the lower part of the tube (Fig. 2 blue circles). Sample
preparation consisted of coarse and fine wet grinding, diamond
emulsion polishing and finally etched in 0.5% HF solution.
Observations using a NEOPHOT 32 optical microscope (OM),
VEGA LMU 1I scanning electron microscopy (SEM) and EDX
analysis were used to evaluate the samples.

The evaluation of porosity by means of a CT scan was carried
out on a NIKON - XT H225 ST device.

3. Results

3.1. Porosity evaluation by computer
tomography

For evaluation by CT scanning, the hat part of the casts was cut
away and the evaluation was focused on the critical tube part of the
cast (Fig. 3 and Fig. 4). The CT images were subsequently
subjected to a quantitative evaluation of the area share of pores in
the sections of each casting in the Quickphoto industrial 3.2
program. In addition to the area fraction, the average value of the
maximum pore length was determined based on the Feret Diameter.
Sections through the X, Y, Z planes were evaluated on each cast
and 3 sections were selected on each plane. The results of the
assessment are shown in Table 3. An example of the evaluation
procedure is shown in Fig. 5.

Fig. 3. CT image of EC 55 casting; a) water-cooled (core temperatures 130 = 5 °C), b) oil-tempered (core temperatures 165 + 5 °C)
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Fig. 4. CT image of EC 75 casting; a) water-cooled (core temperatures 130 = 5 °C), b) oil-tempered (core temperatures 165 + 5 °C)

Table 3
Pore area fraction and average maximum pore length
EC55 ECS55 EC75 ECT75
water oil water oil
Pore area fraction [%] 0.48 0.38 0.93 0.44

Maximum pore length o5 g6 119 (70
[mm]

When comparing CT images of EC 55 castings, we can see that
the number of pores when tempering oil is used is smaller
compared to water-cooled castings. The occurrence of pores is
approximately up to 2/3 of the height of the tube when using oil,
when using water there is already the presence of pores in the entire
volume of the casting. Using water also increased the size of the
pores (Fig. 3).

By observing EC 75 castings that were tempered with oil, we
see that porosity is already present in the lower part of the tube. For
castings that were cooled by water, the number and size of pores,
especially in the critical part of the tube, increased significantly.
The range of pores found in EC 75 castings is significantly larger
than in EC 55 castings. In EC 75 castings that were water-cooled,
the pore size also increased (Fig. 4).

The smaller number of pores in the tube section can be
explained by the reduction in the cooling rate due to the heat
transfer oil allowing more trapped air to escape from the observed
area into the venting system. The second possibility is that the
increased temperature of the mold surface, which evaporated the
cooling and separation sprays more quickly and thus escaped in
larger quantities into the atmosphere before the cavity was closed.
The lower temperature of the core surface could have caused
slower evaporation of the cooling and separation sprays, which
subsequently remained closed inside the casting as excess water,

which evaporates during the casting process and thus creates air
bubbles.

In the volume of castings, it is possible to observe pores with a
rounded shape, which are located more in the middle and upper part
of the tube. In EC 75 castings, pores with irregular shapes prevail
in the lower - critical part of the tube, which disrupts the
homogeneity to a greater extent. Pores with irregular shapes are
characteristic that the mechanism of formation is a combination of
shrinkage and the presence of trapped air.

Fig. 5. CT image of EC 75 casting after evaluating pore area
fraction and average maximum pore length; a) water-cooled (core
temperatures 130 = 5 °C), b) oil-tempered (core temperatures 165

+5°C)
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3.2. Microstructure analysis

The microstructure of the eutectic alloy AlSi12Cul(Fe) of EC
55 and 75 castings can be seen in the optical microscope images
(Figs. 6 and 7) at 200- and 500-times magnification. The
microstructure is formed by the eutectic (dark gray color)
distributed in the a (Al) phase (pale gray color) and intermetallic
phases based on Fe and Cu.

The eutectic particles in the water-cooled EC 55 casting have
the shape of compact plate-like silicon particles - lamellae, or
grains (Fig. 6a). Fe-rich intermetallic phases are observed as
AlS5FeSi type phases (short needle morphology) or locally together
with Mn form Alis(FeMn)3Siz type phases. Alis(FeMn)s3Si2 phases
can be observed in the inter-dendritic regions and are
predominantly in the shape of sharp-edged formations, or the so-
called "Chinese script". However, the higher Mn, Cr and Fe content
resulted in the formation of so-called sludge phases, which can be
observed as gray irregular formations.

EC 55 castings that were tempered with oil have a thicker
structure (Fig. 6b) compared to water-cooled castings, which was
caused by slower cooling rate of the tube part. It can also be
observed that in the oil-tempered alloy, the eutectic and Fe-rich
phases (in needle morphology) crystallized to longer lengths, and
sludge phases were locally observed up to approximately 20 pm in
size (Fig. 6b).

On the microstructure of the water-cooled EC 75 casting (Fig.
7a), can see lamellae of eutectic Si in shorter and more rounded
shapes (similar to the water-cooled EC 55 casting), which are
dispersed throughout the entire volume of the matrix. Conversely,
tempering with oil led to the crystallization of coarser grains of the
primary o phase and longer Si lamellae with sharper terminations
(Fig. 7b). Intermetallic phases based on Fe and Cu were not
significantly affected by changing the geometry of the tube.
AlsFeSi phase needles are present in shorter lengths in water-
cooled castings.
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Fig. 6. EC 55 casting mi
tempered by oil

The change in the flowing medium was manifested by an
increase in microporosity, which can be observed in the images at
200 times magnification (Fig. 6 and 7 - blue color). Microporosity
was observed mainly with the mechanism of shrinkage and the
places of its combination with a gas bubble. In his study [12], Wang
describes in detail the mechanism of microporosity decrease with
increasing cooling rate. The higher the cooling rate, the finer the
grain of the primary phase. Since the rate of hydrogen diffusion in
the solid phase is much lower than in the liquid phase, this refined
microstructure will prevent hydrogen diffusion and reduce the
concentration between the microporosity, leading to a decrease in
the microporosity size. On the other hand, grain refinement leads
to the reduction of inter-dendritic distances, which limit the growth
space of microporosity. In addition, a slight increase in
microporosity was observed due to the increase in tube height,
thereby increasing the areas of hot spots that increase the risk of
shrinkage.

—
; PN
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N
- Sludge |
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F 1g 7. EC 75 casting microstructure; a) cooled by water, b)
tempered by oil

Images from a scanning electron microscope allow a more
detailed view of individual structural components. When taking a
closer look at the morphology of eutectic Si, a clearly visible
change is the effect of the used medium in the thermoregulation
system of the core (Fig. 8). The morphology of the eutectic in the
water-cooled casting is observed in the cutting plane as various
round grains and lamellae, which in the 3D morphology are
observed as rods. The morphology of the eutectic in the tempered
casting is in the form of sharp-edged lamellae (needles) with an
uneven surface (protruding steps), which are related to the twinning
of the basic Si crystal. In 3D morphologies observed as hexagonal
plates. Similar results were also observed in works by authors Shen
[13], Li [14] or Niklas [15]. In his research, Shen worked with an
AlSil0 alloy with increased Fe content and a cylinder-shaped
casting with dimensions of a cavity diameter of 20 mm and a height
of 120 mm. By increasing the cooling rate, there was a
transformation from coarse needle-like particles to fine particles of
eutectic Si. Li s and the collective evaluated the cooling rate on
AlSi7Mg0.3 alloy and casting with two different thicknesses (30
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mm and 0.8 mm). The cooling rate for a wall thickness of 30 mm
was 30 K/s and for a thin wall of 0.8 mm it was 130 K/s. At a
cooling rate of 30 K/s, the eutectic Si showed a flake-like
morphology, and by increasing the rate to 130 K/s, a slight
morphology was already observed branching. Niklas also worked
with the same alloy and a casting with a cylindrical shape with an
oven thickness of 0.3 to 1.5 cm. The result was the transformation
of Eutectic Si grains due to the increase in the cooling rate from
thick plate-like formations to well-rounded particles.

Fig. 8. Detail of eutectlc Siin EC 55 castlng, a) cooled by water,
b) tempered by oil

| cuka
SEM MAG: Oﬁ:) HV: 30kV WD: 24.0mm

SEM images and elements mapping applications confirmed
the presence of sludge phases (Fig. 9). These are polyhedral
compounds formed by a peritectic reaction, such as primary o —
Alis(Fe,Mn,Cr)3Sia. Copper-rich intermetallic phases in all
castings are primarily nucleated near eutectic silicon grains or iron-
rich phases. The Cu-rich phases crystallized as Al.Cu phases or, in
the presence of Fe, as Al7FeCu.

Fig. 9 EC 55 castmg microstructure; a) cooled by water, b) tempered by oil

4. Conclusions

The aim of the presented article was to assess the effect of the
temperature change due to the influence of the medium flowing in
the thermoregulating circuit of the core of the high-pressure mold
on the internal quality of the castings in two geometric variants of
the height of the casting tube.

The use of heat transfer oil has shown itself favorably in the
evaluation of the porosity of the tube, which is in direct contact
with the core. By applying water to the thermoregulation circuit,
the initial temperature of the core during the work cycle was
reduced (130 + 5 °C), which resulted in the appearance of a larger

86 ARCHIVES of FOUNDRY ENGINEERING Volume 24,

number of pores in the form of closed air in the entire volume of
the tube. The effect of tube growth confirmed the trend of
increasing the presence of pores in the evaluated area of the EC 75
casting.

On the contrary, the increased cooling rate due to water's
influence in the thermoregulation circuit led to a decrease in
microporosity with the mechanism of shrinkage in the critical area
of the tube. A more favorable microstructure was also achieved due
to the influence of water flow in the core. The microstructure of the
water-cooled castings was more characterized by finer grains of the
a phase (Al) and eutectic silicon in the form of round grains and
lamellae. Coarse grains of the a phase (Al) and Si lamellae in the
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form of sharp-edged lamellae (needles) with an uneven surface
were characteristic of the oil-tempered castings.

The results show that maintaining the correct temperature of
the work surface is very important. In our case, it can be said that
the use of heat transfer oil as a medium in the thermoregulation
circuit of the core was more optimal because essentially lower gas
porosity was achieved in the critical area (at the expense of the
deterioration of the microstructure and the greater presence of
contractions), which plays an essential role in the functions of the
casting.
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