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Abstract

High-pressure die casting results in a high quality surface and good mechanical properties of castings. Under the effect of pressure,
integral and solid castings are achieved without a large number of foundry defects. The correct and proper setting of technological
parameters plays a very important role in minimizing casting defects. The aim of the presented article is to determine the optimum
maximum piston velocity for a casting in the high-pressure casting process with two height variants, depending on their internal quality. It
is because the internal quality of particular castings is important in terms of proper functionality in operations where the biggest problem is
the porosity of the casting. The main cause of porosity formation is the decreasing solubility of gases (most often hydrogen) during the
melt solidification. Solubility represents the maximum amount of gas that can dissolve in a metal under equilibrium conditions of
temperature and pressure. Macroporosity and microporosity were determined from the sections of the surfaces in the determined zones of
the castings. Here, the results was that the macroporosity decreased with increasing piston velocity. Ideal microstructure was evaluated at a
piston velocity of 3 m/s for both types of castings. On the other hand, the increase in tube size has shown that velocities of 3 m/s and
higher, the tube is more prone to macroporosity formation. The highest hardness was achieved at the piston velocity of 2 m/s at both tube
lengths.
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1. Introduction for example by changing the technological parameters of the
process, by modifying the casting design or by a combination of
both [3-5]. The basic parameters of the high-pressure casting
process include mainly the holding temperature, the temperature
of casting and the mold, the hydrostatic pressure or the pressing
pressure, or the flow velocity of the alloy in the inlet notch [6].
The pressing velocity in the filling chamber determines the
flow velocity of the melt in the gating system and the gate. The
flow velocity of the melt in the gate then defines the filling mode
of the mold cavity, which is an important factor from which the
surface and internal quality of the casting is derived. Higher

High-pressure die casting of aluminum alloys using a machine
with a cold vertical chamber has over time become one of the
most used and most economical technologies. This method has
become attractive especially in the manufacture of shape-
complex, dimensionally accurate and thin-walled castings. [1,2].

High-pressure casting is a considerably complex process,
which involves many factors that significantly affect the final
state of the casting. It is possible to minimize defects in castings,
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numbers of smaller-sized bubbles located in the central region of
the casting are characteristic of the higher filling velocities by a
turbulent-dispersive flow of the melt. When filling at lower filling
velocities, a reverse turbulent asymmetric flow was formed with a
small number of larger vortices in the central regions. These
central regions are characterized by the presence of a smaller
number of bubbles together with relatively unaffected regions [7-
9]. In general, the flow velocity in the gate is selected in the range
from 0.6 to 100 m/s. Low velocities can lead to misrun of castings
or cold shut formation. Exceeding the optimum flow velocity
causes the melt flow to strike the walls of the mold cavity with
high kinetic energy. This washes away the initially formed crust
into the interior of the casting wall and a causes the alloy to stick
on the mold wall, which results in a map-like surface of the
casting due to the diffusion of the melt elements into the
overheated wall of the high-pressure mold [10-11].

The most harmful gases for aluminum alloys are hydrogen,
oxygen and water steam. They get into the mold from the
atmosphere, the lining of the furnace, crucibles and tools. When
the molten metal comes in contact with water steam, water
dissociation occurs. Oxygen reacts with aluminum, hydrogen
dissolves in the molten metal. The reaction proceeds according to
the following equation:

2 [Al] + 3{H20} — (Al20s) + 6 [H] 1)

Another significant source of hydrogen can be charge material
if it is added to the melt without thorough preheating. Hydrogen is
bound in the form of water in the pores, and in the form of
hydroxides on the oxidized surface in the form of AI(OH)s [12-
13].

The aim of the presented article is to determine the effect of
piston velocity during mold filling in high-pressure casting with
two height variants, depending on their internal quality. Porosity,
hardness and microstructure are important characteristics that
have a direct impact on the overall quality of the high-pressure
casting and its proper functionality in service. The maximum
velocity of movement of the piston in the filling chamber is one of
the basic technological factors in the high-pressure casting
process, but its influence on internal quality such as porosity,
hardness or microstructure is still not fully understood.

2. Experimental process

The castings used for experimental purposes are shown in
Figure 1. Experimental castings were cast from sub-eutectic
aluminum alloy AISi9Cu3(Fe), which is characterized by high
thermal and chemical resistance and good strength. The chemical
composition of the alloy used is given in Table 1.
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Table 1.
Chemical composition of the AISi9Cu3(Fe) alloys [wt.%]
Si Fe Cu Mn Mg Cr Ni Zn

10.3  0.72 2.1 0.16 013 0.02 0.07 0.6

The castings used in the experimental part were cast in the
company Rosenberg-Slovakia s.r.o., Medzev, in cooperation with

the Department of Technological Engineering of the University of
Zilina.

a) Casting “tube”

Casting “hat” [ =
Fig. 1. Geometry of casting Statorbuchse GD 150

Castings marked Statorbuchse GD 150 were cast in two tube
height variants (Statorbuchse GD 150/120 and Statorbuchse GD
150/85), while the hat part remained unchanged. The change in
the specific dimensions of the length of the tube is shown in
Figure 2. Both types of castings were cast in four alternatives,
with a change in the maximum velocity of the press piston in the
filling chamber vmax or the mold filling velocity. The change of
casting speeds was performed during the second stage of filling
with the piston. During the 1% and 3" stages of filling we
maintained the constant velocity or the maximum pressure in the
chamber at each casting process. Other parameters of the machine
(such as mold temperature, casting temperature and active
chamber length) remained unchanged as well during the casting
process (Table 2) and were taken over from Rosenberg-Slovakia
s.r.0. The maximum speeds of the press piston in the casting
process were chosen from 2 to 4 m/s and are presented in Table 3.

Fig. 2. Chanéing the length of the casting tube

Table 2.
HPDC process parameters
Temperature in the holding furnace 710+ 10 °C
Casting (tapping) temperature 710+ 10 °C
Stationary part 195+ 5°C
Temperature of mold Moveabg ;F))art 195 £5°C
Degassing temperature 720+ 5 °C
Maximum pressure in the chamber 95 MPa
Filling chamber diameter 80 mm
Active chamber length 485 mm
Pressing time 7s
Rotary degassed with nitrogen 120s
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Table 3.
Changes in maximum piston velocity during the casting process
Marki ng Vmax1 Vmax2  Vmax3 Vmax4
Maximum velocity [m.s™] 2 3 3.6 4

For the melting process we used a melting furnace STRIKO
WESTOFEN MHS 750/350 with a holding space capacity of 750
kg. Subsequently, the melt was poured from the furnace into a
transport ladle. The melt was automatically degassed with
nitrogen by rotary degassing. After degassing, the oxidic
membranes were mechanically removed from the surface of the
melt, and the melt was then transported to a holding furnace. The
casting process took place on a pressure casting machine with a
horizontal cold chamber CLH 630.02P.

3. Results

3.1. Makroporosity evaluation

For each casting, three experimental sections were made,
marked A-A, B-B and C-C (Figure 3), on which the plane
porosity of the experimental castings was evaluated. The samples
were ground and scanned part by part with an optical microscope.
The parts were then combined using a suitable software in order
to create a compact whole. Using the QuickPHOTO
INDUSTRIAL 3.2 software, the shapes of the ground sections
and pores were contoured by polygons (Figure 4), where their
perimeters and areas were calculated.
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Fig. 3. Placement of control sections on the casting and example
of control sections by casting GD 150/120
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Fig. 4. Evaluation principle in QuickPHOTO INDUSTRIAL 3.2

Macroporosity evaluation of GD 150/120 castings

From the graphs of individual sections, it was possible to
conclude that the value of plane porosity changed due to the
change of the piston velocity and with a constant tube dimensions.
The lowest percentage area porosity was measured on the cross
section of the casting (section A-A, Figure 5a). The values on the
A-A section did not exceed 1% area porosity and the highest
values were measured at a velocity of 2 m/s and 4 m/s). The B-B
section already manifests plane porosity over 1% at all velocities
(Figure 5b) and the values were kept in a narrow interval (1.03 to
1.38 %). The highest percentage values of porosity occurred in the
C-C section, which was made by the external part of the tube
(Figure 5c), namely in the range of 1.31% (for the piston velocity
3 mis) to 3.4 % (for the piston velocity 3.6 m/s). Given this
finding, we can conclude that we found a critical spot of the
casting where a larger number of pores were present.

£, E
>
2. 349 ® Section A-A
g 2.29 + 2.21
a2 138 ® Section B-B
% L 1279 131 61-"5 i 1.03
S ; @ Section C-C
a ?os €051 @ .50 077

0 ' "0,

2 3 36 4

Maximum piston velocity [m/s]
Fig. 5. Resulting porosity of individual sections of GD 150/120
castings

Macroporosity evaluation of GD 150/85 castings

The graphs of the sections (Figure 6) show the evaluation of
the plane porosity of the GD 150/85 castings. As with the GD
150/120 castings, the lowest plane (surface) porosity was
measured on the A-A section, specifically in a narrow range of
0.45% to 0.63%. In contrast, the largest plane porosity occurred
on the B-B section, which represented the lower part of the tube
with values ranging from 1.16% to 2.37%. The C-C section
manifested a low plane porosity for velocities of 3 and 4 m/s.
Regarding the above, the value measured at a maximum piston
velocity of 2 m/s was up to 3.37 %.
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3.2. Brinell hardness

The static hardness test of the experimental castings was
performed according to Brinell (in accordance with the EN 1SO
6506-1 standard) on 8 samples 4 samples of GD 150/120 castings
and 4 samples of GD 150/85 castings, with the press piston
velocities). The B-B section was used to evaluate hardness. 30
measurements were performed — 10 measurements in the external,
10 in the middle and 10 in the internal parts of the sample. The
individual parts are shown in Figure 7.

I. External part
II. Middle part
1Il. Internal part

Fig. 7. The sample is divided into individual parts

Graphs of the dependence of the average hardness values on
the piston velocities are shown in Figure 8 together with standard
deviations. It was also evident from the graphs of average
hardness values that the lowest hardness was achieved by the
samples of the middle part of the castings, especially at piston
velocities of 3 m/s and 3.6 m/s. The middle part was softest due to
its greatest distance from the surface and due to the formation
thermal nodes in the casting. This region was chosen as the
sampling site for microporosity samples. Although the hardness
did not change significantly with changing tube dimensions, the
values of which were at approximately similar intervals at the
same piston velocities, yet the GD 150/85 casting samples
manifested a slightly reduced hardness compared to the GD
150/120 samples.

%0 a) 85 b}
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79 %
85 936-5 829 80 L] . * 776
82 * ea L] 79.7 H ® 0773
- 77.6 .
- B 794 80,4 9 e 775 o 75 77.4
o 77.99 § 2 +71 3 71.2
T % 74.6 70 - i +
72.2 % 72 -
66.4
o SR S ¢ ¢
© 67.7
s 2 3 36 4 & 2 3 36 4
Maximum piston velocity [m/s] Maximum piston velocity [m/s]

® External part *® Middle part ® Internal part
Fig. 8. Graphical representation of the average value of hardness
of castings; a) GD 150/120; b) GD 150/85
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3.3. Structure evaluation

Samples for experimental examination of the microstructure
were taken from the tubular part, the critical site for the formation
of porosity. The evaluation took place only on castings with the
minimum and maximum piston velocity (2 m/s and 4 m/s).

Microstructure images of GD 150/85 castings

Eutectic silicon in the critical region crystallized mainly as a
dark grey needle with varying orientation (so-called unmodified
state — hexagonal plate formations), while at a velocity of 2 m/s
we could observe clusters of eutectic silicon in a finer and shorter
morphology (Figure 9a). The silicon particles, together with a
small number of copper-based intermetallic phases (probably
Al2Cu), were evenly distributed in the primary o phase at both
velocities. At a microstructure with the piston velocity of 4 m/s,
angular eutectic grains were observed in a slightly larger number
Figure 9b)than at s velocity of 2 m/s. It can also be observed that
increasing the velocity of the piston leads to a partial refinement
of the dendrites of the o phase. Deep etching and mapping
showed that for the low piston velocity variant, clusters of smaller
lamellae can be observed in a fan-like array (Figure 9c), with
increasing velocity the lamellae become thinner and grow in size
(Figure 9d). Small polyhedral particles of the Fe-rich phase can be
observed in all samples.

Ci

mam 3831
SEM MAG: 2060x HV: 30kv WBH25.0mm e

Fig. 9. Mlcrostructure deep etching and mapping of GD 150/8
castings; a) piston velocity 2 m/s; b) piston velocity 4 m/s; c)
piston velocity 2 m/s; d) piston velocity 4 m/s

Microstructure of a GD 150/120 casting

The microstructure (Figure 10) consisted of o phase dendrites,
which were documented as brightest spots on the cutting plane.
Eutectic silica crystallized at the piston velocity of 2 m/s in the
morphology of shorter and thicker needles (Figure 10a,c)
compared to the microstructure at a velocity of 4 m/s, when
eutectic silicon had the characteristics of longer and thinner
needles (Figure 10b,d). Similar to the SB 85 casting, a slight
increase in the number of angular eutectic grains and partial
refinement of o phase dendrites was observed when the GD
150/120 piston velocity was increased to 4 m/s. Changing the size
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of the eutectic Si lamellae by changing the velocity of the piston
movement was similar to the GD 150/85 castings.

a) \ - u- phase

Eutﬁctlc

Fig. 10. Mlcrostructure deep etchmg and mapplng of GD 150/120
castings; a) piston velocity 2 m/s; b) piston velocity 4 m/s; c)
piston velocity 2 m/s; d) piston velocity 4 m/s

3.4. Microporosity evaluation

As the site for microporosity evaluation we chose the middle
region of the tube of the B-B section. A total of 8 samples were
created depending on the type of casting and the piston velocity
used. Plane microporosity evaluation was performed using the
QuickPHOTO MICRO 3.2 software, which has the same interface
as the macroporosity evaluation software. In this step, it was
important to adjust the correct sensitivity of filters so that only the
pore sites were filled (Figure 11a). Based on the values from the
five images of each sample, average values were generated and
recorded in the graphs. The microporosity graph is shown in
Figure 11b, and we can observe that the largest average plane
microporosity of the GD 150/120 casting was recorded at the
piston velocity of 3.6 m/s. Microporosity values at other piston
velocities were very similar, with only a slight difference. The
lowest microporosity was measured at the piston velocity
of 4 m/s.

The microporosity of GD 150/85 castings at the maximum
piston velocities of 2, 3.6 and 4 m/s was slightly reduces
compared to GD 150/120 castings. A rapid increase occurred at a
velocity of 3 m/s, where the microporosity value was 1.23 %.

W o 1.6

.a). Vg I ®GD 150/120 b)
4 - 1.23 ]
B Z 12 ®GD 150/85 PS —
3 o
2
2 os 085®
e 1
S I | 0.49
2 0.5
€ 04 043 $ L4 + 0.39
g 024 ¢
o 1
o o
2 3 36 4
Maximum piston velocity [m/s]

Fig. 11. Microporosity of GD 150/120 and GD 150/85 castings; a)
Evaluation principle; b) Graph of the resulting values
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4. Discussion

In terms of plane porosity, we can conclude for both types of
castings that the optimal piston velocity in the filling chamber was 3
m/s. The maximum piston velocity of 3 m/s caused the optimal
dispersive characteristics of the melt flow in the mold cavity. At a
piston velocity of 3 m/s, the plane porosity of casting GD 150/120
ranged from 0.51 to 1.38 (for all sections), while by increasing the
piston velocity to 3.6 and 4 m/s, the plane porosity slightly
decreased, but reached higher values at the C-C sections. For
casting GD 150/85, the plane porosity values decreased after
increasing the velocity to 3 m/s and remained at approximately the
same values even at velocity of 3.6 and 4 m/s. The evaluated
decrease in porosity by increasing the maximum velocity of the
piston from 2 m/s to a velocity of 3 m/s and higher confirms the
results of experiments by Gunasegaram [14], Adamane [15] and
Kumar [16] that an increase in the flow rate of the melt led to a
decrease in the overall level of porosity in the casting. Wang [17]
describes in more detail that as the velocity of the piston increases
in the second phase, the filling capacity increases, which leads to a
decrease in porosity in the casting. Similar results are reported by
Govindarao [18] and Tariq [19], who describes in their work that in
order to prevent the formation of large pores caused by contractions
and air bubbles, it is necessary to set the maximum velocity of the
piston in the filling chamber to the level of 3.5 to 4.5 m/s. When
higher speeds than 7 m/s are set, the porosity in the casting
increases again.

At the above piston velocity, the melt forms a disperse mixture
of molten metal and gases in the mold cavity as a result of the high
force of impact on the mold wall. Non-metallic inclusions and gases
remain in the casting but are small and evenly distributed in the
casting wall. It can equally be concluded that at a piston velocity of
3 m/s the mold filling velocity is already high enough to cause
washing away of the initially formed layer (so-called crust) on the
mold wall. By reducing the layer on the walls of the mold, the space
is expanded and for the strengthening pressure, which is transferred
to the solidifying casting with increasing velocity [14].

The highest hardness was at a piston speed of 2 m/s on both
tube lengths (74.6 to 82 HBW - GD150/120 and 71.3 to 80.3 HBW
- GD150/85). Based on the results, however, it can be concluded
that the main cause of the change in hardness was the location of
the evaluation, the middle area of the sample clearly had the lowest
values with the highest variance (66.1 to 74.6 HBW), the areas near
the wall of the casting differed only minimally, which is also
confirmed by Gaspar [20] and Yalgin's [21] research.

By observing the microstructure of the castings we found that
as the piston velocity increased, there was a slight increase in the
number of eutectic grains, which had angular shapes. It was
confirmed that at lower piston velocities eutectic silicon crystallized
in the form of shorter and thicker needles, whereas at higher
velocities this occurred in the form of longer and thinner needles.
The results of Kowalczyk's work [22], on the other hand, show that
a greater influence on the change in the size of the silicon particles
on the change in the wall thickness of the casting. The increase in
velocity also caused a refinement of the dendritic grains of the a
phase, which confirms the observations of Gunasegaram [14] and
Palyga [23], who explains that shear at the gates would break down
the larger grains into smaller, rounded forms.
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5. Conclusion

The aim of the presented paper is to clarify from experimental
castings the influence of the change of the maximum velocity of the
pressing piston depending on the different height of the tube on the
internal quality of the casting. The following observations follow
from the results:

3 An increase in the maximum velocity of the piston in the
filling chamber from 2 m/s to 3 m/s results in a decrease in
porosity in the casting. By increasing the velocity of the
piston again to values of 3.6 and 4 m/s, the number of pores
in the casting is relatively stabilized.

. Evaluation of the microporosity in the central part of the
casting tube showed that the highest values were measured at
piston velocity of 3 and 3.6, which had a significant impact
on the hardness drop of the castings in the central part of the
tube at piston velocity of 3 and 3.6 m/s.

. Increasing the piston velocity has been shown to lead to a
refinement of the o phase. Increasing the velocity of the
piston also affected the morphology of eutectic Si, where at a
velocity of 2 m/s it is characterized by shorter and thicker
needles, while at a velocity of 4 m/s it crystallized as longer
and thinner needles.

. The increase in the size of the tube when casting GD 150, on
the other hand, did not show a significant impact on the
internal quality.
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