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Abstract: The presented contribution points out the possibilities of solving the inlet system, as
one of the important factors influencing the final quality of the castings. Due to its design and
function, the sprue system influences the process of filling the mold cavity. With the correct design
of the sprue system, we achieve the continuity of filling the mold cavity and the elimination of
qualitative and quantitative errors caused by non-observance of basic principles in the design of
sprue systems. When conducting the experiments, we monitored the mold inlet system, modeling
the process of filling the mold cavity and the speed of the liquid metal in the notch and the mold
cavity. The results of the experiments show that the speed of the liquid metal when filling the mold
is approximately half of the calculated theoretical value.
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INTRODUCTION

The design of the mold is of decisive importance for the production and quality of
pressure-cast castings. The proper structure of the die-casting mold represents
one of the main factors for producing proper castings as to shape and size without
defects. The optimum structural design of a mold, including the correct setting of
technological and metallurgical parameters, presupposes producing high-quality
molds. A mold's Structure defects are difficult to rectify, and possible interventions
(for instance, welding of ingates) might be performed at the expense of a mold
service life decline. The die-casting mold represents a complex system of high-
quality tool steel [1, 2].

In case of the alloys with lower melting points (for instance, zinc) a mold should
prove failure strength values ranging from 700 to 1100 MPa, and in case of the
alloys with higher melting points the range should be from 1200 to 160 MPa [3].
The method of mold production depends on complexity as well as on the required
precision of the cast products. Milling, grinding, or electro-erosive machining are
the most common operations in mold production. These production methods are
rather demanding. Thus, the price of some of the die-casting molds reaches ten
thousand or even a hundred thousand euros due to the economic reasons their
utilization is suitable solely for bulk production [4, 5].
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A properly cast product is conditioned by the appropriately designed casting and
mold structure therefore mold production primarily stems from the drawing
documentation of a component that is the most frequently modelled by applying
one of the CAD systems. Consequently, the 3D model is enlarged by the value of
metal shrinkage due to the linear expansion of the casting metal, and the gating
system distributing the liquid metal inside a mold is modeled. The part of the gating
system is also represented by venting holes designed for the removal of gas
produced in the casting process [6, 7].

The quality and productivity of die-castings are closely linked with the final

structural design of the die-casting mold which depends on the abilities and

communication of the design engineers of castings and a mold as well as of the
technologists of a die-casting plant. The structure and service life of a die-casting
mold influences mold quality and the economic efficiency of the production of
castings to a high degree. The die-casting molds are stressed by high temperature
and pressure, sudden temperature changes, and the melt erosive effect. The
mentioned factors determine the basic requirements for mold material as follows

[8,9]:

e chemical durability against the casting alloy,

e retention of mechanical properties at high temperatures,

e sufficient resistance against thermal shocks,

e good machinability,

e reasonable price.

The presented requirements are met most by the steel alloyed by vanadium,

chromium, molybdenum, and cobalt after heat treatment. To increase a mold

service life chemical treatment is used. The effective mold protection is nitridation
with diffusion annealing. An increase in a mold service life is possible to be

achieved by the application of the following measures [9, 10]:

e mold temperature regulation,

e adequate mold lubricant application (endothermic),

e utilization of material for mold production with the lowest thermal,

e expansion, the lowest modulus of elasticity, and the highest thermal
conductivity casting technology with crystallization under pressure and
treatment of semisolid metal.

A die-casting mold usually consists of fixed and moving parts. The properly

designed gating and venting systems determining the basic characteristics of a die-

casting mold by their design are of primary significance for the economical
production of sound castings. The selection of shape and type of the systems
depends on the experience of design engineers and simulation tools intended for
the proposal and evaluation of arisen faults based on input conditions of die-

casting and underdetermination of the individual systems [11, 12].

The inseparable part is a cooling and tempering system used in mold cooling

during the series casting and, vice versa, in case of its heating to reach operating

temperature before the casting process. To achieve the utmost productivity in



RUZBARSKY |. et al.: Options for Solutions of the Inlet System Into the Mold 59

casting the product’s smaller shape, multiple molds might be used in which several
castings are possible to be cast at a time during a single working cycle [13, 14, 15].

Mold material for pressure casting

Molds for pressure casting are stressed by high temperatures and pressures,

sudden temperature changes, and the erosive effect of the melt. The following

factors determine the basic requirements for the mold material [16, 17]:

e chemical stability to the cast alloy,

e preservation of mechanical properties at high temperatures,

« sufficient resistance against thermal shocks,

e good machinability,

e accessible price.

Steels that are alloyed with vanadium, chromium, molybdenum, tungsten, cobalt,

and other elements after heat treatment best meet the stated requirements. To

increase the service life, the mold is chemically processed. Effective mold

protection is nitriding with diffusion annealing. By nitriding the mold to a depth of

about 0.3 mm, the hardness of the surface increases while maintaining the

toughness of the core [18].

An increase in durability can be achieved using the following measures [18, 19, 20]:

e mold temperature regulation,

e use of suitable e.g., of endothermic grease for the mold,

e use of materials to produce molds with the lowest expansion temperature, the
lowest modulus of elasticity, and the highest thermal conductivity,

e casting technology with crystallization under pressure and semi-solid metal
processing.

The lifetime of the mold depends mainly on the type of cast alloy. Before casting,

various protective, or dividing means, which, in addition to protecting the mold,

enable easier release of the casting from the mold. When choosing a protective

separation agent, one must consider its gas-forming ability [21, 22, 23].

Filling Mode in a Mold Cavity

In general, the liquid flowing is classified as laminar flow (Fig. 1) in case the liquid
is flowing without mixing of partial flows and turbulent flows (Fig. 2) in case mixing
of partial flows occurs.
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Fig. 1 Laminar flow Fig. 2 Turbulent flow
Source: [22]
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with:
v - liquid flow speed [m/s],
d - diameter of piping with flowing liquid [m],
Uk - kinematic viscosity [m?/s].
The range is defined by the critical Reynolds number Recrit. = 2320.
Consequently:
laminar flow is defined by Re < Recrit. = 2320, (2)
turbulent flow is defined by Re > Recrit. = 2320. 3)
During a mold cavity filling not only does the flowing character matter but the
flowing face of the liquid metal as well. From the perspective of the face, three types
of flows are distinguished - planar flow (Fig. 3) with the continual flow face being
regular along the entire mold cavity width not entrapping the air bubbles during a
mold cavity filling at low speed, and non-planar flow (Fig. 4) with the discontinuous
flow face in the narrower extent comparing to a mold cavity width entrapping the
air bubbles during a mold cavity filling at higher speed and disperse flow (Fig. 5)
forming in a mold cavity filling the dispersed mixture of liquid metal and air [24,
25].

N N
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Fig. 3 Planar flow Fig. 4 Non-planar flow Fig. 5 Disperse flow
Source: [7]

A more up-to-date method of determination of mode or metal flowing faces in a
mold cavity compared to the critical value of the Reynolds number, which does not
consider disperse flow, is the explicit ratio of the Reynolds and Ohnesorge numbers
shown in Fig. 6.
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Fig. 6 Dividing of the flow faces by the Reynolds and Ohnesorge numbers
I - planar flow, II - non-planar flow, III - disperse flow

Source: [18]
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The Ohnesorge number On relates viscous forces to inertial and surface tension
forces of metal [6, 26].

On= 7= ] )
with:
n - dynamic viscosity [Pa.s],
p — metal density [kg/m3],
o - surface tension [N/m],
d - diameter of piping with flowing liquid [m].
Concerning the expansion of the metal flowing surface during the formation of
metal flow faces the energy is directly proportional to surface tension
characterized by the Ohnesorge number. The energy required for the formation of
the metal flow faces is possible to be supplied by the pressing mechanism of the
die-casting machine through the ingate or by the shearing forces acting upon the
metal flow. The extent of the formation of metal flow faces is determined by the
Reynolds and Ohnesorge numbers that classify the types of the face flows as planar
one, non-planar, and dispersed [27, 28, 29].

MATERIALS AND METHODS

We used the AlSi9Cu3 alloy in our experiment. In Fig. 7 shows a specific pressure
casting used in the automotive industry, where during pressure casting, we
monitored different modes of metal flow into the mold and the speed of the melt in
the notch of the mold's inlet system.

Fig. 7 Unprocessed pressure casting together with the inlet system

In the automotive industry, it is a dominant hypoeutectic alloy of the Al-Si-Cu type,
which is used to produce castings, such as engine blocks, gearboxes, and others.
The Cu component improves machinability and enables self-hardening after rapid
cooling in water. This alloy also contains a certain amount of Mg, which forms a
hardenable phase to improve the mechanical properties of the casting. We carried
out our experiments on a pressure casting machine marked CLV 250, where the
maximum closing force is 600 t and the maximum injection force is 65 t.
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Setting technological parameters for the casting

We set the speed of the alloy flow when filling the chamber and the inlet system in
the interval from 17 to 90 m/s, and the pressure of the alloy was constant at 125
MPa. The values of melt temperature (660°C) and mold temperature were set to
constant temperatures in the process of experiments. The casting solidification
time from filling the mold to its opening is set to 30 seconds.

The process of filling the mold cavity

The German researchers Frommer and Brandt developed the theory of the process
of filling the mold cavity with alloy during pressure casting [5]. The filling mode of
the mold cavity depends on the pressing speed and pressure. According to
Frommer, Barton, Vejnik, and other researchers, the pressing pressure on the
metal can be expressed as a function of the speed of the pressing piston, the cross-
sectional area of the inlet, the temperature of the mold, and other variables [5]. In
principle, we distinguish two options for filling the mold cavity, which is
determined by the ratio of the cross-section of the inlet notch to the cross-section
of the casting:

a)§>a% (5)

b) 2L < 0.25 (6)
SF
with:
Sr- ingate cross-section area [m?],
Sr—an area of mold cavity cross-section [m?].
Cavity filling takes place according to Brandt (Fig. 8.)

Fig. 8 Process of filling the mold cavity according to Brandt
Source: [18]

Fig. 9 shows the filling of the mold cavity at the ratio Sf/SF < 0.25, which we also
call the filling of the cavity according to Frommer.

Water colored with hyper manganese was used as a model liquid. The transparent
form was made of plexiglass. We used a speed camera with a cadence of 1000 to
2000 frames per second to process the filling of the mold. To optimize the values
of castings from the used aluminum alloy, we subsequently determined:

o filling time of the mold cavity depends on the thickness of the casting wall,
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e speed in the notch depends on the maximum distance of the mold cavity from
the inlet notch and the thickness of the casting wall.
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Fig. 9 The process of filling the mold cavity according to Frommer

Source: [18]

To determine the mechanical properties, the tensile test performed on cast round
bars with a diameter of 6.3 mm is most often used, from which we determine the
tensile strength limit according to the relevant standards. As a test device for the
tensile test, we used the TIRAtest universal testing machine.

RESULTS

Design of a Mold Gating System

The task of the gating system is to fill a mold cavity at such speed and place to
assure the directed solidification and to provide limitation of oxidation, dragging
of the air and gases, and non-metal inclusions inside the casting. Apart from this,
the improperly designed gating system can lead to leakage, contractions, dry joints,
and unsatisfactory surface quality of castings. The influence of an improperly
designed gating system upon the occurrence of air bubbles in the casting is
documented in Fig. 10.

Fig. 10 Improperly designed gating system

Figure 11 shows an acceptable design of the gating system without the necessary
change of the casting structure concerning the formation of bubbles stressing the
most problematic area of the casting.
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Fig. 11 Properly designed gating system

The indicator in the case of Fig. 10 and Fig. 13 is a color scale expressing in
percentage the air bubbliness rate of casting. The metal must be transferred into a
mold cavity without whirling and splashing yet rather fast so that the hot metal
manages to fill a mold cavity faultlessly.

The instance of the structural and design solution of the gating system of the multi-
cavity mold is shown in Fig. 12.

Fig. 12 Structural and design solution of the gating system

The main channel of the gating system connects the filling chamber with the ingate.
The diameter of the main feed channel is to decrease evenly along with the
direction from the filling chamber towards the ingate to provide an even increase
of the melting speed in the course of the passing through the main channel. Not
before the last quarter of the direction close to the ingate, the cross-section starts
decreasing faster which means an increase in the melting speed which reduction
in the difference between the optimal melt speed inside the ingate and the speed
of the last part of the main channel is achieved. Sudden enlargement of the cross-
section of the main channel and consequent diminishing to the original one results
in the enclosure of the bubbles in the liquid metal and their transfer to a mold
cavity which is tried to be prevented in practice.
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Filling Process in a Mold Cavity

The most frequently occurring metal flowing modes in a mold cavity during filling
are dispersed and turbulent flows. On the other hand, it must be accepted that a
mold cavity filling is considerably complicated by structural elements such as
brackets, bends, etc. By generalizing the modes consisting of turbulent and
dispersed flows the final flowing in a mold cavity is obtained in the case of the
majority types of structurally more complicated castings. Even with a simple
casting type, it is difficult to foresee and analyze the flowing mode type in a mold
cavity.

The British researcher Barton proved that at lower speed the alloy flow injected
into a mold cavity generated “primarily formed crust “(Fig. 13).

speed of moltel metal
front =v/2

primarily formed crust

- speed inside the ingate

Fig. 13 Primarily formed crust

In the cross-section of the melt flow the heat and speed gradient is generated which
means that in the proximity of a mold face the alloy with lower temperature and
higher viscosity occurs, i.e, less movable one (almost solidified). With the
increasing direction from a mold face, the melt moves at a higher speed as it
possesses a higher temperature and lower viscosity. The layers of the rapidly
moving upper zone reach the front face. The front is dragged by the rotary center
and simultaneously swept by the flow and its movement transfers into the rotating
one as during a mold cavity filling the viscose shear occurs between the adjacent
layers inside the surface crust, in the surface layer speed gradient ranges from zero
to v and on the internal surface of the “primarily formed crust” of the proceeding
crust head v/2 as a similarity to an unfolding carpet. This results in a collision with
a mold cavity area with high kinetic energy, the head possesses a big momentum
constituent perpendicular to the progress direction being pacified. This causes the
expansion of the stream of alloy with a circular cross-section after leaving the tube
when the friction stops and therefore the alloy filling the mold cavity is forced by
the perpendicular component of momentum to directly contact the surface of the
mold cavity according to Fig. 14. The outcome rests in precise copying of the
working cavity of the casting mold which is a significant merit of the die-casting
technology.
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Fig. 14 Perpendicular component of momentum casing the filling
of the segmented mold cavity shapes

The results of the experiments show that the speed of the liquid metal when filling
the mold is approximately half of the calculated theoretical value. The lost energy
is converted into heat and the temperature of the alloy should rise before it leaves
the notch. The process of filling the mold was captured by a speed camera with a
cadence of 1000 to 2000 frames per second. With the camera, we recorded the
actual flow speed for different shapes of the mold cavity. In Fig. 15 shows the
beginning of the discharge from the notch when the friction stops and there is a
tendency to increase the flow cross-section, which experimentally confirms the
theoretically derived process according to Fig. 14.
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Fig. 15 The beginning of a widening outflow from the notch

Images taken with a high-speed camera made it possible to compare the effect of
the notch thickness on the emergence of laminar and turbulent flow based on the
Reynolds number and thus confirm the assumed viscosity.

CONCLUSIONS

The properly designed gating system determining the basic characteristics of a die-
casting mold by their design is of primary significance for the economical
production of sound castings. The selection of shape and type of the systems
depends on the experience of design engineers and also on simulation tools
intended for the proposal and evaluation of arisen faults based on input conditions
of die-casting. Due to its design and function, the sprue system influences the
process of filling the mold cavity. By harmonizing and properly designing the sprue
system, we achieve continuity of filling the mold cavity and elimination of
qualitative and quantitative errors caused by non-observance of basic principles in
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the design of sprue systems. The inlet system must be designed in such a way as to

achieve:

e correct filling of the mold cavity,

e such adirection of metal flow in the mold cavity that its walls do not wear out
prematurely,

e limiting the local increase in temperature, which would lead to excessive wear
and deterioration of the surface cleanliness of the casting,

e the smallest possible formation of eddies in the melt stream, which leads to the
entrapment of gases in the volume of the casting,

e required shape and surface quality of the casting.

The sprue system determines the basic characteristics of the mold by its solution.

In this solution, we have to start by filling the cavity of the mold with liquid metal.

The individual phases of filling the mold cavity are as follows:

e filling the chamber with the required amount of liquid metal,

e filling the cavity of the mold with a stream of liquid metal, while the kinetic
energy of the stream of metal is partly converted into heat by friction in the
notch,

e precise filling of the mold cavity by the hydrodynamic pressure of the flowing
liquid metal,

e after the mold cavity is filled in the entire volume, hydrostatic pressure acts
during the solidification of the liquid metal,

e plastic deformation due to pressure in some cases, for example, when casting
steel under pressure.
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