High Pressure Die Casting of Zamak alloys

Steven Richard Pires de Oliveira
Dissertacdao de Mestrado

Orientador na FEUP: Prof. Doutor Rui Jorge de Lemos Neto
Orientador no INEGI: Doutora Inés Vieira de Oliveira

[BMPORTO

FEUP FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO

Mestrado Integrado em Engenharia Mecanica

July 2018







“The future will either be green or not all”

Bob Brown






High Pressure Die Casting of Zamak alloys

Resumo

O processo da fundicéo injetada tem sofrido grandes avangos nos ultimos anos, devido a sua
crescente utilizacao no sector automovel. Apesar das ligas de aluminio serem as mais utilizadas,
a utilizacdo das ligas de zinco também tem vindo a aumentar, principalmente devido as suas
excelentes caracteristicas de qualidade superficial e elevada cadéncia de producdo. Estas
caracteristicas fazem com que as ligas de zinco sejam muito utilizadas em aplicacGes de
pequenas dimensdes, onde a qualidade superficial e baixo custo seja um requisito indispensavel.
Neste estudo, serdo alvo de estudo a fundicéo injetada das ligas de zinco, mais precisamente as
Zamak.

Devido ao regime turbulento do metal fundido, sdo produzidas grandes quantidades de
porosidades durante o processo de injecdo. Isto faz com que o ar fique aprisionado nas pecas, 0
que deteriora as propriedades mecanicas. A existéncia de ar nas pegas, faz com gque ndo possam
ser termicamente tratadas, devido a ocorréncia de blistering. Uma das formas de minimizar este
efeito, € na otimizacdo dos sistemas de gitagem. O grande problema é que nem sempre este
processo € suficientemente valorizado, pois muitas vezes recorre-se a experiéncia no seu
dimensionamento. Por estas razdes, é apresentado um manual de boas praticas de
dimensionamento de sistemas de gitagem. Posteriormente, é aplicado num caso real, onde a
falta de um sistema de gitagem otimizado traduz-se em taxas de rejei¢cdo de producédo superior
a 40 %. Esta solucdo é posteriormente validada por meio de um simulador, ProCAST, onde sera
analisado a ocorréncia de defeitos. Foi verificado, que um sistema de gitagem otimizado
resultou num enchimento onde o aprisionamento de ar ocorre em menor escala.

Mesmo com um sistema de gitagem otimizado, nem sempre € possivel reduzir por completo o
aprisionamento de ar durante o enchimento. A aplicacdo de vacuo na cavidade surge da
necessidade de reduzir este problema. Esta tecnologia é largamente aplicada em ligas de
aluminio e de magnésio. Contudo, nas ligas de zinco ndo € pratica comum. Isto deve-se ao facto
do mercado das ligas de zinco ndo ser muito exigente em termos de propriedades mecanicas e
serem reservados para pecas com um valor acrescentado menor. Contudo, pode ser necessario
a utilizacdo de vacuo para casos em que um sistema otimizado ndo seja suficiente. Um método
de dimensionamento € proposto, onde é aplicado num caso real. Este dimensionamento tem por
base a utilizagdo do Exco Engineering App, que auxilia no dimensionamento de um sistema de
vacuo. Este programa também possibilita a validacdo do dimensionamento com base na
eficiéncia de vécuo.

Palavras Chave

Fundicdo injetada; ligas Zamak; sistema de gitagem; NADCA; ProCAST; Vacuo; Exco
Engineering.
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Abstract

The high pressure die casting process has undergone major advances in recent years, due to its
increasing use in the automotive sector. Although aluminum alloys are the most widely used,
the use of zinc alloys has been increasing, mainly due to their excellent characteristics of surface
quality and production cycles. These characteristics make zinc alloys widely used in small
applications, where surface quality and low cost are an indispensable requirement. In this study,
more attention will be given to the high pressure die casting of zinc alloys, more precisely the
Zamak alloys.

During the injection process, a turbulent molten metal flow is generated, as a result of the high
injection velocities. For this reason, large amounts of air porosity are produced during the
injection process. This causes the air to become trapped in the parts, which deteriorates the
mechanical properties. Heat treatments cannot be applied to components with air porosity, since
they will expand and cause blistering. An optimized gating system is a solution to minimize the
occurrence of these defects. A major concern, is that this process is not valued enough, because
many times only the designers experience is used for the dessign process of a gating system.
For these reasons, a good practice manual for designing a gating systems is presented and then
applied in areal case, where the lack of an otimized gating system results in production rejection
rate of more than 40 %. This solution is later validated using a die casting simulator, ProCAST,
where the occurrence of defects will be analyzed. It has been found that an optimized gating
system resulted in a more uniform filling pattern, which resulted in less air entrapments.

Even with an optimized gating system, it is not always possible to completely reduce air
entrapments during the filling process. The application of vacuum in the cavity arises from the
need to reduce/minimize this problem. This technology is widely applied in aluminum and
magnesium alloys. However, in zinc alloys it is not common practice. This is due to the fact
that the zinc alloy market is not very demanding in terms of mechanical properties and is
reserved for parts with a lower added value. However, it may be necessary to use vacuum in
cases where an optimized system is not sufficient. A designing vacuum system method is
proposed, where it is applied in a real case. This design is based on the use of the Esco
Engineering App, which is a tool that calculates a number of parameters of the vacuum system.
This program also enables the validation of the design based on the desired vacuum efficiency.

KeyWords

High pressure die casting; Zamak alloys; Gating system; ProCAST; SolidWorks; Vacuum;
Exco Engineering
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High Pressure Die Casting of Zamak alloys

1 Introduction

1.1 Motivation

In a world were a constant demand of lighter materials with higher mechanical properties are
required, the high pressure die casting process plays an important role to achieve these
requirements.

The high pressure die casting is a metal casting process, were liquid metal is injected into a
reusable metal mould at high velocities along with high pressures.

In this process there are two types of die casting machines, the cold chamber machine and hot
chamber machine. The hot chamber machine is reserved for lower melting point alloys such as
zinc, tin, lead and some magnesium alloys. In this thesis, more emphasis will be placed into the
high pressure die casting process of Zamak alloys. Zamak alloys, are a specific family with zinc
as its main element, following aluminium, copper and magnesium. High density and high creep
rate at low temperatures are the two main problems of using these alloys. This limits their usage
on the “light weight” market. For these reasons, new ways to overcome these disadvantages are
needed, so that Zamak alloys can have a wider market share.

This process offers a wide variety of advantages that are increasingly being appreciated for the
automotive industry such as higher production cycles; production of thin walled near net shape
components with good surface quality finishing; fully automated process; low requirement of
post machining finishing’s; the possibility to replace an entire assembly of components by a
single cast component. Despite these advantages, a turbulent metal flow is generated during the
filling process, which translates into components with a high porosity content.

The gating system design is a major task because it not only affects the manufacturing of the
die but also the quality and cost of the produced components. This process heavily depends on
the designer’s experience but also on technical knowledge. Usually, this process requires a
number of iterations which results in a longer lead time and increased die cost. For these
reasons, a manual of good practices for the design of gating system is required. This manual
surges from the need to create a standard design procedure, which allows the design of
optimized gating systems.

The generation of high quantities of air during the filling process is a critical problem that often
leads to air porosity related defects. This is a characteristic problem of this process, due to the
high molten metal velocity, which causes turbulences. There are several reported procedures to
reduce porosity levels such as modifying the alloy constituents, that leads to a higher metal
fluidity and therefore an injection speed reduction is possible; optimization of process
parameters such as metal injection velocity, applied casting pressure and molten metal
temperature; applying vacuum to the die cavity and the use of other type of injection process
such as squeeze casting or any semi-solid process.

The vacuum technology is being used to overcome defects related to air entrapments However,
there are few papers that discusses this process in detail. For this reason, a more detailed study
in this topic is needed. Also, topics related to the designing process of vacuum systems are
lacking from the literature. Therefore, a vacuum system designing method will be presented.
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1.2 INEGI- Instituto de Engenharia Mecéanica e Gestao Industrial

This thesis is developed in INEGI - Instituto de Engenharia Mecéanica e Gestao Industrial.

INEGI is an interface Institution between University and Industry, oriented to the activities of
Research and Development, Innovation and Technology Transfer. Being a private non-profit
association and recognized by the Portuguese Government as being of public utility, INEGI is
currently considered an active agent playing a significant role in the development of the
Portuguese industry, and in the transformation of its competitiveness model. INEGI’s core
competences are experimental mechanics, engineering design, materials, industrial processes,
renewable energies, and industrial engineering and management. INEGI hosts 137 PhD
integrated members, and more than 100 associated members, being the largest Portuguese group
on R&D and I&TT, in the field of Mechanical Engineering.

Its organizational structure relies on three pillars of activity in different technology readiness
levels, maintaining a strong competence matrix element:

e Research with a special focus on applied research
e Innovation and technology transfer
e Consulting and advanced engineering services

The Institute’s research activity is integrated in the national network of research funded by
Portuguese Foundation for Science and Technology and has consistently been evaluated as
excellent. INEGI is considered one of the most effective Research and Technology
Organizations in transforming R&D investment in economic and social value.

More than 50% of its total turnover comes from R&D and innovation projects funded by
industry. As a non-profit organization counts with 97 shareholders representing the University,
public institutions, industrial associations and private companies.

INEGI’s research infrastructure includes a broad set of well-equipped laboratories and an
extensive engineering tools base for supporting its research and development activity as well
as to support the production of industrial or commercial prototypes.

More information about INEGI please visit the website:

Www.inegi.up.pt
1.3 Main goals

The present work firstly focuses on describing every aspect of the high pressure die casting,
more specifically for the hot chamber machine. More importantly, investigating new processes
and procedures for the high pressure die casting of Zamak alloys is the main goal for this
investigation.

Since a more scientific approach for the gating systems design is lacking for the current OEM’s,
another purpose of this thesis is to develop a more scientific approach for a gating system
design, using Microsoft Excel. This spreadsheet automatically calculates every component of a
gating system. Using this tool, a solution for a case study, which presents problems in its gating
system, will be presented and validated experimentally using a CAE simulator, ProCAST™,

Lastly, the vacuum technology will be explained in detail and its viability in high pressure die
casting process of Zamak alloys will be investigated. Also, an application that gives possibility
to design a venting vacuum system will be explored and applied to a case study.



High Pressure Die Casting of Zamak alloys

1.4 Scope and layout of the thesis

In the current chapter, is presented the motivation to develop this thesis; the problems that were
proposed; solutions to these problems; reasons why these solutions were chosen; challenges
that these solutions present. Also, the objectives are presented in a summarized way that anyone
with a minimal scientific knowledge can understand what is proposed for this thesis.

Chapter two focuses on describing the principals behind the high pressure die casting process,
more specifically for the hot chamber machine. Along this chapter, recent innovations are also
pretended and discussed.

Chapter 3 is divided into three sections: the first section describes the basic principles of a
gating system; in the second section, it is presented a designing procedure based on the
NADCA'’s gating manual, that gives a good starting point to ensure an optimized gating system;
in the third second, a real case study is analysed. For this case study three different gating
systems are proposed, 1 and 3 by the company and the 2 by the author, using SolidWorks. For
every iteration, a simulation tool (ProCAST™) will be used in order to determine the
effectiveness of the proposed gating system. The gating system for iterations 1 and 3 are based
on the designer’s experience which lacks scientific analysis and calculations, while iteration 2
an optimized gating system is proposed.

Chapter 4 presents the application of the vacuum technology in the high pressure die casting
process. A complete and detailed description of every component and the main challenges and
benefits that this technology offers this process is presented as an introduction to this process.
After this description, a venting system design procedure is presented and applied to proposed
case study of iteration 2. Also, the Exco Engineering App is used which helps in the venting
system design.



High Pressure Die Casting of Zamak alloys



High Pressure Die Casting of Zamak alloys

2 Die casting

2.1 Die casting processes

Die casting is a metal casting process that uses a permanent or reusable metal mould, also
referred as a die. This process has three variants which depends mainly on the amount of
pressure that is used to force the metal into the die [1]:

e Permanent mould casting, or gravity casting. In this process the molten metal is poured
into the die and it solidifies under atmospheric pressure;

e Low-pressure die casting (LPDC). Liquid metal is forced into the die cavity using air
pressure typically below 0.5 MPa;

e High pressure die casting (HPDC). Liquid metal is forced inside a die cavity by a
hydraulic pressure, above 7 MPa along with high velocities, ranging from 20 - 90 m/s.
After the filling phase is complete, the solidifying metal is subjected to an intensifying
pressure, ranging from 100 to 1000 Bar.

Figure 1 represents the differences between every metal casting processes in terms of process
parameters and possible post casting procedures. As shown in Figure 1, the HPDC process
when compared to other metal casting processes excels in terms of low cycle times, producing
components with the highest surface quality and by being fully automated. As disadvantages,
it requires a high investment cost, high lead times and produces parts that cannot be heat treated
or welded, if entrapment air is present throughout the component.

Property Sand Investment Permanent mold Low-pressure die High-pressure die
casting casting casting casting casting
Cycle time 2 1 3 3 4
Investment cost - 2 3 2 1
Lead time for prototype/design 4 2 1 1 1
change

Process efficiency
Automation level
Post-casting heat treatment
Casting weldability

Quality surface

FEN S
LS Q7 S
G D o 2 MO
P SO S S
P

4: Bxcellent; 3: Good; 2: Fair; 1: Poor

Figure 1- Comparison of properties of different foundry processes [1].

Two important casting characteristics to determine the best suitable process to produce a certain
product are the number of castings to be produced per year and the weight of component. This
means that for the HPDC process, a high number of parts is needed to payoff initial costs. Also,
this process is suitable for producing components up to 50 Kg. As shown in Figure 2, the sand
casting process offers the highest weight for a casting and the high pressure die casting requires
the highest number of casting per year to compensate the initial costs.
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1084

105.L HPDC, Semi-solid
Vacuum HPDC Squeeze casting

Production (Castings / year)
=

0.1 1 10 100
Casting weight (kg)

Figure 2- Manufacturing conveniences of different foundry processes as function of production rate and casting
weight [2].

As shown in Figure 3, the high pressure die casting process is at the top end of parameters like
molten metal injection velocity and injection pressure, comparing to other metal casting
process. Among all processes, HPDC is the process that generates a higher quantity of gas
related porosities due to the high injection velocity [3].

A

HIGH PRESSURE
DIE CASTING
o
o
|
L
S
SQUEEZE
PERMANENT CASTING
MOLD CASTING
GRAVITY SEMI SOLID
SAND CASTING CASTING
—
PRESSURE

Figure 3- Representation of casting processes respecting velocity and pressure [3].
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2.2 High pressure die casting

2.2.1 Historical review

Casting processes are believed to be amongst the oldest methods to manufacture metal
components. Initially, only processes which the mould had to be destroyed to remove the
solidified part existed. These processes are still heavily used in the present. Subsequently, it
became clear that a reusable mould had to be manufactured to start increasing the production
capacity [4].

In the middle age, the first reusable moulds were optimized and used to cast pewter components.
Processes kept evolving and being optimized until Sturges in 1849 invented the first die casting
machine, presented in Figure 4. This invention was developed due to the high demand of
printing letters used in the printing process. This was a manually operated machine, primarily
used for casting print type using led [5].

Operating lever ——

\ Plunger

Upper chamber ——

/ — Melting pot
Sprue cutoff vave — / Metalport /
|'ll -"ll |I — II
[ | ]
N\ %
Nozzle A
E

Inclined channel —

Pressure chamber 7,

Figure 4- Sturges die casting machine patent [5].

In the late 19" century, due to a constant process development, processes were developed to
inject metal into metal moulds. This process was better known for producing brass metallic
letter moulds, also called as matrices. This progress resulted in the creation of the linotype
machine by Ottmar Mergenthaler [4].

Other applications for phonograph parts required a different approach in terms of machinery
since it required the combination of decorative and engineering features. This led to the
development of a new machine (Figure 5) operated by two people, which required a 90-degree
swing of the machine. By only using zinc, led and tin, parts such as cast magneto housings,



carburettors and other automotive parts were produced using this machine right up until 1915

[5].

Shot lever

Metal cylinder
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Front plate
cast iron

Cover die
Ejector die

Die locking
lever

cast iron —
Vi &
S\ Plunger ,\4
cast iron N7
Plunger arm \ §fl
cast iron S/A 1%” dia. bars
o) L. SAE-1020 steel

Metal pot .

cast iron Ejector box Pedestal
cast iron cast iron

Futmace Sliding plate

cat iron cast iron

Figure 5- Early die casting machine that required two people to operate [5].

Later, a new machine, presented in Figure 6, was developed. This invention used pneumatics
to push the piston and to open and close the dies. This resulted in a higher productivity and
higher quality parts with thinner sections. In 1915, the first aluminium die casting machine was
developed [5].

I Shot cylinder-air
cast iron
) Closing cylinder=air
‘iE || Front plate cast iron
vacuum carbon
Lock pms
= Plunger cast ?;ee' e SAE-1020 steel

S | castiron [ ate busing 4 '
Plunger ~—— II / Sliding plate a8 Iggﬂben-!"égfbon
cast iron | Metal cylinder / cast steel ."I K cast steel

| cast iron f @ !
| 4 *
Plunger arm \ 13" dia. bars
cast iron i - i | SAE-1020 steel
¥
Metal pot . \/ ° I
" ry ry - |
cast iron [ ] ~ Ejector box
Furnace "/ | cast iron
cast iron | L Ejector die
1 - Cover die

\

Base
SAE-1020 steel

Figure 6- Pneumatic die casting machine [5].
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2.2.2 High pressure die casting

High pressure die casting (HPDC), or simply die casting in the US [1], is an economical
manufacturing process for mass production [6]. This process is used to produce nonferrous and
low-melting point base alloys parts such as aluminium, zinc, lead, brass and tin. Also, a titanium
alloy was successfully casted using the HPDC process [7]. These components can range from
a few grams up to 25 kg [4]. By using high velocities along with high pressures to inject liquid
metal into a die cavity, a reusable metallic mould, thin-walled products (as low as 0.25 mm)
with high geometry complexity and surface hardness (SH) [8], near net shape, very good surface
finish (by casting standards) are produced [9]. All these extreme conditions that the molten
metal is submitted and the difficulty to maintain process parameters make HPDC a defect-
generating process [2].

The high pressure die casting process can be used to replace assemblies of various parts,
produced by different manufacturing processes. An example is presented in Figure 7. The
production of just one component instead of various, results in the reduction of the overall
process labour and production costs [4].

Figure 7- Left: Shock tower with an assembly of various sheet steel parts; Right: Same part with just a single
part produced by aluminium die casting [10].

The main problem of this process, is the high porosity levels of the cast products. This is related
to air entrapments during the highly turbulent filling process, among others that will be further
described [6]. These defects limit the use of the HPDC process in components were higher
mechanical properties, excellent surface finishing is required. In structural applications,
porosities act as stress concentrator which leads to cracks initiations. Also, heat treatment rarely
can be applied to parts that present porosities since they can emerge as surface defects known
as blisters [4]. The most effective procedure to calculate the gas level of the castings is the
vacuum fusion method. By heating a sectioned casted part until molten under vacuum, the
pressure created by the gas release is measured [11]. There are several reported procedures to
reduce porosity levels such as modifying the alloy constituents, that leads to a higher metal
fluidity and therefore an injection speed reduction is possible; optimization of process

9
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parameters such as metal injection velocity, applied casting pressure and molten metal
temperature; applying vacuum to the die cavity and the use of other type of injection process
such as squeeze casting or any semi-solid process. A viable alternative to reduce the size of gas
pores is to set the intensification pressure as high as the machine can deliver. This leads a
reduction of the volume percentage of the gas porosity [12].

An optimization of process parameters such as solidification time, molten temperature, die
cavity filling time, plunger velocity and pressure is required to manufacture defect free
components [13].

Figure 8 presents the typical steps involving the high pressure die casting process.

1. The cycle starts by closing the two die halves and injecting the liquid metal into the die
cavity by the plunger (piston). Depending on the alloy, molten metal is injected into the
steel die cavity with velocities between 30 m/s and 90 m/s;

The closed die is held under high compacting pressures until the material is solidified,;

3. The die open’s through the parting line and the part is extracted, either manually or
automatically, by the ejector pins;

4. A blow stub cleans and cool’s down the die cavity surface and lubricant is applied;

The die is closed by moving the clamping system and a new cycle starts [6].

Quenching, Trimming,....

Spraying process

Removing of the part

‘) Blowing
out the die
n
j b P
. Closing of
Opening 9
of the die thedie

j -
Solidification . Dosing of the melt

Filling of the mold

Figure 8- High pressure die casting process [2].

These steps translate the reality of the HPDC process in general, but there are two conventional
varieties which depends on the alloy to be casted and differs from each other with respect of
the metal injection design [4]. Alloys with low melting points, such as some zinc alloys and tin,

10
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are cast using a hot chamber machine while a cold chamber machine is used to cast high melting
points such as aluminum, some zinc alloys, brass. Magnesium alloys are also used in HPDC
process and are cast in either hot and cold chamber machine, which depends on the required
part size. Theoretical, alloys with lower melting points can be cast in the cold chamber machine
but the other way around is not possible.

In the cold chamber machine (Figure 9), liquid metal is poured, manually or automatically, into
a pouring hole located in a shot sleeve. This results in a short contact time between the molten
liquid and machine components, that otherwise would damage them due to high metal melting
point and the fact that aluminum aggressively attacks iron components. After the liquid metal
is poured, the hydraulic plunger is displaced through the shot sleeve forcing the liquid metal
into the die cavity. With a cold chamber machine, it’s possible to produce larger and heavier
parts, due to higher machine injection pressures and locking forces. A component produced by
this process can be easily identified, since after solidification the component has a “biscuit”
where the metal entered the die cavity, Figure 9. right [4].

(formesaltsltit“% cavity)

Runner

Stationary Platen
l Ejector Platen

Ladle

T‘ — s ; . 5 v.“::,'.fg

sz . iscuit
—— (ol ben
\ Ejector Box

Ejector Die

7

Hyd/rau:c Cylinder / s{s leeve

Plunger

r Die

Figure 9- Left: Schematics of a conventional HPDC cold chamber machine [14]; Right: Typical layout of a
component produced by a cold chamber machine [15].

2.2.3 Most common defects

There are nine different reported subclasses of defects and more than thirty specific types of
defects that can be surface, internal or geometrical related. Figure 10 presents a resume of
common defects with respect to their sources. Each defect is characterized by its morphology
and origin and in some cases can be predicted using simulation tools [16]. Defects such as
shrinkage, gas-related and filling-related are the most frequent in the HPDC process totalizing
20 %,15 % and 35 % respectively [2], with porosity being the main defect, which can be gas
porosity, shrinkage porosity or leaker [9]. Table 1 briefly describes some frequent defects, its
causes and possible solutions.

11
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PRODUCT & PROCESS DESIGN —+ Shrinkage delecis
. {———= Filling-related defects

—————— Thermal contraction defects
Gas-related defects

Gas-related defects
Undesired phases

- case = Filling-related defects
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R 3 gt = Excess of Material

+ Lack of Material
Out of Tolerance
Q'Eggmcfgr'f:gzpsmmns ~———+ Thermal contraction defects
i o, ) ——— Metal-die interaction defects
& 4., v — Shrinkage defects
N 'S Out of Tolerance
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Internal & Surface defects  Surface Defects Geometrical Defects

Figure 10- Classification of defects and their origins [16].

Table 1- Defects in HPDC [9; 17-21].

Defects Causes Possible solutions Appearance
Surface Leading edge of metal Increase local die
defects flow is too cold. temperature;
Cold flow, Lower filling time;
COIdSIV%?r’Igh'”’ Improve filling
pattern;
Increasing local die
temperature.
Lamination Poor metal flow Correct injection
layers of metal control; parameters;
inside or Poor die locking Good flow pattern;
ougzlsttiienthe during filling. Ideal idea
g temperature.
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Gas Porosity

Air entrapment in the
casting

Optimal Injection
parameters;

Higher venting and

overflow function;

Optimal gating and
runner design;

Vacuum,

Shrinkage Thick walls in the Cool hot spots or heat
Porosity casting; cold spots;
Internal cracks Metal volume Higher intensification
in the casting reduction during pressure;
solidification; Better filling patterns,
Inability to feed especially on thicker
shrinkage with more Zones.
metal during
solidification;
Hot spots
Blister Gas entrapped under Optimal injection
the surface during parameters;
metal filling Optimized gating
system;
Higher venting
efficiency.
Flash Insufficient machines  Efficient die fitting;
Solidified locking force; Adequate machine
molten metal High metal liquid locking force;
aro;?i?] thﬁni'e temperature; Better die and casting
P 9 Poor die fit. thermal conditions.

2.3 Hot chamber machine

Zamak alloys are the most commonly used for a hot chamber machine. Others zinc alloys such
as ZA8, AcuzZink 5 and 10, EZAK™ are also used. Some magnesium alloys are used even
though there’re mostly used on a cold chamber machine.

Molten metal held in a steel holding pot, protected by a specific atmosphere, is injected with a
plunger into a die cavity through a nozzle. The nozzle is connected with a channel, called the
gooseneck which is immersed in the molten metal [14]. By keeping the gooseneck immersed,
cycle times are kept at minimum since molten metal travels a short distance in each cycle [4].

Hot chamber machines are characterized by having very low filling times, 5 to 40 ms, and low
cycles times. Parts with a few grams translates into a cycle time of about 1 s while parts with
several kilograms can take around 30 s [4]. Figure 11 and 12 illustrate different components
that integrate the hot chamber die casting machine.

13
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Figure 11- Left: Schematics of a conventional HPDC hot chamber machine [14]; Right: Components produced
by a hot chamber machine [22].
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Figure 12- Passage connecting the nozzle to the die cavity of a hot chamber machine [23].

Every die casting machine is characterized by its clamping force. During the cavity fill and
specially during the intensification phase, a high pressure is generated inside the die. The
clamping force is the force responsible for resisting the opening of the die, and for a hot chamber
machine ranges from 20 to 800 Ton.

The pressure built up inside the die generates a force which is proportional to the casting
projected area. Considering the casting projected area of Figure 13, the generated force can be
calculated by multiplying the projected area, 1,49 dm?, by the intensification pressure, 200 Bar
for example, resulting in a breaking force of 298 KN. This would require a machine clamping
force of 29.8 Ton, but it is recommended that the actual clamping force should be 25 % higher
than the calculated breaking force.

14
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Figure 13- Projected area of casting which includes, die cavity, overflows, gating system, vacuum valves and
runners [22].

As shown in Figure 14, this process can be divided into 3 phases, in terms of velocity and
pressure. This also happens with a cold chamber machine:

e First phase - Molten metal enters the die through the gooseneck and nozzle, passing the
gating system until it reaches the gate. This phase is characterized by a low plunger
speed and hydraulic pressure. In some cases, a partial fill of about 10 to 15 % of the
components die cavity to reduces gas porosity. This is usually applied for a wall
thickness of about 4 mm and thick gates [24];

e Second phase- In this phase, the components die cavity is filled, including overflows.
For zinc die casting alloys, typical cavity filling times, can range from 5 to 50 ms. The
plunger injection speed increases to its maximum. Also, the hydraulic pressure
generated by the plunger increases up until the third phase;

e Third phase - An intensification pressure of 100 to 400 bar is applied to the solidifying
pressure. Solidification starts from the surface of the part towards its interior. Due to
different solidification rates between the surface and the interior, generally different
grained sized structures are formed.

During the entire injection process, the nozzle and the gooseneck is preheated to prevent
a premature freezing of the molten metal. It is also kept full with molten metal in the
middle of each shot in order which reduces cycle times [14].

I II I

Speed

1\

Pressure

.

_ Piston position

Figure 14- High pressure die casting process phases; representing piston speed and pressure as function of piston
position [1].
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A hot chamber machine presents the following advantages when compared to a cold chamber
machine:

e By limiting the contact of the molten metal to air, the formation of oxides is greatly
reduced or eliminated [14];

e Molten metal is kept in a sealed melting crucible until the injection process starts [14];

e Higher production cycles, from 150 per hour for large components and up to 2000 per
hour for smaller components [25], due to the inexistent liquid metal ladling process;

¢ No cooling of the piston tip and the shot sleeve is required [15].
Also, it presents the following disadvantages:

e With low pressures generated by the hot chamber machines, ranging from 5 to 35 MPa,
this process is limited to the production of small castings [14; 26];

e Limited to lower melting point alloys. primarily zinc and some magnesium alloys. In
the hot chamber process, machine elements such as plunger tip and gooseneck are in
constant contact with the molten metal. Higher melting point alloys would cause an
excessive wear of these components. Since aluminium alloys aggressively corrodes
iron, these alloys are excluded from this process.

2.3.1 Zamak alloys

It is believed that zinc started to be die casted in the early 1900°s, replacing lead and tin die
casting components. When compared to these alloys, zinc is considered a high strength,
lightweight and low-cost. In the 60’s, ZA (alloys with a wt.% of Al higher than 5) were
developed and considered high strength alloys. Twenty years later, GM developed ACuZinc 5
& 10, that presents higher strength, wear performance and creep resistance due to higher wt.%
of copper [27].

The two most common challenges concerning the zinc die casting are density (around 7.14
kg/dm?®) and creep resistance, inherent properties of zinc. The ability to achieve thinner walls
with higher fluidity zinc alloys, minimizes the negative impact of the density on the final part
weight. To compete with lighter metals, ultra-thin walls and new processing technics are used.

Zamak alloys are a family of alloys, that includes Nr. 2,3,5 and 7, containing zinc, as its main
element, and other alloying elements such as aluminium (3.7 - 4.3 %) copper (0.1 - 3.3 %) and
magnesium (0.025 - 0.06 %). Other eventual elements are considered as impurities. Since pure
zinc is known to be a low strength, low ductility and brittle fracture (due to coarse grains),
adding these elements refines the microstructure and improve the strength. Zinc alloys are
known for the following characteristics: good corrosion resistance, when plated; good sound
damping properties; low melting temperature which translates into energy and cost savings;
good castability; good casting dimensional tolerances; good machinability; high density alloy,
which is a downside [28]. These alloys are used for several applications fashion and design
applications, were an excellent surface quality is required [29]; key fob accessories; antennas;
small decorative automotive parts; handles amongst many others. Typical Zamak components
are illustrated in Figure 15.
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Figure 15- Zamak components ( Courtesy of Dynacast) [30].

Aluminium is the alloying element present in the Zamak alloys, responsible for increasing
strength by grain size reduction. Percentages above 4.3 wt.% reduces the impact strength, and
below 3.7 wt.% softens the alloy. Intergranular corrosion on the Zamak alloys, exist due to the
presence of aluminium and initiated by impurities. A Zinc-Aluminium alloy reaches its
maximum castability at 5 wt.% of aluminium, but is extremely brittle [28]. The addition of
copper increases the strength and hardness in the Zamak alloys since it allows a higher solubility
of aluminium. As a consequence, alloys with higher copper contents are less dimensionally
stable and also promotes stress concentrations, reducing the fatigue life and increasing the
cracking tendency [31]. Also copper inclusions at the surface promotes galvanic corrosion with
zinc and aluminium since these elements possess a more negative potential comparing to copper
[32]. Magnesium is added to enhance the alloys corrosion resistance but lowers properties such
as castability and elongation [33].

Zinc alloys are rarely used without any post surface treatment, since they are susceptible to
corrosion in acidic, strong alkaline and industrial environments. For this reason, surface
treatment, such as electroplating, of zinc components is a must to overcome these
disadvantages. Also, electroplating zinc components is a very effective process due to their
high-quality finishing characteristics [32].

After the component is solidified, the gating system is removed which usually reveals existing
internal porosities. If these zones aren’t properly sealed before electroplating, defects such as
corrosion, blistering and coating delamination can occur [32].

An important pre-treatment step for plating is the grinding process, using abrasive chips, which
are represented in Figure 16. Depending on their properties, they can be used for polishing,
grinding or smoothing. By subjecting the cast components to ceramic or plastic bonded chips,
called a grinding process, the above defects can be minimized without sacrificing too much
microns from the material [32]. The plating process must be applied right after the grinding
process ends, to avoid any possible contact with any moisture.
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G Yan

Figure 16- Left: Cast components being subjected to a grinding process; Right: abrasive chips [32].

A problem that affects zinc-aluminium alloys is the corrosion-induced cracking, initiated by
humid conditions, that can cause swelling of the casting. Corrosion starts at the surface moving
inwards, mainly along the  phase boundaries. Being an electrochemical process, it is caused
by the presence of impurities such as lead, cadmium and tin and is initiated with the presence
of moisture and accelerated with high temperatures [34].

Using high purity zinc along with its alloying elements (99,99 %), is an effective process to
avoid the initiation of this problem. Other procedures to enhance the corrosion resistance of
zinc-aluminium alloys are: chromium plating and adding a 0.03 wt. % of magnesium in the
alloy, that forms a stable compound MgZn5 [28].

Other countermeasure is a coating process based on a colorless polymer with a generic name
“Parylene”, offering great resistance to solvents, acids and bases. It also has a low permeability
to moisture and are stable up to 200 °C. During the coating process, moisture entrapped in
cracks can be effectively pumped away since its applied by vapor condensation in a low-
pressure (partial vacuum) environment. The downsides of this process are the high application
costs and that it’s a highly specialized process [34].

It has been reported that the addition of small percentages of rare earth elements, transition
metals (Ti, Mo and V) and binary alloys (Ti+B) on Zamak alloys can act as grain refiners. These
fine structures, with higher grain boundary area, are better protected against the grain
dislocation when compared to coarse grain materials. Alloys with finer grains means better
mechanical properties (strength, hardness and wear resistance) compared to coarser grains [35].

Adding 0.10 wt. % of Hafnium (hf) to a Zamak 5 alloy has the following effects:

e Transformation of a dendritic structure to a new structure with finer equiaxed grains,
presented in Figure 17;

Figure 17- Left: Zamak 5; Right: Zamak 5 + 0.10 wt.% hf. Both allots at 200x magnification [35].
18
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e Increase by 2.5 % on the microhardness, from 99.5 HV to 102 HV;

¢ Slight enhancement of the yield strength and fracture stresses;

e Wear resistance behavior improvement by 42 %.

A new alloy trade marked as EZAC™ developed by Eastern Alloys, is a promising solution to
overcome the characteristic creep resistance problem of zinc castings. Besides having the best
creep resistance among the hot chamber zinc alloys, it is also the hardest and strongest alloy
while maintaining excellent castability. With a low melting point, it can be easily cast in a hot
chamber machine, without wearing the shot end components [27].

According to the values of Table 2, EZAC™ performs better in terms of mechanical properties
when compared to existing alloys, in properties such as UTS (ultimate tensile strength), YS
(yield strength) and hardness. In terms of elongation, EZAC™ has the lowest performance
among all zinc alloys.

Table 2- Mechanical properties [27; 30].

Alloy uUTS Yield Strain Charpy Impact Hardness
(MPa) Strength (%) Strength (HV)
(MPa) (N-m)

EZAC™ 417 396 1 2,71 68
ACuZinc5 386 386 7 2,71 61

Zamak 2 330 278 4 4,06 57

Zamak 3 283 221 10 - -
Zamak 5 328 269 7 - -

Zamak 7 283 221 13 - -

Table 3 presents the results of creep tests performed at 140 °C and 31 MPa. EZAC™ has by far
the best creep performance compared to existing alloys, reaching up to 731 hours. This value
is fourteen times higher than Zamak 2 and 3 times than ACuZinc5. To successfully perform
creep tests, it is important that the tested parts are gas porosity and cold shuts free since their
presence negatively affects the creep performance [27].
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Table 3- Creep Results [27].

Alloy Time to Failure Minimum Creep Rate Elongation at failure
(hrs) (mm/hr) (mm)
ACuZinc 5 212 0.021 6.9
EZAC™ 731 0.004 6.7
Zamak 2 52 0.152 9.1

A new high fluidity alloy (HF) was developed during the years of 2005-2014, which offers the
possibility to produce parts as thin as 0.25 mm. Higher fluidity in zinc alloys is associated with
higher aluminum content, with a maximum at the eutectic point at 5 % Al [36], and lower
magnesium and copper content. With the lower percentage of magnesium, a higher control of
impurities is required [37].

This alloy also undergoes ageing effects at room temperature in a similar way as the Zamak 3
after the casting is solidified. This happens since the solubility of alloying elements is much
higher in the liquid melt than in the primary solid phase [37].

Like conventional hot chamber zinc die casting alloys, the following scenarios also occur on
the HF alloy [38]:

e Section thickness has the greatest effect on tensile strength, meaning that lower section
thickness translates in a higher tensile strength;

e Parts injected into lower die temperatures have higher tensile strength;

e Process parameters are less pronounced with thicker sections;

e Tensile strength decreases during natural and artificial ageing;

e Anincrease of the ingate velocity can generally increase the tensile strength.

There are several factors that must be considered during the choice of the most indicated alloy
for a component. The capacity to deliver the required mechanical properties is crucial, but also
each alloy present different production costs, which must be included during this process.

2.4 Die

A die is composed by two halves separated by a parting line. Each halve is fastened to its
respective platen on the die casting machine: the cover die, which may be machined in the solid
die halve or inserted, on a stationary platen that doesn’t move during the injection cycle; ejector
die on a movable platen of the machine. An example of a dies geometry is represented in Figure
18. The die cavity corresponds to the parts geometry and is formed by machining the die halves
along with inserts or cores and movable slides. If the process is optimized, no metal should be
soldered to the die cavity [39; 40].
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_ Die Caster
Owned

Customer Owned

Figure 18- Components of a unit die assembly [23].

Certain aspects such as injection system, casting condition, gating system, cooling system must
be considered during the die manufacturing process. This process, in some cases, is a try-and-
error method based on a heuristic know-how, which lacks scientific calculation and analysis
leading to an incorrect mold design [6; 40].

A CAE simulation technology will minimize incorrect die design, since it helps designers to
generate, verify and validate and optimize the design solutions. It can be useful to identify the
following situations [6; 41]:

e Possible defects that may occur during the injection process, by giving the possibility
to optimize the gating system before manufacturing the mold. Defects such as internal
porosity, caused by air entrapment and solidification shrinkage (occurring on thicker
sections) can be predicted and reduced;

e Last areas to fill. This will define the location of the overflows, vents and chill vents;

e Areas of excessive heating in thick areas or excessive cooling in thin areas. These hot
areas are the last to solidify, leading to shrinkage porosity or heat-shrinks. During the
mold manufacturing, it is necessary to implement cooling system in these hot areas to
present their related defects;

e Isolated areas, due to poor metal flow. Changing the direction of the flow that enter the
ingate can help solving this problem;

e Generation of turbulence duo to fluid collision. This exists when two or more fluids
coming from their respective gate/runner collide. Using simulation technics, it’s
possible to predict these collisions and therefore change the metal flow by optimizing
the gating system [42].

Figure 19, represents a flow chart simulation process using ProCAST™ for the HPDC. The
flow chart is divided into three stages: pre-processing, problem solving and date output.
Generally, a CAD model of the component with its gating system is supplied by the client. After
the CAD model is imported into the die casting simulator tool, a fully automatic 3-D tetrahedral
mesh generator is called to generate surface mesh, the shell and the volume mesh. Then, the
following conditions are defined: assigning materials, defining interface, setting boundary
conditions, appointing process and selecting suitable running parameters. After this procedure,
FEM calculations takes place, and the results can be visualized by ViewCast module.
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Figure 19- Flow chart of the simulation process based on ProCAST™ [43].

The most common material’s to manufacture high pressure die casting molds are either hot
work tool steel H11 or H13. The main problem on using these materials is that after the
machining process of the die cavity, a heat treatment (quenching and tempering) must be
applied, which may result in dimensional deviations [40].

The heat-checking phenomenon represents the most common die failure in high pressure die
casting. By controlling parameters such as impact toughness, strength at elevated temperatures
and thermal properties, it’s possible to minimize the occurrence of this problem [40].

TOOLOX 44 is a pre-hardened tool steel with a hardness of 45 HRC, similar as the commonly
used in die casting molds. Table 4 illustrates the composition of a common H13 alloy and the
TOOLOX 44. TOOLOX 44 offers better mechanical properties when compared to the currently
used such as improved Charpy-V impact toughness at room temperature and at elevated
temperatures; better thermal conductivity which benefits the reduction of the heat-checking
risk. Another great advantage by using a pre-hardened steel is that the die manufacturing time
can be greatly reduced since no heat-treatment is required after machining of the die cavity.
The absence of a heat-treatment means that no dimensional instability occurs during a die
manufacturing [40].

Table 4- Typical composition for TOOLOX 44 and hot working steel (H13), all elements are
given in wt.% [40].

Grade C Si Mn P S Cr Mo V

TOOLOX 44 032 11 0.8 Max 0.01 Max 0.003 135 08 0.14

H13 04 105 04 Max 0.03 Max 0.03 515 1.35 1
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Figure 20 is an example of a die casting mold used to inject a Zamak alloy. Manufacturing time
was reduced from 300 to 200 hours when the material was replace from a H13 tool steel for a
TOOLOX 44 [40].

Figure 20- Die casting mold manufactured with TOOLOX 44 to inject Zamak [40].

The die represents a very expensive high pressure die casting component, with prices that can
reach up to 100 000 €. Factors that contributes to the highly pricing are: high complexity; the
die material which normally is a highly alloyed steel, stable mechanical properties at elevated
temperatures; post machining treatments such as quenching, tempering and nitrating; and in
some cases, a surface coating can be applied. Also, the surface die cavity must maintain
dimensional accuracy and specific roughness during the injection process [44].

The most influential die wear mechanism is thermal fatigue. The die cavity surface suffers great
oscillations of temperatures during the injection process. The high temperature variation is
propitious of the development of surface cracks duo to the constant contraction (during heating)
and expansion (during cooling) of the die. Also, the die cavity surface must be resistant to
erosion caused by high molten metal injection speed (up to 60 m/s) and process pressures that
reach 120 MPa [44].

A lubricant is normally based on graphite, molybdenum disulphide or hexagonal boron nitride
dispersed in a water solution. When applied to the die surface, acts as a physical barrier between
the casting alloy and the die. Intermetallic compounds can appear were the lubricant is absent,
especially in slower cooling areas and where the die has been repaired by welding [44].

Duo to the high price of a die manufacturing, repairing is an option to prolong its life span and
to quickly resume production. Dies can be repaired by welding, but this procedure is quite
complex and difficult to apply. It can cost up to 10 % of the initial die cost and can be done
more than once. A constant monitoring of the die surface is important to avoid part rejection.
There are several die repairing processes with different characteristics such as [44]:

e TIG (tungsten inert gas welding) is the most common die repairing process since it gives
the operator good control over the welding process. During this procedure, several
problems can occur like distortion of thing parts, welding undercuts, oxidation,
porosities and cracks;

e The laser beam welding (LBW) is an alternative process to TIG, which offers higher
energy density, very narrow heat affected zone (HAZ), minimal post machining process
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and has proved to double the life span of a die. This process has some limitations in
terms of low productivity, expensive equipment and materials and highly qualified
welders. Also, delivers the best results when repairing TIG weld undercuts;

e Plasma spraying method, metallization, can also be applied to repair dies. It offers lower
mechanical properties than achieved by welding and this kind of coating has a low
durability;

e The electro-spark deposition (ESD) is a coating process that uses a pulsed-arc micro
welding that can be used on hard metals. The coats are fused to the surface with a low
energy input that allows the base material to main an ambient temperature, eliminating
the possible die distortion. Many studies conducted on a H13 alloy using this process
proved that it has good resistance to wear mechanisms.

2.4.1 Water-soluble salt cores

Since high pressure die casting is ideal to produce highly complex shapes, cores are very useful
to produce features that cannot or are very difficult to be formed by two die halves. Currently
most of these cores are manufactured with the same die material or with copper/beryllium alloy.
The problem is that in very complex castings, removing them from areas that are hardly
accessible for mechanical cleaning is very difficult [45].

Currently a good alternative to metal cores are disposable water-soluble salt cores [46], due to
their high strength and surface quality. Figure 21 represents the application of a salt core to
produce a cavity in a component. Also, they are easily removed by dissolution i.e. in hot water.
These salt-cores require great impact resistance, since the density of zinc die casting alloys is
about 2.5 times higher than aluminum alloys [45].

Figure 21- Salt core and die casting with cavity [47].
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Cores can be manufactured by three processes: high-pressure squeezing; shooting (binder alkali
silicate) and casting of molten salts with post pressing. The process that offers the best
combination of advantages is the high-pressure squeezing. Cores manufactured with this
process present better strength, and lower porosity levels when compared with other processes.
The core porosity levels are particularly important for the high pressure die casting since it will
affect the penetration of the molten metal into the cores. There’re limited to simpler shapes
since they present a low solubility in water and have a non-uniform degree of compaction, one-
way pressing. Special thermal treatments can be applied to prevent the core destruction
generated by residual stress [45; 48; 49].

Many cases of precast holes of complex shapes require gluing of cores in two ways: cores-cores
and cores-metal. These bonds must guarantee: sufficient strength under elevated temperature;
dimensional accuracy and easy removal of the cores during their dissolution. Currently, the
available glues can deliver a range of shear strength of the core joints with salt-salt within 63 -
105 N/cm? (0.63 - 1.05 MPa) and salt-metal within 160 - 232 N/cm? (1.6 - 2.2 MPa) [45; 48].

For zinc high pressure die casting with a die temperature ranging from 125 - 150 °C, a salt A-
KCI system is a suitable choice. It has the highest tensile strength among the system salt cores
used in HPDC and has a melting point around 340 °C. Other major advantage comparing to
other salt systems, is that it has no adverse effects on the surface of the zinc alloy casting during
the core dissolution. By using ceramic and whiskers as reinforcing particles, it is possible to
increase the mechanical strength, improve surface quality and reduce defects such as
deformation, shrinkage and cracks. It was studied that the optimal composition for the
reinforced salt cores was: 70 wt.% salts (92 wt.% of salt A, remaining 8 % of KCI) and 30 %
of reinforcing particles (100 % of a layered material or a mixture of layered material with an
acicular material with a 1:1 ratio. These “triplet” systems deliver 30 - 32 MPa of bending
strength, can be recycled without a high decrease of bending strength and have good aging
resistance. An example of a “triple” system core inserted into a die cavity is represented in
Figure 22 [45].

Figure 22- Left- “Triplet” salt core inserted in the die cavity; Right- Injected part of a zinc alloy [45].

Other water-soluble combinations using salt cores with reinforcing particles, such as 15 wt.%
of bauxite powders with 15 wt.% glass fibers or 15 wt.% bauxite powders with 15 wt.% sericite
powders (which is a type of mica), were tested. These combinations resulted in a bending
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strength over 45 MPa. The first combination was used to cast a zinc alloy and resulted in a
casting with a very smooth surface and was easily removed, presented in Figure 23 [50].

Figure 23- Water soluble salt core with bauxite powders and glass fibres for a zinc alloy casting [50].

2.4.2 Lubricant

Results from a previous study [51] proves that a die and its cooling channels are responsible for
absorbing about 80 % of the heat coming from the molten metal, 5 % is exchanged with the
environment while the remaining 15 % is absorbed by the lubricant [52].

A lubricant is used in a die cavity for several reasons such as cooling the die, ensuring a
temperature uniformity on the cavity surface; acting as a releasing agent for the casting, to
prevent soldering and deformation; allows a correct cavity filling preventing surface
laminations [52].

With an optimization of the lubricant process, it is possible to increase the lubricant absorption
up to 50 % plus and additional overall cycle time reduction [52].

During the application of the lubricant in the die cavity, a layer of active parts is created and
the water present in the solution is evaporated, cooling down the surface. A common problem
that occurs during the injection of the molten metal, is a pyrolysis reaction, resulting in the
blackening of the die surface. This happens duo to the high die temperature and absence of
oxygen that generates gases. The formed layer, normally lower than 10 pum, should be
consumed and restored during each casting to prevent the increase of die cavity surface
thickness and to prevent machine downtime [52-54].

Figure 24 presents a clear example on how the application of lubricant influences the uniformity
of the die temperature. The right image clearly shows a non-uniform distribution of the die
surface temperature, which leads to local overheating. In addition to expected several surface
or geometrical defects, the die will be subjected to aggressive thermal shocks [52].

26



High Pressure Die Casting of Zamak alloys

Figure 24- Thermal images of the die after spraying (left) with an average surface temperature of 180 °C, and
before spraying (right) [52].

During the casting process, the die temperature should be monitored and controlled since it will
affect the effectiveness of the lubricant. There’s an optimal die temperature range, which
depends on the metal to inject, to guarantee the quality of the casting. If the die temperature is
below the range limit, the water in the lubricant solution may not evaporate, resulting in a low
heat flux. Other consequences may appear such as the die goes through a violent thermal shock
in contact with the molten metal; early solidification of the molten metal which leads to an
incomplete filling of the die cavity; residual lubricant that can generate porosities. There’s also
consequences when the die temperature is above the optimal range. In this case, the lubricant
may not be able to wet the die cavity surface duo to the Leidenfrost effect. This happens when
a liquid enters in contact with a solid with a temperature far superior of the liquids boiling point.
This results in a layer of vapor that keeps the liquid from evaporating rapidly. If the heat flux
is too low, the die can be subjected to soldering and thermal fatigue leading to scrap castings
[52].

There’s several defects related to an inefficient use of the lubricant such as pultrusion’s due to
surface lamination and soldering; and geometrical deformation.

Lamination is a surface defect, visible as protrusions and a thin metallic skin separated from
the surface, that can also generate porosities duo to air entrapment. Originated due to cold dies
or when the injected molten metal solidifies with a higher cooling rate than its surroundings,
causing premature solidification of the molten metal. This type of defect belongs to a filling-
related defect and are represented in Figure 25 [52].

Figure 25- Protrusions related to lamination. Left: magnified 25 x; Right: magnified 10 x [52].
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Deformation defect can be understood as when the casting part doesn’t have the exact geometry,
due to thermal contraction and soldering during solidification. Insufficient lubricant in the
critical regions, internal stresses due to shrinkage of the casting and the geometry of the internal
die cooling are the reasons why this type of defect appear. An example of this defect is
represented in Figure 26 [52].

Figure 26- Deformation present on a manufactured part [52].

Soldering is a die/molten metal type of defect, characterized by the presence of intermetallic
phases on the die caused by and ineffective layer of lubricant or a long overall cycle time. This
defect compromises the surface quality, creating roughness (represented in Figure 27) or
localized lacks of material normally identified through visual inspection [52].

Figure 27- Surface roughness duo to soldering [52].

2.5 Hollow structures

As mentioned before, using water-soluble salt cores instead of metal cores is feasible to produce
three-dimensional hollow structures. These cores are then easily removed from the solidified
part, with hot water for example [10].

A novel reported alternative to produce three-dimensional hollow structures and ribs is by using
the gas injection technology, originally used in injection moulding of thermoplastics [55]. Up
until 2014, this process was only used to cast zinc alloys on a cold chamber machine [56-58].
Posteriorly, this technology was successfully implemented on a hot chamber machine using a
magnesium alloy [10].

With this technology, functional cavities are produced within the part by injecting high pressure
nitrogen, flowing on predetermined gas channels that have been machined into the mould. The
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gas injection happens immediately after the mould cavity is 100 % filled with liquid metal and
the outer shell has solidified [58], resulting in a liquid metal displacement into an overflow
cavity. Typical gas injection pressure can range from 20 to 50 bar with a maximum of 200 bar
[10]. Examples of components with functional cavities produced by HPDC using the injection
gas technology is represented in Figure 28.

Figure 28- Examples of components using the gas injection technology using a cold chamber [10].

This technology in the HPDC offers the following possibilities: production of parts with
functional cavities which would be highly difficult or expensive using conventional metal cores;
material loss reduction; high pressure-tightness of the castings; cost-efficient large series
production; production of extremely low-weight parts; development of innovative HPDC parts
like media-carrying pipes and low weight door handles made of zinc. Figure 29 represents two
possible components that could be produced using this process [10].

Figure 29- Possible applications for gas injection technology in the high pressure die casting technology. Left:
intake manifolds; Right: Hollow structures in clutch pedals [57].
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There’s several attributes of the original process, used for thermoplastics, when transferred to
the high pressure die casting can cause major problems such as [10]:

Increased wear on the steel injector. This happens since the original process deals with
a melt temperature ranging, which a Polyamide 66, from 300 to 320 °C, and in high
pressure die casting from 420 to 700 °C. Therefore, a new injector that can withstand
uninterrupted service have to be developed. This problem is even worse when applied
to aluminium since aluminium aggressively attacks iron;

Gas injection must be faster, with valve switching times as low as a few milliseconds.
Plastics are characterized by being a low thermal conductive material, which means that
the gas injection can take place rather slowly. The same process in the HPDC must take
place 10 times faster since metals transfer heat faster leading to a higher solidification
rate, or a lower period available until the melt reaches a temperature at which the
material cannot flow anymore. This leads to the necessity of a higher and more accurate
process control and fast-acting gas flow control with shorter delay times;

Incorrect/inefficient gas penetration. Premature solidification of the melt which results
in an insufficient gas penetration;

High process instability between the individual cycles;

Clogging if the gas supply is delayed;

A foamed zone on the casting near the gas injector is formed, due to turbulence resulting
occurring during gas injection;

The injected gas entering the hot chamber machine filled with liquid metal, via the
nozzle and the shot sleeve. Therefore, the hot chamber machine must be linked to the
gas injector plant and its control system to prevent this problem to occur, represented in
Figure 30. With a safety vault, it’s possible to release the nitrogen to the atmosphere in
case of a malfunction of the gas valve.
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Figure 30- Control-related of the die casting machine and thee gas unit [10].
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As shown in Figure 31, the gas injection technology doesn’t affect the home position and filling
phase of a normal hot chamber process. This process requires additional components such as a
gas injector, shut-off pin and an overflow cavity. During the filling phase, the cavity overflow
is disconnected from the main cavity by a shut-off pin [10].

Step 1: dosing / home position Step 2: filling phase
overflow cavity —Ll overflow cavity ]
shut-off pin ""/_ shut-off pin —
gas injector — —

gas injector

.,\ )|

Figure 31- Home position and filling phase [10].

Figure 32 represents the last two steps on the high pressure die casting process moulded by the
gas injection technology. As soon as the filling phase ends, high pressure nitrogen is introduced
by the gas injector resulting in a liquid metal displacement into the now open overflow cavity.
After the cast part is totally solidified, the gas pressure is released through the same place it was
introduced [57].

Step 3: gasinjection Step 4: opening the overflow cavity

overflow cavity ——
shut-off pin — |

gas injector —

overflow cavity — 4
shut-off pin 7

gas injector ]

Figure 32- Gas injection and opening of the cavity overflow [10].

Figure 33 illustrates various process parameters during the injection process using the gas
injection technology. Besides the typical HPDC process parameters such as plunger velocity,
die temperature and internal pressure, the gas pressure is also displayed. The gas is injected into
the die cavity after the intensification pressure phase. This leads to a higher compensation of
shrinkage and pressure tightness of the cast component.
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Figure 33- Shot curve with different process parameters [10].

Recent studies [57; 58] demonstrate how critical is the optimization of the gating system. It was
proven that the location of the ingate contributes to the effectiveness using the gas injection
process in the HPDC. As shown in Figure 34.a, the zone opposite to the gas injector is filled
first and therefore is the first zone to cool down. In this situation, the gas won’t be able to
penetrate the solidifying casting since it has already solidified. An optimized solution presented
in Figure 34.b, results in the top part solidifying last and therefore the gas correctly penetrates
the solidifying part.
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Figure 34- Simulation of die fill indicating cold metal near the gas injector for Gating [57].
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Figure 35 presents the layout of a high pressure die casting tool for a 200 ton cold chamber
machine used for the first gas injection in HPDC experiments. The required additional
components can be clearly seen, and the two different gating systems used [57].

Figure 35- Pressure die casting tool for gas injection and a 200 ton cold chamber casting machine. 1- Overflow
Cavity; 2- Locking Pin; 3-Injector; 4- runner; 5-Runner 2 [57].

The first successful high pressure die casted part moulded with the gas injection process was a
zinc alloy, represented in Figure 36. In this case a cold chamber machine was used with the tool
mentioned above. It was possible to produce a component with a smooth surface of the cavity.
The characteristic problem of this process, which is a foamed zone near the gas injector, can
also be clearly identified [58].

Figure 36- Zinc high pressure die casting with a cavity completely produced by gas injection [58].
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2.6 Hot chamber semi-solid casting process

As mentioned before, the main problem affecting the HPDC process are porosity related
defects. It becomes more serious for walls with thicknesses above 2.5 mm, whereas for thin-
wall sections, < 2.5 mm, with fine-grained and pore-free skins it becomes less relevant.
Changing the original process may be beneficial to produce castings with less porosity, which
enables post heat treatment, and better mechanical properties. This may reduce productivity
along with higher costs. Their called high integrity die casting processes and are divided into:
vacuum die casting, squeeze casting; semi-solid casting and novel partial squeeze and vacuum
die casting process [59]. Even though these processes have different denominations, they use
the same principles of the high pressure die casting process [14].

With squeeze casting, liquid metal is fed vertically into the die cavity with a speed of about 0.4
m/s after being poured into the injection sleeve. After the cavity is 100 % filled, an
intensification pressure ranging from 490 to 1079 Bar is applied.

In the semi-solid die casting (SSC) process, a partially solidified metal, 30 to 60 %, is injected
into a die cavity, producing castings with a refined globular microstructure. During the die
cavity filling, due to a higher viscosity of the metal, a progressive flow front is generated. This
results in a reduction of inclusions, oxidations, air entrapments and shrinkage when compared
to the turbulent flow generated in the conventional HPDC process. These differences are
highlighted in Figure 37. More importantly, due to a laminar flow, generation of air entrapments
during the filling is greatly reduced. Components produced with this process, have enhanced
ductility, toughness; strength; high dimensional stability and are near net-shape. Despite these
numerous advantages, components manufactured by SSC are too expensive for highly
competitive industries, such as the automotive industry [60; 61]. .

There are two different semi-solid processes, the thixo-forming and rheo-die casting process.
The main difference between these two processes is the preparation process of the solid-liquid
mixture before the injection process begins. In the thixo-forming process, a billet is prepared
by solidifying an alloy by stirring, which is preheated later to form a solid-liquid mixture. This
billet preparation is highly costly to make. In the rheo-die casting process, no billet preparation
is needed. Instead, the desired solid-liquid mixture is achieved before the injection process, by
pouring liquid alloy into the injection sleeve equipped with an electromagnetic stirrer [60; 61].

Figure 37- Left: Non plana filling; Right: planar filing [60].
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One alternative to overcome the highly turbulent metal flow of the hot chamber HPDC process,
is a novel variant of a semi-solid process (S2P), the hot chamber rheo-diecasting process [62].

This process was successfully implemented on a hot chamber machine to inject a AZ91D
magnesium alloy. It requires no additional processing equipment, no molten metal control and
no additional cycling time. It offers the following advantages such as reduced or absence of
porosity, lower cycle times, lower processing temperatures and longer life. Apart from a
traditional hot-chamber machine, this process only requires the addition of a magnetic field
around the nozzle as observed in Figure 38 [62].

100

Figure 38- Hot chamber rheo-diecasting machine. The circle indicates de magnetic field around the nozzle [62].

As shown in Figure 39, the as cast microstructure is improved comparing to a conventional high
pressure die casting pressure. Fine globular solid particles, that were uniformly distributed,
replaced a dendritic structure, typically produced by the conventional die casting process. This
evidences the fact that a lamellar filling of the slurry flow is achieved by this process, resulting
in an absence of gas porosity [62].
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(a) (b)
Figure 39- Microstructure of a magnesium alloy, AZ91D. Left: conventional high pressure die casting, Right:
hot chamber rheo-die casting [62].

A similar study on a Zamak alloy would be interesting to analyze these effects on a different
alloy using a hot chamber machine.

2.7 Heat treatments

Heat treatments are usually applied to HPDC die casting to enhance the components tensile
properties [63]. There are also highly appreciated for the production of aluminum and
magnesium structural components. These components are characterized by requiring
exceptional mechanical properties and a rigorous control of defects.

The success for applying a heat treatment to a HPDC component highly depends on the porosity
levels of the casting. Porosity levels are minimized by optimizing process parameters, the gating
system and by using the vacuum die casting process [64]. Each heat treatment has different
negative consequences on the residual air expansion due to different process temperatures [65].

The most common heat treatment applied to HPDC components are the precipitation heat
treatments, with and without prior solution heat treatment. The temperature of the casting
immediately it’s extracted is considered a critical parameter to determine the viability of a heat
treatment. If a heat treatment requires a temperature above this parameter, any residual air in
the casting could make it non-treatable, due to air blistering problems. A solution treatment
requires heating a casting close to its solidus temperature while a precipitation heat treatment
occurs below the casting extraction temperature, which air porosity in the low-stress zones of
the casting. With a solution treatment, higher mechanical properties are achieved but problems
such as dimensional distortion, air blistering and high costs are associated. A precipitation heat
treatment without a solution treatment minimizes problems related to air blistering, but it is
less effective on increasing the components mechanical properties [65].

There are 10 conventional “T temper” heat treatments, which are listed below. Only T1, T2, TS
and T10 don’t require a solution heat treatment. Heat treatments from T4 to T7 are the ones
used for components manufactured by vacuum high pressure die casting [64-66]:

e T1: “Cooled from an elevated temperature shaping process and naturally aged to a
substantially stable condition”;
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e T2:“Cooled from an elevated temperature shaping process, cold worked, and naturally
aged to a substantially stable condition”;

e T3: “Solution heat treated, cold worked, and natural aged to a substantially stable
condition’;

e T4: “Solution heat treated, and naturally aged to a substantially stable condition”;
e T5: “Cooled from an elevated temperature shaping process then artificially aged”;
e T6: “Solution heat treated then artificially aged”;

e T7:“Solution heat treated then overaged/stabilized”;

e T8: “Solution heat treated, cold worked, and then artificially aged”;

e TO9: “Solution heat treated, artificially aged, then cold worked”;

e TI10: “Cooled from an elevated temperature shaping process, cold worked, then
artificially aged”.

While heat-treatments from, T4 to T6, are reserved for zinc alloys with high wt.% of aluminium,
ranging from ZA15 to ZA27 either manufactured by sand casting or permanent mould casting
[67]. For Zamak alloys, only artificial ageing treatments are used [38; 68]. Heat treatments are
more effective on components manufactured by gravity casting since this process produces less
air entrapments during casting when compared to the HPDC process.

Numerous studies were conducted the binary Zn-Al alloys ranging from ZA20 and ZA27 to
determine the influence of heat treatments such as T4 and T6 on mechanical and tribological
properties and even on corrosion resistance. These heat treatments were carried for a wide
variety of testing conditions of temperature and duration. Typical conditions used for a solution
heat treatment are: temperatures from 300 to 400 °C with a duration from 3 to 10 hours. Prior
to an artificial ageing (T6 - 370 °C for 1 - 24 hours) or natural ageing (T4) heat treatment, the
solution heat treated component is water quenched. Every study led to the same conclusions:
heat treatments led to a moderate increase of ductility at the cost of a tensile strength and
hardness reduction. Also, it was found that heat treating ZA27 leads to an improvement of its
tribological properties, from the aspect of wear and friction [69], and a T4 heat treatment leads
to a slight increase of the alloys corrosion resistance [70]. These changes happen throughout
the duration of the artificial ageing heat treatment and are accentuated at higher temperatures
[71-74]. These studies may suggest that the same heat treatments would have the same
consequences if applied to the Zamak alloys.

A problem that affects zinc high pressure die casting alloys is the mechanical properties change
during natural ageing at room temperature. This happens due to a high amount of diffusion at
room temperature which is enhanced by the alloys low melting point. Currently, an artificial
ageing heat treatment is an optimal solution to deal with these changes. This heat treatment is
interesting in the way that normally heat treatments are used to enhance mechanical properties,
but in this case, it deteriorates during the artificial ageing. This process basically accelerates the
natural ageing process which stabilizes the alloys mechanical properties by finishing the
diffusion process [38; 68].

Every alloy within the Zamak family, Zamak 2,3 and 5 reacts the same way regarding tensile
strength, yield strength, hardness, Young’s modules loss and elongations increase during
natural and artificial ageing. Temperatures between -35 °C and 85 °C are used for component
testing since these are typical conditions for automotive applications. There are many existing
studies regarding this subject for different alloys, but in this case only Zamak 5 will be
considered since it’s the most used alloy in Europe [38].
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As shown in Figure 40, a decrease of a components tensile strength occurs for longer natural
ageing times, higher components testing temperature and higher wall thickness. For every
Zamak alloy, natural ageing is completed roughly after 1 year and the tensile strength reduction
during both natural and artificial ageing differs among the alloys as well as the testing
temperature and wall thickness. This reduction can be around 15 % when compared to as cast
condition [38].
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Figure 40- Effect of test temperature (-35, 23,85 °C) and wall thickness on the tensile strength of Zamak 5 during
different natural ageing durations [38].

As shown in Figure 41, an average of 10 % hardness reduction occurs during the natural ageing
process, for a Zamak 5 alloy. It was also proven that the gate velocity has no influence on this
parameter while a colder die, higher wall thickness and higher copper content has a positive
influence. Also, a higher copper content helps decreasing the ageing behavior [68].
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Figure 41- Hardness evolution of a Zamak 5 alloy during 1 year natural ageing [38].
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Figure 42 presents information regarding the equivalent natural ageing times required to
achieve the artificial ageing results. This means that for example, a 3 mm wall thickness
component, an artificial ageing heat treatment of 105 °C for 24 hours is equivalent of 1 year of
natural ageing [38].
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Figure 42- Artificial ageing of Zamak 5 alloy for 25 hours for 3 different temperatures [38].

In this section, a brief explanation of relevant topics, regarding the high pressure die casting
process, was made in order to proceed with more detailed topics. During this section, the basic
principles of this process was explained. Also, an investigation of novel methods/process was
conducted. In this process, it was discussed the application of water-soluble salt cores for the
industry, which gives the possibility to produce even more complex shaped castings; new zinc
alloys, that helps minimizing typical problems with high creep rates and density; new mould
repair technologies; a new die material, which saves time during the cavity machining process;
a novel semi-solid hot chamber process, which is an alternative when a lower porosity content
is required; application of the gas injection technology in the HPDC process, to produce
functional cavities, which is extremely difficult to produce using a conventional process.

The next section will focus on topics related to the design of gating systems, with the
presentation of a real case study.
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3 Design and analysis of high pressure die casting
components for zamak alloys

3.1 Gating system

The gating system is a group of channels, machined into the die, responsible for leading the
molten metal that enters the die into the components cavity. It is composed by various elements
such as a sprue (just for the hot chamber machine), runners, gate-runner, overflows and vents,
located in the parting line. Generally, the are no major differences between a gating system of
a cold and a hot chamber machine in terms of form. The only element that’s different is where
the metal enters the die. For a cold chamber machine, the first component where the molten
metal enters the die is called a “biscuit” while in a hot chamber machine is called a sprue. The
total volume of the gating system is proportional to the components volume. Which means that
a bigger component requires a bigger gating system. For both processes, the molten metal after
entering the die, passes through the runner system and enters the components cavity through
the gate [24].

The function of the gating system is to ensure a complete, smooth, and uniform filling to prevent
defects such as misruns, cold shut, gas entrapment, gas porosity, inclusions and nonuniform
mechanical properties. To avoid the occurrence of these defects the gating system must be
optimized, which refers to an optimal design of each of its elements. The gating system design
is a major task because it not only affects the manufacturing of the die but also the quality and
cost of the produced components [75]. This process heavily depends on the designer’s
experience but also on technical knowledge. Usually, this process requires a number of
iterations which results in a longer lead time and increased die cost [39].

Depending on the size of the casting, it may be necessary to use more than one gate and runner
to achieve better productivity or to prevent defects mentioned above. This means that while in
a simple casting a single runner and gate might be sufficient, a larger casting might require
multiple runners and gates [76].

3.2 Elements of a gating system

Gate
Figure 43 shows an example of a gating system, with each of its different elements identified.

The gate is the connection between the components cavity and the gate-runner, generally with
a rectangular form. It represents the smallest section in the molten metal flow path to the die
cavity. When designing the gating system, this is the first parameter to be dimensioned [39].

Runners

Is a branch structure composed of channels, that connects the metal-receiving hole of the die to
the gate. These channels have a trapezoidal cross section and are machined entirely in the
ejector half and the cover half forms the flat side of the runner [39].

After the gate is dimensioned, the shape of the gate-runner is chosen between a fan or a
tangential and is based on the desired flow. The cross-sectional area of every runner section
must converge, starting from the sprue until the gate. Each turn from a branch-runner to a main
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runner or “Y” junctions, requires an immediate increase of the total cross-section area, of
around 5 %, when working towards the sprue [24; 39].

A runner is composed by 3 sections:

e Main-Runner: Is the channel that connects the sprue to the branch-runner;
e Branch-Runner: Channel that connects the main-runner to the gate-runner;
e Gate-Runner: Channel that connects the branch-runner to the gate.

Overflows

Overflows are reservoirs, located at the last filling spots in the components die cavity, that has
the function of receiving the first molten metal that enters the die cavity. The first metal that
enters the die cavity is considered a low-quality metal, since it contains oxides and other
impurities. It also serves as a passage for residual air to be evacuated during the injection
process.

Strategically placing the overflows helps to compensate metal shrinkage during solidification
and also adding heat to a cold area in the die. [77].

Associated to overflows, there’s always vents that allows the air to be evacuated from the die
throughout the injection process.
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Cate Branch- Runner ]
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Figure 43- Elements of a gating system [75].

3.3 Gating system design

The gating system design in most cases, follows a traditional method based on the designer’s
experience. This method often leads to incorrect designs leading to a high percentage of
components rejection rate.

Figure 44 describes a gating system design method with a more accurate approach when
compared to the traditional method. There are a number of steps to dimension every element of
the gating system. In this project, NADCA’s gating manual will be considered which divides
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this process into 6 steps, that will be described in detail. A resume of the NADCA’s manual
will be made, that will be sufficient for further gating design considerations.
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Figure 44- Flow chart for die layout design [39].

3.3.1 Casting quality requirements

The first step in the gating system design is to determine the required casting quality. This
means that the designer needs to understand what specific attributes the customer needs for its
component as for: admissible porosity content and post finishing procedures. A higher quality
component means a very low porosity content and the possibility to apply a plating coating
without post machining, which requires an excellent surface finish. There are some gating
design factors that directly affects this quality parameter that will be further discussed such as
flow pattern, cavity fill time, ingate velocity and overflow size. Table 5 briefly describes some
gating design parameters affecting each level of surface finish quality requirements [24].
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Table 5- Surface finish in function to fill time and flow pattern design [24].

Quality requirements during fill time calculation

Surface Finish Guidance for selections used General considerations in
flow

pattern design

Average (some minor cold flow  Middle to high end values of fill  Some minor lines and swirls
permissible) time
Good (no visible cold flow) Middle values of fill time Minimum swirls, minimum
flow lines
Excellent (painting or plating Shortest possible fill time No swirls, no flow lines,
grade finish) even in small areas
3.3.2 Required flow pattern and ingate and outgate location

After determining the casting quality, now is the moment to define where and how the liquid
metal enters the die cavity through the gate. Also, it is also necessary to determine the best
location for the outgates, which connects the die cavity to the overflows. Even though this step
is heavily dependent on the designer’s experience, there’s some technical rules that must be
respected to achieve an optimized filling pattern, by locating the ingate correctly:

1.

10.

11.

By using as much parting line as possible, the flow should be distributed as long as
possible, respecting a minimum gate thickness of 0.3 to 0.5 mm for a zinc alloy. Fan
and tangential runners are commonly used to obtain a distributed flow, unlike for a
chisel runner that causes swirls, entrapped air and poor filling. Small jet gates are used
for local porosity control;

The flow should be directed right to areas that requires higher surface finishes or even
where defects might appear. Also, an atomized flow should be maintained throughout
its path to ensure a good finish;

The gate should be placed where the flow has to travel the shortest distance from the
ingate to the outgate;

The flow should travel through the natural shape of the casting;

Injecting the liquid metal directly into walls or cores should be avoided, since besides
erosion problems, it results in more air entrapments;

Thicker part sections should be fed first;

Certain difficult and complex areas might need to be fed by two flows, otherwise a poor
surface finish will be obtained;

For an oval or round die cavity, its centre should be fed first;

For a multi cavity die, each cavity should have the same filling pattern and cavity filling
time;

Runner gate should be placed far away from the most critical components decorative
Zone;

Dividing the cavity into segments ensures that critical areas are fed correctly. Each
segment is associated to a unique ingate, and usually 2 to 4 is necessary to ensure an

44



High Pressure Die Casting of Zamak alloys

optimal filling pattern. Each segment is feed by unique ingates with different
dimensions, but filling times must be the same for each segment. Segments are created
based on: different wall thickness; different local casting quality; areas that are subjected
to filling defects and natural flow paths. Basically, each segment is treated as a unique
casting during the gating design analysis. The best way to determine each segment
volume, is by using a CAD software. In each segment volume, the associated overflow

(if necessary) must be included.

3.3.3 Cavity fill time and flow rates

Cavity fill time

The cavity fill time is defined as the time that the molten metal takes from entering the die
cavity until its 100 % full, which is controlled by the second injection phase. The die cavity
must be fully filled before the molten metal reaches a point that it no longer flows, due to heat
loses. An incorrect filling time is responsible for numerous casting defects, and normally it’s
better to error on the side of a fast filling. It has major influence on surface finish and in theory,
a shorter filling time may be beneficial to reduce porosities since air has more time to be

evacuated. For a multi cavity die, each cavity must be filled at the same time.

An easy approach to calculate this parameter is by using NADCA'’s fill time equation. Each of

the values presented are related only for the Zamak alloys:

n—n+ﬂ>
Tr — Ty
Where:
t- Filling time expressed in s or ms (ranges from 15 ms to 150 ms);
K- Empirically derived constant related to the die steel (K = 0.0346 s/mm);
Ti- Metal temperature at the ingate (Ti = 405 °C);
T+ Minimum flow temperature of the metal alloy (T = 382 °C);
Td- Die surface temperature just before the metal arrives (T4 = 230 °C);
T- Wall thickness of the casting (can be either the thinnest or average wall section);
Z- Solids units conversion factor (Z = 2.5 °C/%);

S- Percent solids at the end of fill.

Table 6- Recommended amount of Solidified material, S [24].

Wall thickness [mm] S [%0]
<0.8 5-15
08-125 10- 20
1,25-2 15- 30

2-3 30-35

(3.1)
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Flow rates

With segment volumes and die cavity filling time calculated, flow rates for each segment are
calculated using Equation 3.2:

(3.2)

- <<

Where:

Qi- Flow rate for segment i (m%/s);

Vi- Volume of segment i, (mm?3);

t- Cavity fill time (s);

Q =Y Qi- Flow rate for entire casting (m3/s).

3.3.4 Ingate parameters

With previous parameters calculated, the apparent ingate area, Aappi, IS calculated using the
following Equation:

_ (3.3)
appi —

S|

Where:

Auppi- Apparent ingate area of a segment (mm?;
Qi- Flow rate of a segment volume (m?/s);

Vg- Ingate velocity (m/s).

The ingate velocity is an important process parameter that directly affects the components
mechanical properties and surface quality. Generally, a higher ingate velocity is necessary for
a better quality surface finish and mechanical properties. Regarding the zinc alloys, the ingate
velocity depends on the desired quality finish: for decorative parts, 30 m/s; for engineering
parts, 40 m/s; and for pressure tight parts, 50 m/s. The velocity must be sufficient so that an
atomized flow is produced off the ingate.

The minimum value of ingate velocity to obtain an atomized flow, which is represented in
Figure 45, can be calculated using the following Equation:

Vel =Ty p =] (3.4)
Where:
Vg~ Ingate velocity (m/s);
Tg- Ingate thickness (mm);
p- Density of the metal (Kg/m?);
J- Atomized factor (J = 475 for a zinc alloy).
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Figure 45- Atomized flow [24].

After calculating the ingate area for each segment, either the ingate length or thickness can be
calculated. Usually values for ingate thickness for the Zamak alloys can range from (0.3 - 0.5
mm) not exceeding 75 %, of the wall thickness of the part, and therefore the ingate length can
be calculated. Also, depending on the situation the ingate length can be previously known and
therefore the ingate thickness is calculated.

(3.5)

Where:
Lgi- Segment ingate length (mm);
Tgi- Segment thickness (mm).

3.3.5 PQ? analysis

In in this stage, a PQ? analysis verifies the compatibility of a specific die casting machine to a
gating system, with respect to its plunger hydraulic system. Two parameters are considered: P
for metal pressure and V¢ for metal flow rate. A higher ingate velocity requires a higher metal
pressure. The necessary metal pressure to achieve a desired metal flow can be calculated from
the equation 2.6:

P, (1@)2 (3.6)

Where:

Pm- Metal pressure (MPa);

p- Metal density (Kg/m®);

g- Gravitational constant (g = 9.81 m/s?);

Vg- Ingate velocity (m/s);

Cd- Discharge coefficient, Hot chamber machine: (Cq = 0.55 - 0.65).
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3.3.6 Gate-runner design

Runner systems are designed starting from the ingate, working off to the sprue. The trapezoidal
cross-sectional area of the runner system decreases continuously from the sprue until the ingate,
to ensure a correct die filling. For zinc alloys, the runner size ratio is often 1.05 to 1.15 times
the gate area.

Two common gate-runner designs are the fan, Figure 46, 47 and 48, and tangential runner,
Figure 49. Each design is used depending on the components complexity. An important
parameter when considering which fan-runner to be used is the desired flow angle that the liquid
metal goes off into the die cavity. The angle is measured relative to a normal line to the gate.
This value for a fan gate-runner can range from 0 to 45 ° while for a tangential gate-runner 26
to45°.

Fan gate-runner

Fan gate-runners generate a strong centre line which is useful to feed metal into critical areas.
As disadvantages, a high heat loss occurs and there’s a high potential of air entrapment if poorly
dimensioned. There are two types of fan gates: straight and curve sided. When compared to a
curved sided fan, the straight sided fan, provides accurate information regarding the flow angle
and is easier to trim when solidified but is harder to machine into the die.

Plan View Cross-Section View Three Dimansional

N\

Plan View Cross-Section View Three Dimensional

Figure 46- Curve sided fan runner-gate [24].

Figure 47- Straight sided fan runner-gate [24].
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The designing process of a fan runner-gate starts by dividing it up to 9 sections up to the main

runner spaced equally from each other. Then various parameters from each section can be
calculated using the following Equations.

Area

(3.7)
depth
Average width = A;lea (38)
b = Average width + ¢ (3.9
t = Average width —c (3.10)
c= 0176 xh (3.11)
d= 0176 *h (3.12)
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Figure 48- Left: Top view of a curved sided fan divided into 9 sections; Right: Cross sectional view of a fan
gate-runner and main runner [24].

Tangential gate-runner

This type of gate-runner runs along the side of the cavity, where the gate is located. When
compared to a fan gate-runner, it offers the following advantages: more compact that can be
kept to the casting; the flow direction is better controlled and the heat present in the liquid metal
is better distributed over a longer distance. In a single tangential gate-runner, it is possible to
have different flow angles which ensures a correct feed of metal in problematic areas, presented
in Figure 48. As a disadvantage, the runner becomes too large when smaller flow angles are
required. Other important aspect regarding this type of gate-runner, is the fact that the metal
sees a smaller gate area comparing to what is actually cut into the die [24].
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Figure 49- Tapered tangential gate-runner that illustrates different flow angles [24].

3.3.7 Overflows and vents design

The first step in order to design an overflow is to determine the correspondent outgate area and
dimensions, such as width and length. The total outgate area is 50 % of the ingate and the
minimum recommended thickness for Zamak ranges from 0.15 - 0.3 mm.

An overflow is located far away from the ingate or at the last filling point, which can be
identified through CAE. The size and number of overflows is highly dependent on the required
components quality and metal flow behaviour. The overflow size is directly dependent upon
the desired components quality, illustrated in Figure 50.

Typical Overflow Sizes

Thickness of

Cavity Fill Time

Overflow size as percent of adjacent cavity segment

Segment - in. - sec. Hardware Quality Some Cold Shut Allowed - %
(mm) Surface Finish - %
0.035 (0.90) 0.012 - 0,021 150 75
0.050 (1.30) 0.017 - 0.029 100 50
0.075 (1.80) 0.026 - 0.044 50 25
0.100 (2.50) 0.035 - 0.059 25 25
0.120 (3.20) 0.042 - 0.071 -

Figure 50- Typical overflow sizes [24].

With the volume of the overflows defined, its dimensions, presented in Figure 51, are calculated
depending on the available space on the die.
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Figure 51- Overflow.

Vents are narrow channels connecting the overflows with the exterior, represented in Figure
52. Venting area can be calculated by dividing the ingate area by 4.

Vent
Vent

Vent

Figure 52- Location of vents on the die [24].

3.4 Case study

The case study consists of a Zamak 5 component that was manufactured with the high pressure
die casting process. After the component is manufactured, a painting process that can reach up
to 200 °C is applied. During this process, the components surface starts to develop blisters and
pin holes, represented in Figure 53. As a result, this component has a rejection rate of over 35
%. As previously mentioned, blistering occurs due to the expansion of air under high pressure
below the components surface, which in this case study occurs during the painting process. Air
entrapments are known to be related to the turbulence of the filling process. While this is a
characteristic problem of the high pressure die casting process, an optimized gating system and
optimal injection parameters such as temperature of the molten metal, plunger injection speed
and pressure are known to minimize these problems.
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Figure 53- Left: Blistering; Right: Pin holes.

3.4.1 lteration 1

Figure 54 illustrates the CAD model of the gating system that leads to a rejection rate of over
35 %. This gating system was designed based on the designer’s experience, which lacks
accurate calculations. It consists of feeding the die cavity using a frontal and 2 side fan gate-
runners, with one overflow at each side.

As shown in Table 7, the total volume of the overflows is around 7 % the components volume.
Along the section 3.3.7 it was presented that according to NADCA’s gating manual, the
minimum value for the overflows volume should be at least 25 % the components volume. This
value depends on the sections thickness and required surface quality. The size of the overflows,
with this gating system design, may be insufficient to ensure a high-quality component, with a
low content of filling related defects.

Figure 54- CAD model for a gating system which was responsible of a rejection rate of over 35 %.
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As shown in Figure 55, independently of the type of gate-runner used, the molten metal will hit
the components die cavity surface immediately after passing through the gate. As previously
discussed, this event is a known cause of air entrapments.

Figure 55- Cross section of the die cavity for iteration 1.

In order to analyze more possible causes of air entrapments during the filling process, two
different analysis are discussed. The first is based on the discussion of parameters related to the
design of the gating system, using the CAD model. For the second analysis, a die casting
simulator, ProCAST™, will be used to analyze the filling pattern.

Analysis 1

In the first analysis, the convergence of the gating system will be discussed. In order to analyze
the convergence of a gating system, a chart which plots the cross-sectional area in each zone
was created. This analysis starts from the entrance of the sprue up until the gate, due to the
convergence rule mentioned during section 3.3. The entrance section of the sprue is the highest
cross-sectional area among all the gating system elements, while the gate is the lowest.

Using a CAD software, each cross-section area is easily identified and calculated, represented
in Figure 56. As shown in Figure 56, the cross-sectional area doesn’t converge from the sprue
to the gate, which goes against a good gating system design. Constant changes of molten metal
velocity leads to air entrapments. In this case, the company started to design a non-optimal
sprue, since its area considerably increases until it connects the main runner. Therefore, even
with an optimized runner, the gating system doesn’t converge. In this case, if the gating system
is maintained, the entrance area of the sprue has to increase from 59 mm? (8.7 mm in diameter)
to at least 240 mm? (17.5 mm in diameter), so that it converges until the main runner. Other
alternative, is to reduce the cross-sectional area of the entrance of the main runner, so that a
considerable increase of the diameter of the sprue isn’t required.

53



High Pressure Die Casting of Zamak alloys

240

I
/ \
Vs "

,
i/
F
)
."; A

a0

Nozzle &=8.,7

Area [mm?]
\
IS
T
\\

]

Zone

Figure 56- Analysis of the cross-sectional area of the gating system.

Other important parameter to consider during the design of a gating system, is the metallurgical
efficiency. This parameter is calculated by dividing the components volume with its gating
system volume, which affects the components final cost and the production cycles. Ideally it
should be set as high as possible. In practice, a lower metallurgical efficiency translates into a
higher volume gating system, which results in higher production costs. These costs are related
to a higher remelting process and higher production cycles. Also, the available space in the die
to machine the gating system will affect the metallurgical efficiency.

The metallurgical efficiency for iteration is calculated using Equation 3.13.

_ . 20453 [mm3] (3.13)
Metallurgical efficiency = 26706.8 [mm?] = 0.766

Analysis 2

In this analysis, a die casting simulator, ProCAST™, will be used to visualize the flow path
during the injection process.

The use of simulation tools intends to support process and/or gating optimization to improve
the rejection rate. The proposed CAD model of the gating system is imported into the
ProCAST™ software. A finite element mesh was generated, and material properties,
temperatures and initial interface conditions were assigned. These steps are represented in
Figure 57.
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Figure 57- Overview of the work flow for a simulation tool.

Model information

Table 7- Model bodies of the CAD model supplied by STA.

Name Treated As Volum(g[g;ch;:(t))perties Material Tem?g;a ture
Part Solid Vol g Zamak 5 420
Overflows Solid Volﬁﬂn?:i:g%?g};%qw Zamak 5 420
Gate Solid ol Zamak 5 420

Table 8- Input parameters supplied by STA.

Alloy ZAMAK 5
Alloy Temperature (°C) 420
Die Temperature (°C) 130
@ Piston (mm) 60
@ Nozzle (mm) 8,7

Table 9- Input and mesh information.

2D Elements 430855
3D Elements 2821238
Total 3252093

Minimum Side Length 0,03 mm
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One of the features that is possible to analyze from the simulation, is the liquid metal velocity
profile evolution. Normally when this parameter isn’t correctly optimized, it can cause air
entrapment during the filling process.

Figure 58 represents the molten metal velocity profile throughout the injection process. As
shown, the filling pattern of the injection process isn’t optimized, because the feeding of the die
cavity process starts before the sprue is totally filled. This results in a non-constant filling
velocity profile through the gate during the second injection phase. An optimized gating system
design, should ensure a metal velocity profile variation in a linear way, as described previously.

Other problem that arises from this gating system, is that the front fan gate-runner starts to feed
the components die cavity before the two fan-gate runners, located at each side of the
components die cavity.

The velocity profile of the molten metal at each gate function to the cavity filling time is
represented in Figure 59. When the sprue is 100 % filled, an increase of the molten metal
velocity is observed. The non-uniform metal velocity profile can be related the non-
convergence gating system problem that was discussed previously.

Fluid Velocity Magnitude [m/sec] ITR1_3Cast Step No / Time Step 2320/ 4.27e005
Simulated Time : 0.0188 sec
Percent Filled : 32
w.e Fraction Solid <00

I I3
387

2.

2933

2400
ni
1367
1600
1333
1057
d.00
533
257

Figure 58- Velocity evolution at t=16.8ms and 35.2% filled.
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Figure 59- Velocity evolution at each ingate.

The metal velocity profile in the components die cavity is represented in Figure 60. During the
components die cavity filling, other events such as generation of air pockets and collisions of
metal fronts are predicted to occur. These events are a sign of bad gating system design which
is can cause air entrapments. Normally air entrapments from air pockets can be effectively
pushed into the overflows if they occur near them. In this case, air pockets occur far away from
the overflows which doesn’t allow the elimination of air from the components die cavity. In
this case, an increase of the overflows volume could be a solution to remove these air
entrapments generated during the second injection phase.

Fluid Volocity Magnitude [msec] ITR1_3Cast Step No ¢ Time Step = 1040 / 25430005
Simulated Time. £ 0.0439 sec
Parcont Filled 021
a0 Fraction Solid 200

Fluid Volocity Magnituda [misoc] ITRY_3Cast X e Step  : 650 / 07146005

Figure 60- Velocity profile and representation of the metal front collision and creation of air pockets.

As mentioned before, this gating system design, produces components with a 35 % rejection
rate due to air entrapment during the filling process. These defects can also be predicted using
the simulation tool. Figure 61 is the result of the air entrapment prediction, plotting the density
of air entrapment (g/cm?) for various sections of the component. Even though the overflows are
full of air, which is a sign that the overflows are performing well, the simulation predicts several
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air masses throughout the die cavity, that will expand and form blisters during the painting
process.
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Figure 61- Air entrapment prediction during the filling process.

Figure 62 represents the results of a RX analysis of the component after the painting process.
This analysis reveals air masses throughout the component, which serves as an experimental

validation of the simulated filling process.

Figure 62- Rx analysis after painting process.
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This gating system design leads to blistering, during the painting process, because air is being
entrapped during the injection process. Even though air entrapment during the injection process
of the high pressure die casting process is hardly unavoidable, a non-optimized gating system
design increases the occurrence of this problem. In this case, no scientific rule was followed for
the gating system design. Even with this gating system, increasing the overflows volume could
be considered a solution to minimize filling related defects.

Since an optimized gating system is required to reduce the components rejection rate, a new
iteration is made using a scientific method previously explained in section 3.3. The only element
of the gating system that won’t change is the sprue, because its supplied by the company.

3.4.2 lteration 2

Iteration 2 is an attempt to feed the die cavity differently, by using NADCA’s gating manual
explained in section 3.3, to minimize air entrapments during the filling process. For this case, a
single fan gate-runner will feed the frontal side of the die cavity with 2 overflows at each side
at the last filling points, represented in Figure 63. This design was considered an attempt to
minimize metal front collisions and air pockets.

This is considered an ideal design, because the available space to machine the gating system in
the die isn’t taken into account. If this gating system would be implemented in practice, this
parameter would have to be considered due to space restrictions in the die.

For the design of the gating system, it was developed an excel spreadsheet that calculates every
dimension of each component. This tool solves two problems mentioned previously: the non-
convergent gating system and non-metal velocity profile. Since the sprue is the same as used
previously, in this section the cross-sectional area isn’t converging to the main runner. This
method represents a great starting point for the gating system design procedure. The equations
behind this spreadsheet are the ones explained in chapter 3.3.

Table 10- Cavity filling time.

t- max filling time, s 0,0361 [s]
K - thermal constant of a die steel 0,0346 [s/mm]
T - characteristic thickness (average or minimum) 1,8 [mm]
Tf - liquidus temperature 382 [°C]
Ti - metal temperature in the gate 420 [°C]
Td - die temperature before the shot 230 [°C]
S- percent solids before at the end 20 [%]
Z- solids units conversion 2,5 [°C/%]
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Table 11- Flow rates.

Segment #1 Total
t- cavity fill time [s] 0,036
Vg- volume of a segment [mm?] 10206,70
Vo - volume of overflow segment [mmd] 5103,35 50% of Vg
Vi-total segment volume [mmd] 15310,05
Gate velocity [m/s] 40 range [30-60] m/s
Qi - Volumetric flow rate of each [m3/s] 0,00043
segment
Q- YQi - Volumetric flow rate for [m®/s] 0,00043
the entire casting
Ai-Ingate area of segment [mm?] 10,62
A - Total Ingate area [mm?] 10,62

The metallurgical efficiency in this case is calculated using Equation 3.14:

Metallurgical efficiency =

20453 [mm?3]

35225.8 [mm3]

= 0.58

(3.14)

By increasing the overflows volume, the metallurgical efficiency decreases 24.282 %. This
reduction translates into higher production costs, due to the increase of tooling costs and higher

cycle times.

Table 12- Curved sided fan gate-runner and main runner dimension.

Gate Land Length [mm] 2

Flow angle = 40 degrees

Section A B C D E F G H |

Area [mm?] 11,68 13,14 14,60 16,06 17,52 18,97 20,43 21,89 23,35

Distance [mm] 0,00 250 500 750 10,00 12,50 1500 1750 20
Depth (h) [mm] 061 078 09 113 130 148 165 183 2,00
Average Width [mm)] 19,30 16,85 15,30 14,23 1345 12,85 12,38 11,99 11,68
Base (b) [mm] 19,41 16,99 1547 1443 13,68 13,11 12,67 12,31 12,03
Top (t) [mm] 19,19 16,72 15,14 14,03 13,22 12,59 12,08 11,67 11,32
Side (c) [mm] 0,11 0,14 0,17 020 023 026 029 0,32 0,35
Side (d) [mm] 0,11 0,14 017 020 023 026 029 0,32 0,35

Table 13- Main runner dimensions.

Section Main Runner after Section |

Area [mm?] 35,03
Distance [mm] 45
Depth (h) [mm] 5

Average Width [mm] 7,01

Base (b) [mm] 7,89

Top (t) [mm] 6,13

Side (c) [mm] 0,88

Side (d) [mm] 0,88
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Table 14- Outgate dimensions.

Outgate data #1 #2
Total Outgate Area [mm?] 5,31
Number of Outgates 2
Outgate Area [mm?] 2,65 2,65
Outgate thickness, C [mm] 0,28 0,28
Outgate width [mm] 9,65 9,65

Table 15- Overflow dimensions.

Overflow data #1 #2
Number of overflows 2
Total Overflow volume [mm”3] 5103,35
Outgate overflow length, B [mm] 6,50 Range [6-8 mm]
Land length, A [mm] 2,50 Range [2-5 mm]
Volume [mmA3] 2551,67 2551,67
Overflow length, L [mm] 32,56 32,56
Overflow height, H [mm] 5 5
Overflow upper side length, W [mm] 20 20
Overflow lower side length, w [mm] 11,33 11,33

Table 16- Vent dimensions.

Vent data #1 #2
Total Vent area [mm”~2] 2,65
Number of vents 2
Vent thickness [mm] 0,25 0,25
Vent area [mm”2] 1,33 1,33
Vent width [mm] 5,22 5,22
Vent length [mm] Function of the gate thickness 50,80

Figure 63- Optimized gating system for iteration 2.
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Analysis

Figure 64 represents the molten metal velocity profile during the injection process. This
iteration results in a better distribution of the metal flow inside the components die cavity when
compared to iteration 1.

As expected, air entrapments are generated at the gates entrance as the second phase starts. This
can be predicted even without simulation because the molten metal encounters a surface just as
it enters the die cavity at high velocity. Other reason is the highly turbulent flow that is
generated in the gate region, due to high metal flow velocities.

Air pockets are also generated right at the end of the components die cavity filling process. This
isn’t a critical problem because as the generated air pockets are near the outgate, they can
effectively be pushed into the overflow. Even though there are two additional sources of air
generation (besides the air generated by the natural turbulent flow) predicted during the
injection process, the overflows volume is sufficient to receive a significant amount of molten
metal with air.

Fluid Velocity-Magnitude [m/sec) Assembly_Final_Metad Step No / Time Step 900 / 3.018e-005
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Fluid Velocity-Magnitude [m/sec) Assembly_Final _Metad Step No / Time Step 990 / 1.704e-005

Simulated Time 0.0497 sec
Percent Filled 1779
Fraction Solid 104
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Figure 64- Simulation results of the entire component and gating system.
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Figure 65 represents the molten metal velocity profile in 3 points, which are represented in
Figure 66, function to the cavity filling time. Even though the incorrect filling of the sprue still
occurs in this case, the liquid metal velocity at the ingate is constant, which represents an
improvement comparing to iteration 1.

An unexpected problem that occurs using this design, is the high molten metal velocity profile
when it hits the ougates. This problem can be explained by the high resistance that the molten
metal encounters when it reaches the overflows, due to a very low outgate area. Even though
this areca was calculated using NADCA’s gating manual, this can be increased in order to
promote a better evacuation of the molten metal into the overflows.
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Figure 65- Molten metal velocity in function of die cavity filling time at 3 points.
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Figure 66- Molten velocity profile representing 3 different points.
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The optimized gating system using NADCA’s manual resulted in a very positive prediction of
air entrapments, presented in Figure 67. Analysing 3 different side views, it’s possible to
observe that there’s a low quantity of air masses throughout the component, even on the
overflows. This means that just by optimizing the gate-runner and main runner, the metal flow
generated a low quantity of air during its path, and therefore smaller overflows would be as
effective as the current ones. Reducing the overflows size will improve the metallurgical
efficiency and therefore should be considered if this solution would be to implement in practice.

Air Entrainment [g.cm™(3)] Assembly_Final_Metade_05_0B@HMN¥2/0Time Step : 7060 / 7.769e-002
Simulated Time : 6.0504 sec
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Figure 67- Air entrapment prediction using ProCAST ™,
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The purpose of iteration 2 was to analyse the difference between a gating system designed based
on experience with another based on empirical rules. It was shown that a gating system designed
using empirical rules resulted in less defects related to the filling process. For this reason, while
experience plays an important role into gating system designs, empirical rules/calculations must
be used.

In parallel to iteration 2, a new CAD model was developed by the company in order to take
advantage of the existing die. The new gating system was designed so that the design from
iteration 1 could be used. By changing the location of the overflow and increasing the side fan
gate-runners length, the existing gating system machined into the die could be used. This
procedure translates into a considerable cost reduction.

3.4.3 Iteration 3

Iteration 3 is a non-conventional gating system, since in general overflows are located adjacent
to the dies parting line, for a posterior easy trimming. In this case, the die cavity is fed using
every available space along the parting line with fan gate-runners, in attempt to minimize the
occurrence of air pockets and metal front collisions. No empirical rules were used in the
designing process. The CAD model is represented in Figure 68.

Figure 68- CAD model of iteration 3.

For this iteration, the same sprue from iteration 1 and 2 was used. For this reason, as shown in
Figure 69, this element produces a non-uniform metal velocity profile. Other problem presented
in Figure 69, is that the molten metal doesn’t enter both gates at the same time. This can cause
different solidification rates along different areas of the components, resulting in different
solidified structures.
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Figure 69- Molten metal velocity profile function to cavity filling time.

Figure 70 presents the metal flow velocity profile during the first injection phase. This system
produces positive results, since a low amount of air pockets were generated and no aggressive
metal flow front collisions occurred during the injection process. The ones that were created,
were successfully pushed into the overflows. Also, the liquid metal has a flow path with no
obstructions during the entire injection process.
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Figure 70- Metal flow in the components die cavity, representing the occurrence of air pockets during the
injection process.
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As shown in Figure 71, the air mass content throughout the component at the end of the injection
phase suffered a great reduction when compared to iteration 1. This is a direct result from the
overflow location and runner system modification.

Air Entrainment [g.cm™(3)] Florcile_2_New Gate 3CAST

0.01000

0.00667

0.00333

0.00000

Figure 71- Prevision of air entrapments using simulation.

In this section, a different gating system design was presented. It consisted of changing the
overflows location and increasing the side fan gate-runners length. Even though this solution
still lacks an empirical designing approach, it is predicted that it generates less air masses
throughout the component, due to less metal front collisions and air pockets.

This gating system was machined into the die, previously used in iteration 1, which allows for
manufacturing cost savings. It was also implemented in a real production line, which led to first
batches with a rejection rate of 5 %. Comparing to iteration 1, the components rejection rate
decreased 30 %. These results are important, since the analyses made based on the simulation
were validated experimental, which proves that the simulation software is somewhat accurate
in the defect prediction.

3.4.4 Conclusions

A total of 3 different gating systems were presented in this case study. Iterations 1 and 3 were
designed by the company and iteration 2 by the author. Using the ProCAST™ software,
parameters such as metal velocity profile; filling pattern; occurrence of air pockets; air
entrapments; influence of the overflows were analyzed.
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For each iteration, the same sprue was used. Since it doesn’t converge from its entrance to the
main runner, a non-uniform metal velocity profile will occur between the sprue and the main
runner. Ultimately, the cross-sectional area of the entrance of the sprue has to increase so that
the remaining gating system cross-sectional area can uniformly decrease until de gate.

During the analysis of the solution presented in iteration 1, typical problems emerged due to a
non-optimized gating system: a non-converging gating system; non-uniform molten metal
velocity profile and generation of air pockets and molten metal collisions during the filling
process. Ultimately, these events result in air masses throughout the component. In the present
study, these defects are highlighted during the painting process since these air masses expand,
forming surface blisters. A possible solution to minimize these defects, while maintaining the
gating system, is to increase the overflows volume.

Iteration 2 surges from the need of an optimized gating system, that minimizes the defects
discussed above. The designing process followed empirical rules and calculations presented in
section 3.3. Comparing to iteration 1, this optimized gating system resulted in a considerable
reduction of air masses throughout the component. This highlights the importance of empirical
calculations/rules in the designing process of gating systems. It is also important to state that
even with a structured designing method, the designers experience plays an important role to
achieve an optimized gating system. Even though this solution benefits the reduction of filling
related defects, in practice it results in higher production costs. Among the 3 iterations, iteration
2 has the lowest metallurgical efficiency, mainly due to overflows volume. It was also observed
that the overflows volume could be reduced, while maintaining the porosity levels of the
component.

An improved solution of iteration 1 was presented, which is predicted to cause less air
entrapments during the filling process. This solution results in a similar mass content,
comparing to iteration 2. Usually, the optimization of gating system based entirely on the
designer’s experiences, leads to a high number of incorrect die designs. For this reason,
empirical rules/calculations for the designing process along with a simulation tool is the most
optimal option for the optimization process of gating systems.

Even with optimized gating systems, the required porosity levels may not be achieved. In these
situations, the application of the vacuum technology to the high pressure die casting process
might be the solution. This process will be discussed in the next chapter.
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4 Vacuum high pressure die casting

4.1 Vacuum die casting

Vacuum die casting process started being used for mass production in 1983 in Japan. In 1995,
the Ultra high vacuum die casting process developed in Europe, to manufacture large and thin
automotive parts such as pillars and space frames [78].

Even though there are no reported literature regarding vacuum die casting on zamak alloys,
there are companies that already successfully performed this process. There are several reports
addressing this topic mainly on aluminum and magnesium cold chamber die casting machine.
Figure 72 represents two components manufactured with a zinc alloy using a hot chamber
machine. The following solidified components are clearly represented: a sprue, where the metal
entered the die cavity; runners and gate-runners, channels that lead the liquid metal from the
sprue into the die cavity; component; vacuum runners attached to each overflow, connecting it
to a mechanical valve solidified cavity.

Figure 72- Two examples of Zinc alloy components produced by vacuum high pressure die casting (Courtesy of
Fondarex) [79].

With this process, air is removed from the cavity during the injection process, resulting in parts
with air porosity levels as low as 1 % [80]; higher pressure tightness; higher quality and surface
finish [81] and higher mechanical properties when compared to a conventional high pressure
die casting process. By removing air from inside the die cavity, the pressure drops from a typical
1013 mBar, atmospheric pressure, to 60-300 mbar for a vacuum assisted HPDC and < 60 mBar
for a super-vacuum die casting. Die cavity vacuum levels or vacuum pressure as low as 5 KPa
or 50 mBar have been reported to be achieved [82].

Figure 73 represents the differences between the conventional HPDC process with two variants
of the vacuum die casting process.

The higher costs related to the additional vacuum system costs are justified since certain
components, like structural and components that require post heat-treatment, cannot be
manufactured by conventional high pressure die casting. Vacuum technology when applied to
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HPDC, allows the cast components to be heat treated, which is a critical parameter for structural
components or components with high mechanical property requirement, and welded [83; 84].

Process Conventional Vacuum-assisted Super-vacuum
HPDC HPDC die casting

Vacuum level None 60—300 mbar <60 mbar

Advanced vacuum No No Yes

monitoring
and controls
Sealed die surfaces No Yes Yes
Susceptibility to gas High Low Very low
porosity
Heat treatable No Yes Yes

Figure 73- Comparison of conventional HPDC, vacuum-assisted HPDC and super-vacuum die casting [1].

Reports have shown that lowering the internal die cavity absolute pressure, by applying
vacuum, has a positive effect on lowering the components porosity levels; reducing the pore
size; better grain uniformization; improving mechanical properties such as ultimate tensile
strength, yield strength and elongation; increasing components density and the microstructure
of the cast component [82; 84-90]. Sharp pores negatively affects the mechanical properties
since it acts as a stress concentrator while round pores minimizes this affect. Also it helps
improving casting castability which is an important parameter when casting thin-walled
components [91]. Reducing the die cavity pressure, by applying vacuum, promotes a better
filling pattern and a higher injection velocity due vacuum suction forces [92].

Figure 74 represents the internal pressure and air mass evolution throughout a vacuum HPDC
process. In this case, vacuum is applied at t = 0.2 s after the first phase starts and the second
phase starts at t = 1 s. During both phases, an air mass reduction occurs while for the internal
pressure the same occurs only at the first phase. This happens because at t = 1 s, a rapid
compression of the air volume takes place, which increases the internal air pressure. For this
reason, the internal air pressure doesn’t represent the existing gas in the internal die cavity [93].
Even though every die element should be perfectly sealed, a leakage area should be considered
since it’s impossible to guarantee a 100 % sealed die. A leakage area has major effects on the
venting efficiency. As shown in Figure 74, it’s possible to verify that by considering a leakage
area, the minimum die cavity pressure is about 20 KPa, compared to the 10 KPa when not
considering a leakage area. This can be explained by the fact that when an internal pressure of
20 KPa is achieved, the air evacuated from the evacuation device is roughly the same as the air
that is drawn into the die cavity [93].
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Figure 74- Case study presenting the internal die cavity pressure and air mass for a HPDC vacuum process
including and excluding a leakage area [93].

A recent study evidences the possibility to further reduce the formation of gas porosities by
controlling the plungers velocity in the first injection phase [94]. The slow shot speed effects
the vacuum pressure in the die cavity and the flow behavior inside the shot sleeve.

Two different multi-steps (two-step and three-step) and a constant slow shot were analyzed in
order to determine the influence on the parameters mentioned above. Despite that the dwell
time (t) of the molten metal was higher on the three-step slow speed, it had a greater influence
on the vacuum pressure of all three experiments. The vacuum pressure in this case was the
lowest of the three, resulting in lower levels of gas porosity of the specimens produced [94].

ESCs (externally solidified crystals) occurs only on the cold chamber process and are defined
as crystal’s as large as 200 um with a dendrite form. They are produced during the ladling of
the molten metal into the shot sleeve, duo to the fast heat transfer between the liquid melt and
the shot sleeve [95] . These crystals when injected into the die cavity can either be remelted or
continue to grow because of the local undercooling [96]. Controlling the formation of these
crystal is particularly important, since they can induce the formation of porosities and can also
act as a crack initiator, therefore compromising the mechanical properties of the cast
component.

4.1.1 Effect of different slow shot speeds on the vacuum pressure and tensile

properties

A recent study [97] analyzed the effect of different plunger speeds in the first injection phase
(from 0.1 to 0.4 m/s), on the internal die cavity pressure, the components mechanical properties
and distribution of air porosities. For this study, a AZ91D magnesium alloy was casted in a 200
ton cold chamber machine. The following situations were observed:
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Figure 75 presents the vacuum pressure function to the plunger’s velocity during the
first injection speed. It can be observed that higher plunger velocity, during the first
injection phase, increases the die cavity pressure before the second phase starts. This
evolution follows a cubic polynomial expression;
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Figure 75- Die cavity pressure with respect to different slow shot speed [97].

Figure 76 presents the average air fraction evolution, for a conventional and vacuum die
casting process, function to the plunger speed in the first injection phase. As shown, a
higher slow shot speed increases the porosity levels in a vacuum and conventional die
casting process. A probable cause is a decreasing vacuum level in the die cavity at the
beginning of the filling. From the literature [97], it is known that a higher vacuum level
or a lower internal pressure, less air entrapments are generated in the filling process. It
is also visible the benefits of vacuum die casting over the conventional die casting. By
using vacuum in die casting, the percentage of gas porosity decreases considerably;
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Figure 76- Average area of gas porosity with respect to different slow shot speeds [97].
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e Figure 77 presents the components tensile properties evolution function to different
plunger velocities during the first injection phase. From plunger’s velocities of 0.10 to
0.15 m/s and from 0.20 to 0.40 m/s, the tensile properties increase while from 0.15 to
0.20 m/s decreases. These variations are similar for the conventional and vacuum high
pressure die casting pressure. These results are in accordance with the results observed
in Figure 75 and 76. Overall, a high plunger velocity in the first injection speed increases
the average fraction of air porosity and internal die cavity pressure, which in turn
deteriorates the components tensile properties. An optimal slow shot speed shot for the
vacuum die casting process, that produces parts with better tensile properties, is
0.15m/s. This is primary related to a good balance between low values for gas porosities
and die cavity pressure when the second injection phase starts. It is also visible that die
casting with vacuum when comparing to a conventional, produces components with
higher tensile properties and ductility.

00 . :
g (a) g Conventional a (b) @@ Conventional
& 540 AN Vacuum & Vacuum
= «0r +
-‘\E S N N N SR e 150F SN ! il ::::
) ] Q) \ BN B N XK &3
g 200} \* s:::§ IN § :;:;:§ = i:‘-:i'% N K %
: BN N OB BN N (B N BN B -
z7 150r B BN BN BN BN [ 5of BY K %
. § § § § § - §
g R o : B s R B o o
: A B B B OB |5 N B R 5
& SN\ NN O B BN B 5
o BN N BN B N N N b
oL BN BN BN BN BN LB BN B i
0.10 015 020 030 040 0.10 _ 0.15 _ 0.20 0.40
Slow shot speed/(m+s™") Slow shot speed/(m+s™")
7
(c) @@ Conventional
6t &Y Vacuum
5 L
> N
S N
s 4+ . N N N T
TR N NN A
2l N \\5, N AR :;::;:#Q
S N IN N B BN
NN N RN R
T AN 131§=§ SNEENIEEN
e SN N
l § ZN .;:;:§ SNEEN
SN TN
L BN BN BN BN BN
0.10 0.5 020 030 040

Slow shot speed/(m+s™')

Figure 77- Influence of different slow shot speed on mechanical properties: UTS, YS, elongation [97].

4.1.2 Influence of the second injection phase on the mechanical properties

Figure 78 presents the influence of the velocity at which the molten metal passes through the
gate, on the components mechanical properties such as tensile strength, hardness and
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elongation. It can be observed that increasing the gate velocity from 16 - 26 m/s has a better
effect on improving mechanical properties, compared to values above that range, such as tensile
strength and hardness. Elongation was other analyzed property, and it has a linear dependency
on the gate velocity. With these results, a critical gate speed of 26 m/s can be identified which
enables optimum mechanical properties. With lower injection velocities, the probability of
occurring a liquid metal premature freezing is higher compared to higher velocities. In this case,
the gate is partially or completely blocked and therefore the remaining metal has difficulties to
enter the die cavity. This leads to low mechanical properties mainly due to the existence of
shrinkage and gas pores that weren’t fed by applying intensification pressure. With a higher
injection velocity, this scenario is avoided due to higher metal momentum that enables a better
die cavity filling [84].

290

270 ¢

8
7
& [ 6
S 250 i _
£ 230 | s s
5t £
5 4
£ 210 } )
s £ 3
£ 190 | =
& - Ir
170 .
150 0 . . . "
0 10 20 30 40 50 60 0 10 20 30 40 50 60
(a) Gate speed (m/s) b) Gate speed (m/s)
90
85
s Ly
2 75
<)
w70
2
T 65
s
60
55
50
0 10 20 30 40 50 60
(c) Gate speed (m/s)

Figure 78- Mechanical properties variation with respect to different gate velocity [84].

4.2 Case study of an incorrect vacuum gate system design

The main constraint during the evolution of vacuum high pressure die casting has been the
development of a reliable shut-off valve and guaranteeing a close to 100 % seal of the die cavity
through the parting line, slides and ejector pins and other components that can develop air
leakage.

Also, an inefficient vacuum gate system design, due to trial and error methods, presents a
problem guaranteeing quality [92]. An example of this problem is presented in Figure 79. With
this vacuum gating design, the vacuum outgates A and B are blocked when the die cavity is 70
% filled, greatly reducing the air venting capacity. An optimization of the vacuum gating
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system, represented in Figure 80, led to a different solution which improved the air venting

efficiency.

Filling Tune
(wex)

70% filled

90% filled

Figure 79- Incorrect vacuum gating system design, with blocked zones A and B [92].

Figure 80- A- Incorrect vacuum gating design; B-Optimized design [92].
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4.3 Vacuum die casting system

Figure 81 describes a typical vacuum die casting system. It uses a conventional die casting
machine with the addition of a system with the following components: vacuum pump, being
the most common a rotary vane vacuum pump; vacuum shut-off valve, that prevents the metal
entering the pump; vacuum control system; vacuum tank and an unvented die [4].
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Figure 81- Vacuum die casting system [98].

The volume of the vacuum tank is larger when compared to the die cavities volume and must
maintain a pressure of about 1 mBar. This ensures the required evacuation capacity, a high level
of vacuum in the die cavity and an effective removal of impurities and dirt after the shot [99].

The size of a vacuum pump must be in accordance with the amount of air that has to be extracted
from the die. The sizing procedure uses a vacuum pumps characteristic operation curve, which
matches the required volume of air needed to be extracted with the vacuum level [99].

Vacuum should be applied to the die as long as possible, which maximizes the air extraction.
As a result, the location and type of vacuum shut-off valve is an important process control
parameter. The vacuum shut-off valve is connected to the die cavity by a runner. A gate,
connecting the runner, should be located in the last filling location in the die cavity.

There are two types of vacuum shut-off valves [4]:
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4.3.1 Static vacuum shut-off valve

Characterized by having no movable parts, high thermal conductivity material and internal
cooling channels, it allows air to vent from the die cavity during metal filling and can be used
as a simple vent or connected to a vacuum pump. Even though it lets air through the outgate, it
protects the vacuum system using a thermal gradient, since the liquid metal that passes through
solidifies due to multiple direction changes. They’re characteristically a robust, low cost and
maintenance valve, but hard to maintain during production, since the chill block must be kept
clean to maintain a correct gas flow. Another downside is the existing lag between the vacuum
pump and die cavity, that can reach up to 50 ms. Also, its venting efficiency is limited by its
reduced venting area. This parameter can be improved by using multiple chill blocks or by
increasing the chill blocks dimensions, which increases the die projected area. Consequently,
the components size is reduced for the same die casting machines capacity. A common dynamic
vacuum shut-off valve is the corrugated chill block, presented in Figure 82. It is basically a two
half-block, with a clearance between blocks of 0.5 - 1 mm, made of steel or copper. When both
halves are engaged, air is vented through a zigzagged gap machined in each face [99; 100].

Corrugated Chill Block

Multiple Cooling Lines

Figure 82- Left- Schematic of a corrugated chill block [4]; Right- ProVac chill vent [99].

Chill blocks differ from each other by its cross-sectional shape. As shown in Figure 83, a chill
block may present a trapezoidal or triangular cross-sectional shape. From recent studies, it was
proven that this parameter has a major influence on the evacuation efficiency, with the
triangular cross-sectional shape presenting the highest efficiency. This happens because the
trapezoidal cross-sectional shape has higher flow redirections, which increases the flow
resistance when compared to a triangular cross-sectional shape. In terms of the distance that the
flow travels in the zigzag gap, it is predicted to be the same for both profiles [101].

RO.36 X
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109.89°
—e={ |=—0.40
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Figure 83- Left: Chill block with a triangular cross-sectional shape; Right: Chill block with a trapezoidal cross-
sectional shape [101].
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4.3.2 Dynamic vacuum shut-off valve

With movable parts, these type of valves offers less resistance to air when compared to static
valves, due to higher cross sections. They re divided into mechanical and actuated valves [4]:

The mechanical valve, which is the simplest of all dynamic valves, opens when the die halves
closes, and then vacuum can be applied to the die. During the die filling with molten metal, the
internal pressure increases until a preset pressure closes the valve, with a response time up to
10 ms. This allows an air extraction from the die cavity up until the last moment of the injection
process, making it an efficient vacuum system. Die casting is characteristically a very efficient
but harsh manufacturing process. The efficiency is related to the capacity of mass producing
components that requires a low post-casting machining. Die casting is a process that deals with
many extreme conditions such as high temperatures of the molten metal; high injection and
intensification pressures and turbulent flows due to high metal flow velocities. To maintain a
process consistency, a robust mechanical valve is required. However, due to a high number of
moving parts, the existing mechanical valves are susceptible to malfunction and are quite
expensive. [4; 100].

Figure 84- Mechanical shut-off vacuum valve with the Typhon vacuum runners [99].

A special runner, that connects the overflow to the mechanical valve, is required to control the
metal flow, avoiding a direct impact to the valves triggering system. This is critical to avoid a
malfunction of the valve. Runner design problems emerge from this requirement, since no
widespread specific design rules exist. An example of a vacuum runner is presented in Figure
85 [100].

Figure 85- Vacuum runner for a mechanical vacuum valve [100].
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Dynamic actuated valves can be either electrical or hydraulic, piloted by the die casting
machine, with reaction times of 8 - 10 ms and 120 - 150 ms respectively. Two examples of
dynamic actuated valves are presented in Figure 86. Vacuum system which incorporate these
valves are often called as simple vacuum systems [93]. These valves offer low resistance to air
evacuation due to high cross-sectional areas. This is the most controllable vacuum die casting
process and are activated by a signal, triggered by the plunger position or the metal front
position. By using electronic controllers, the plunger position can be monitored, and therefore
vacuum can be applied to the die by opening the valve, right after the plunger starts displacing.
The valve should be kept open as much time as possible, to remove as much air as possible and
more importantly to avoid that air is drawn back into the die cavity through leakage areas after
the valve closes. This leak will decrease the vacuum level and the end of the injection process
at a rate of 230 mBar/s. For this reason, the system is programmed so that the valve closes right
before the liquid metal reaches it [4; 93; 100].

Figure 86- Left: Electro-pneumatic valve [102]; Right: Hydraulic vacuum shut-off valve [4].

4.3.3 Choosing the evacuation device

A common dilemma in the vacuum die casting industry is choosing the most suitable type of
vacuum evacuation device to obtain high-quality products and to be able to monitor the
consistency and performance of the process, for repeatability, safety, statistical process control.
There are 3 aspects to be considered when choosing an evacuation device: technical criterion
for the choice; monitoring this criterion and practical considerations such as reliability and ease
of maintenance [99].

The criterion is the level of vacuum or pressure of the die cavity when the molten metal enters
the die cavity at end of the pistons first phase of injection. To choose the most suitable
evacuation device for a desired level of vacuum, the critical evacuation section must be equal
for a comparing parameter. This represents the smallest section that the exhausting gas passes
through and is affected by the size of the evacuation device. The most suitable evacuation
device is directly dependant on the quality of the casting. A comparison of the performance of
a vacuum valve and a chill vent, with the same critical evacuation area, is illustrated in Figure
87 [99].
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By analyzing Figure 87, the vacuum valve has a higher performance in terms of achieving a die
cavity pressure in less time, when compared to a chill vent. In other words, a vacuum valve is
2 to 3 time faster in terms of air evacuation comparing to a chill vent. This aspect is very
important in relation to casting quality since a higher level of vacuum translates into a higher
part quality. These die cavity pressure measurements were carried out in a highly scientific
laboratory, with a continues measurement at the die cavity and at the evacuation device and
can’t be implemented in an industrial process. Other important aspect is that even though
performances between the evacuation devices are different, the pressure measured at the
vacuum valve or chill is the same. This is particularly important, since normally pressure is
only measured at the vacuum extraction devices [99].
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Figure 87- Performance comparing of a vacuum valve and chill vent [99].

A valid measurement of a mechanical vacuum valve that can relate to a vacuum level
measurement is presented in Figure 88. As the authors refer, when the aspiration piston closes
the aspiration hole, the hole for the measurement of vacuum is closed at the same time. The last
pressure before the closure is the measured levels of the vacuum, and this value is recorded and
stored. A method is presented in the same report for the case of a chill block, but it ends up
being an invalid measurement and therefore not mentioned in this report [99].

i Aspiration,
valve open i

Manometer
Vacuum valve

@

Aspiration,
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keeps the last
measured value
before closure

@

Figure 88- Pressure measurement of a vacuum shut-off valve. Left: Aspiration is opened; Right: Aspiration is

closed [99].

80



High Pressure Die Casting of Zamak alloys

Other important aspect to ensure a correct evacuation process for an evacuation device, are the
vacuum runner dimensions. Runners must be machined into the ejector die from the overflows
or die cavity and must converge, in terms of side runner section and the total gate section area,
to the extraction device. This means that the main runner section should be similar or slightly
bigger than the critical evacuation section area [99].

Figure 89 compares a chill vent to a vacuum valve from various points of view. A mechanical
vacuum valve is a must when a higher quality part is desired even though it represents a higher
investment and maintenance cost. A chill vent can still be a better choice over a mechanical
vacuum valve when the quality requirements are not high.

; advant ; advant

High-speed vacuum valve -age Chill vent _age
High evacuation capacity yes Reduced evacuation capacity
Feedback by vacuum measurement yes Wrong feedback
Security excellent if a high security valve is yes Security excellent if process well under
used control
“Low” maintenance “No™ maintenance ves
Low projected surface yes High projected surface
Aspiration check and readiness for the next yes No readiness check
shot
Not sensitive to casting parameter increase yes Sensitive to high speed increase or other

casting parameter increase
Affordable cost Low cost yes
Satisfies all advanced requirements yes Does not satisfy all advanced requirements
Good process repeatability yes Limited process repeatability
High technology 0Old technology

Figure 89- Differences between a mechanical valve and a chill vent [99].

4.4 CASTvac

Much of the research put into the vacuum systems, is to improve the existing evacuation devices
or to create new ones. A new evacuation device was presented 2003, known as CASTvac or a
three-dimensional chill vent, which is similar to a conventional chill block. Trials have been
conducted on production machines for extended periods, producing thousands of high quality
components.

The principal difference is that the zigzagged gap is perpendicular to the die parting line, unlike
with the conventional chill vent that is parallel. With this solution, it’s possible to have more
chill faces, when compared to a chill block with the same dimensions, without increasing the
die projected area. It also consists of two die halves (Figure 90. left), and when engaged a
vertically corrugated and horizontally wedge-shaped venting gap is created. Like the
conventional chill vent, when the metal enters the inlet at the bottom, it loses heat while it flows
in the gap section, where it solidifies. Also, this can be incorporated in a vacuum system through
the vacuum ports, one on each side, Figure 90. right [100]. Like a conventional chill block, it
has no moving parts which never fails to close off the vacuum path.
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Figure 90- Left: Representation of one half, consisting of wedge-shaped inserts; Right: Engagement of two
halves [100].

CASTvac presents the following advantages [100]:

e Robust. This is a common characteristic for every static shut-off valves, that has no
movable parts. It’s also a very reliable evacuation device, since it will never fail to close
off the vacuum path;

e Lowcost. It’s a cheaper valve when compared to a mechanical valve and besides, using
this valve, rarely introduces machine stoppages and maintenances, thus saving money
during the production process;

o Efficient. Air extraction happens up until the die cavity is completely filled, which helps
to maintain a high vacuum level. Figure 91 compares the efficiency between a CASTvac
with a mechanical vacuum valve. With four times the cross-sectional area of the venting
path when compared to a conventional chill vent, a higher vacuum efficiency is
achieved. Also, it has the same efficiency when compared to a mechanical valve;

0 0
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Figure 91- Left: Pressure changes in the vacuum line for a mechanical and a CASTvac valve; Right: Pressure
changes in a 3L vacuum vessel for a chill vent and a CASTvac [100].

e Simple. Is easier to use when compared to a mechanical valve, since no vacuum runners
are required;

e Easy to adapt. Occupies the same space of a mechanical valve in the die;
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e Flexible. When an insert is damaged, only that piece has to be replaced. As shown in
Figure 92, a CASTvac fits in the die just like a chill block.
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Figure 92- CASTvac installed in a die [100].

A study presented the differences between the venting efficiencies of different venting methods
with different evacuation devices, including the CASTvac. These results are presented in the
Figure 93 and 94 [93].

The first injection phase plays an important role for the vacuum HPDC process since the highest
air extraction occurs during this phase, as there’s more time available when compared to the
second injection phase. Using both evacuations devices with natural venting, air masses are
linearly reduced during the first injection phase. In this study, at the end of the first phase, 62
% of the existing air was extracted using a CASTvac and 61 % for a chill block, both as a vent.
The differences in efficiency are accentuated during the second injection phase. Using a
CASTvac, 5.8 % of air remained in the cavity, while with a mechanical valve 20.6 %. These
results suggest that the CASTvac as a vent becomes more efficient during the second phase.
When these evacuation devices are connected to a vacuum system, the greater venting
efficiency of a CASTvac becomes more evident when compared to a chill vent. The venting
efficiency of a CASTvac when connected to a vacuum system increases 31 % compared to a
natural venting, and 10 % for a chill block [93].
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Figure 93- Different venting efficiencies for a CASTvac and a chill block with natural and vacuum venting [93].
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From the same case study, the final air mass content was evaluated for different evacuation
devices and venting methods. Besides the results discussed above, a CASTvac as a vent has
nearly the same venting efficiency as a simple vacuum system, with an actuated valve [93].
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Figure 94- Different venting efficiencies with for different venting methods and evacuation devices [93].

In terms of its capabilities, CASTvac is an optimal choice to reduce air masses using natural
venting. Further studies are necessary to determine its effectiveness on a continuous production
machine.

4.5 Gibbs die casting machine

Even though there’s no reports regarding the application of a vacuum system on a hot chamber
machine, there’s references to a vertical vacuum die casting machine, developed by Gibbs Die
casting used to inject magnesium, presented in Figure 95. This machine is somewhat like a hot
chamber machine since some components are immersed in liquid metal and kept in a holding
pot. In this process, vacuum system extracts air from the die cavity and feed channels, which
also draws the liquid metal through the transfer tube into the injection cylinder. The filling of
the cylinder takes about 2 s or less until the plunger starts displacing metal, shutting off the
metal flow, into a pore and resistance free die cavity. After the die cavity is completely filled,
an intensification pressure is applied to the solidifying part. The vacuum remains active during
the entire injection process, even during the solidification process [14].

This process offers the following process benefits [103]:
e Improves casting microstructure, with smaller grains;
e Reduces gas porosity due to the vacuum process;
e With ultra-high pressure, ranging from 827 - 1379 Bar, shrinkage porosity is greatly
minimized,;
e Allows and easy use of inserts.
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Figure 95- Gibbs vertical vacuum die casting process [14].

4.6 Vacuum system design

The vacuum venting design method used in this chapter was proposed by Exco Engineering
[65; 98; 104], which offers an easy approach to ensure a correct design of a vacuum system.
These articles also resulted in an application that calculates various vacuum venting parameters.

During a venting design process, there’s several aspects to be considered such as venting
efficiency, vacuum tank size, vacuum pull time, discharge coefficient and air mass flow, that
heavily depends upon the desired cast quality [98].

4.6.1 Venting efficiency

The first parameter to be considered during a vacuum venting design, is the desired venting
efficiency that needs to be achieved at the end of the die casting process. Venting efficiency
can be also analyzed for natural venting.

Venting Efficiency is defined as the percentage ratio of air mass being vented out of the die
divided by the initial mass being vented, being function of the part quality and casting flow
pattern design. Key factors such as vacuum pull time, vent valve effective size, die cavity
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temperature and the leakage area of the die assembly directly affects venting efficiency. This
parameter can be calculated using Equation 4.1:

M (4.1)

=100% * —————
7 (V. + V&) * po

Where:

n- Venting efficiency (%);

M- Total air mass vented (kg);

Vc- Cavity volume (mmd);

Vs- Air volume in the shot sleeve plus the runner volume (mm?3);

po- Air density at room temperature (kg/m®).

Even though this parameter is difficult to quantify, a higher quality part requires a higher
venting efficiency. When assuming the system is at room temperature, a 90 % venting
efficiency translates into a 10 % residual air that remains in the die cavity, which is equivalent
to 100 mBar. This assumption is made for venting efficiency to be comparable to other
processes.

There’s some crucial aspects that must be done before analyzing which venting efficiency is
necessary, like casting geometry, casting filling pattern and overflow configurations. The filling
pattern must be optimized, reducing the air entrapment during the filling process and ensures
that air is pushed into the overflows and vacuum runner. This results in a lower efficiency
requirement which lowers the process control cost [65].

Post heat-treatments are highly dependent on the venting efficiency, with values that can range
from 80 to 97.5 %. Heat treatments like T4 and T6 that require solution treatment a venting
efficiency of around 97.5 % must be achieved, otherwise the entrapped air inside the
components will explode. For T5 an efficiency ranging from 93 to 95 % is sufficient for a
successful treatment [65].

For a vacuum assisted or natural venting process with vent valves, a 90 % venting efficiency is
required while 80 % is reserved for non-structural components [65].

4.6.2 Vacuum tank size

According to the author, vacuum tank size depends on various factors such as the volume of air
to be remove from the die cavity; overflows and runner; venting efficiency; and the initial tank
pressure. A simple process to determine the tank volume with an initial pressure of 5 mBar is
to multiple by 150 the cavity volume for a venting efficiency of 97.5 % and 75 for an efficiency
of 95 % [65].

The tank pressure is other important aspect to consider in the vacuum tank sizing process, which
determines the volume venting flow of an evacuation device. In order to maximize the air flow,
the internal tank pressure should be kept 50 % lower than the cavity pressure all time. [65]. The
vacuum tank size can be estimated using the Equation 4.2. For this expression some
assumptions are made such as air temperature is constant, cavity leakage and pump effect are
ignored which results in the need to use a safety constant, K.
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2nVe (4.2)

Where:

Vt- Vacuum tank volume (L);

K- Safety margin factor (K=1.5);

n- Venting efficiency (%);

V.- Cavity volume to be vented, including overflows and vacuum runners (mm?);
Vs- Volume in the shot sleeve to be vented, including runners and shot sleeve (mm?);
po- Initial air pressure, normally atmosphere pressure (po= 1 Bar);

pto- Initial pressure in the vacuum tank (Bar).

4.6.3 Vacuum pull time

Vacuum pull time is the total time that air is being evacuated through the evacuation device
from the die, throughout the first and the second injection phase. Maximizing this parameter is
a key parameter for vacuum die casting process optimization. While the cavity filling time is
controlled by the second injection phase, the vacuum pull time is controlled by the first. To
calculate this parameter, the response time of the evacuation device must be subtracted from
the ideal vacuum pull time. The ideal vacuum pull time is the maximum available time to apply
vacuum, only considering the duration of the first and the second injection phase until the flow
hits the overflows [65].

If the effective vent area (defined as the product of the vent aspiration area and discharge
coefficient) is known, increasing the vacuum pull time results in a venting efficiency increase
[65].

4.6.4 Discharge coefficient of the evacuation device

Discharge coefficient of the evacuation device, normally provided by the manufactures, is
determined by the valve’s performance, which is a function of valve geometry design, material
selection and manufacturing quality. VValues for a mechanical vacuum valve are typically in the
range of (0.4 - 0.9); chill block (0.2 - 0.5); for natural vent (0.05 - 0.2) and for leak passages
resulting from fitting clearances such as ejection pins (0.044) [104] and slide seal-off surfaces
(0.041) [104]. Even though a chill block has the same sectional evacuation area, by having a
lower discharge coefficient it has a lower evacuation performance, represented in Figure 96.
The discharge coefficient is directly proportional to the evacuation devices venting efficiency.
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Figure 96- Discharge coefficient of vacuum valve and chill block [98].

A die with a temperature below the optimal range, can play an important role on reducing
leakage area. It cannot be generalized, because it could cause flashing which increases the
leakage area. Lowering the effective leakage venting area is a method to increase the evacuation
performance [104].

4.6.5 Venting mass flow rate

Both natural and vacuum venting produce lower mass flow rates during the first injection phase
(slow phase) when compared to the second phase (fast phase). This is because, the die cavity
pressure is strongly affected by the plunger velocity. Figure 97 demonstrates the influence of
the die cavity pressure on the mass flow rates. For natural venting, by having a higher die cavity
pressure in the second phase, a higher mass flow rate will be produced comparing to a vacuum
venting process [98].
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Figure 97- Venting mass flow rates [98].

The maximum flow rate can be calculated using Equation 4.3. Using a sufficient vacuum tank
size, this parameter can be achieved throughout the entire evacuation pull time.

(4.3)

y+1
)1

Qv:Ae* y*R*TC*(]/+1

Where:

Ae- Effective vent area, product of the vent aspiration area and discharge coefficient;
v- Adiabatic exponent of air;

R- Specific gas constant of air;

Te¢- Air temperature in the die cavity, initially it can be considered as room temperature.

Equation 4.4. establishes a relationship between vacuum pull time and maximum venting flow
rate. Considering that the maximum venting flow rate is independent of plunger velocity and
cavity pressure, it could be a standard product specification of an evacuation device.

t = VS;VC In (2 (i—n) (4.4)
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4.7 Case study

In this case study, a vacuum system will be designed for the CAD model presented in section
3. The Exco Engineering App will be used, which is based on theoretical and empirical data
underlying the following three technical publications [65; 98; 104]. This app is an easy to use
tool for a venting and design analysis. This analysis is divided into 2 sub-analysis: first a
vacuum tank sizing step; next a vent valve sizing or vacuum pull time estimation.

4.7.1 Vacuum tank sizing

For this analysis, the following input values are required to calculate the vacuum tank sizing:

o Efficiency Target = 90 %. This value is considered by the author to ensure a low
percentage of air mass during the injection process. Also, this is the lowest value used
for a vacuum die casting process;

e Volume to vent- Includes runners, die cavity, sprue and overflows:

V¢ =55915.5 mm® = 0.056 L;

o Safety factor = 1.5;
 Initial cavity pressure = 1000 mBar;

 Initial tank pressure- the application recommends a value of 50 mBar;

Figure 98 presents the App’s interface which calculates the vacuum tank size. With these
values, the App calculates the required vacuum tank volume of 3.007 L.

YWacuum Tank Sizing

Effeciency Target (%) 30

Yolume toVent [[] 00566915
Safety Factor 15 b Tank Size (Il 3.0073=+000
Iritial Cavity Pressure [mbar) 1000

Initial Tark Pressure [mbar) 50

Recammended Initial Tank Pressure [mbar) <= 50

Figure 98- Vacuum tank sizing using the Exco Engineering application.

4.7.2 Vent Valve sizing

For this analysis, an evacuation pull time must be known to calculate the necessary evacuation
device cross sectional-area to achieve the desired venting efficiency.

For this analysis, the following input values are required to calculate the valves aspiration are:

o Efficiency target = 90 %:;
o Volume to vent- V¢ = 55915.5 mm?® = 0.056 L;
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e Available pull time- This parameter is calculated based upon the total duration of the
first and the second injection phase minus the evacuation devices response time. For
this case a 0.45 s will be used for the vent valve sizing, which represents only the
available time from injection phase 1 and 2 until the flow hits the overflows. This value
Is set based on simulations from iteration 2 and is considered an ideal available pull time
since the valve response time isn’t considered.

o Cavity surface time = 140 °C.

Figure 99 represents the App’s interface that calculates the cross-sectional area for a vacuum
valve. Using these input values, the application calculates two evacuation device areas: for a
mechanical vacuum valve, which is 1.88 mm?, and for a chill block which is 3.38 mm?. As
mentioned before, the vacuum runner must converge in terms of cross sectional area from the
outgate, which was 2.65 mm?, towards the evacuation device, which happens only for the
mechanical vacuum valve. For this reason, only the mechanical vacuum valve can be used as
an evacuation device, which ensures a correct evacuation for the efficient target.

Yent Walve Sizing

Effeciency Target (2] 90
soiency Target (%) Effective Vent Area [mmz]  8,4468e-001

Volume to Vent I} 00556315 :,':Il.ﬁ.rea for bMechanical Walkee [mm2] 1.8771e+000

.-'i-.vailal:ule F'uII TiITIE [S] D,45 .":"JEEI I:I:Ir Ehl" ElDCk [ITIITIE] 3,3?8?8”:":"]
Cavity Surface Temp ['C] 140

Figure 99- Vent valve sizing using Exco engineering application.

4.7.3 Vacuum pull time

Figure 100 and 101 represents the App’s interface to calculate the required vacuum pull time
and effective vent area. This analysis is performed in the case that the designer already has an
evacuation device, and the application calculates the required evacuation pull time to achieve
the venting efficiency target.

Input parameters:

Efficiency target = 90 %;
Volume to vent- V¢ = 55915.5 mm?® = 0.056 L:

Cavity surface = 140 °C;

Area for a mechanical valve: If a mechanical valve is used for the design then the input
value for a chill block is zero. For both cases the cross-sectional area for the evacuation
device must be lower than 2.65, which is the calculated outgate area. It is already known
from the previous vacuum pull time calculation, that a 0.45 s pull time requires an area
of 1.88 mm?. If the designer has a mechanical valve with an area of 2.5 mm?, 337 ms
would be required to achieve a venting efficiency target of 90 %.
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Wacuurn Pull Time E shimation
Effeciency Target (%] 90

Yolume toent [ 00556915 )
T atal Effective Went Area [mm2]  1.1250=2+000
Cavity Surface Temp ['T] 140
Required Wacuum Pull Time (5] 3,3787e-001

&rea for Mechanical Valve [mm2] | 2.5
Area for Chill Block [mm2] 0

Figure 100- Vacuum pull time estimation using a mechanical vacuum valve.

Or

e Area for a chill block: If a chill block is used instead of a mechanical valve, then the
input value for the mechanical valve is 0. Using the same evacuation area, a chill block
would require 608 ms to achieve a 90 % efficiency, which is nearly double when
compared to a mechanical valve. This means that a chill block is less effective
evacuating air when compared to a mechanical valve, which was discussed previously.
This also proves that a vacuum chill block can’t achieve the required venting efficiency
venting the ideal vacuum pull time. Increasing the vacuum pull time is also possible by:
increasing the furnace temperature and increasing the first injection phase if necessary.

Wacuum Pull Time E stimation
Effeciency Target [%] 90

YWolume toent [[] 00056915 )
Taotal Effective Went Area [mm]  6.2500e-001

Cavity Surface Temp ['C1 140
Required Wacuurm Pull Time [S] 608172001

Area for Mechanical Valve [mm2] 0

&rea for Chill Block [mm2) | 2.5

Figure 101- Vacuum pull time estimation using a chill block.

4.7.4 Validation of the calculated vacuum system parameters

The application also offers the possibility to validate values calculated previously. By inputting
several parameters, some of them calculated during the vacuum venting design, the designer
can plot various charts that relates two process parameters. One of these charts can validate the
calculations previously calculated by plotting the internal die cavity pressure at the end of the
evacuation pull time. This is important to evaluate if the vacuum die casting system is well
dimensioned, that ensures that the desired venting efficiency is achieved.

Unfortunately, as the application is bugged, the analysis of the internal pressure variation
function to the plunger position, using parameters calculated in the previous section cannot be
done.

Even so, a practical case study will be discussed, which was carried out by the author of the
application. In this analysis, two processes with different evacuation times, 1.5 sand 2.1 s, are
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analyzed. As shown in Figure 102, the cavity air pressure as metal hits the gate is 270.5 mBar
for process 1 and 91.8 mBar for process 2. This means that if the designer’s target is 100 mBar,
only process 2 achieves this target [105]. With a totally functional app, the same analysis could
be made on the authors case study to in some way validate the designed vacuum system.

Metal at
in-gate Pressure
Process-1: I (mbar)
1000

o TR Evacuation

\cime - 1.5sec

-~ \\ \‘ it
Process-2: \
Evacuation
time—2.1sec
0 { $ ! 0
0.0 200.0 400.0 600.0 800.0 1000.0 1200.0 Position
Left chck = zoom in horizontal axis; Alt+left click = zoom in vertical axis: Right click = zoom out (mm)
Biscuit length (in):1.25 - Biscuat length [(nk1.25 -
Shot sleeve full pos (in). 32.58 Shot sleeve full pos (in) 32.58
Metal at ngate pos (in):40.47 Metal at ngate pos (n}:40.47
End vent pos (in):52 37 End vent pos (nk52 37

Cavity air pressure as metal hits ingate [mbar)-270.5 Cavity ar pressure as metal hits ingate (mbar):91.8
E——— v

Figure 102- Evolution of the die cavity pressure with respect to the plunger position [105].

4.8 Design of vacuum runners

As discussed previously, no widespread rules for the design of vacuum runners exist, as it
happens for the design of gating system. A starting point to design vacuum runners is by
applying a converging rule from the outgate to the evacuation device. This means that the runner
system cross-sectional area decreases until the evacuations device. Apart from this rule, no
widespread calculations are used for the design of vacuum runners. An example of a vacuum
runner system layout is presented in Figure 103.

Figure 103- Examples of a vacuum runner system layout with a mechanical vacuum valve [106].
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Fondarex [79] presents some guide lines for designing a vacuum runner system, presented in
Figure 104. The runner system can be also machined into the die, adjacent to the parting line,
with trapezoidal cross section as observed in Figure 104. The total vacuum cross-sectional area
is recommended to be 100 to 250 % the area of the main vacuum channel [106].

s R ST il vertng agrm; Geometry of charmel:
®

T :

FOMOARER Il
1. "

Hare 1
L ﬂ X =y~ 0.8 =channel square section
o
a 3 s 3 | \
3 \é‘,\_J
%y, i@ 4 @

Figure 104- Cross-sectional area variation of the vacuum runner system [106].

Figures description:

1 Evacuation device;

2 Main vacuum channel — channel capacity — 100 %;

3 Distributor vacuum channel — channel capacity — 110 %;
4 Distributor vacuum channel — channel capacity — 120 %;

In the vacuum channel design presented in Figure 104, the total cross-sectional area of the gate
is 20 % higher, compared to the main vacuum channel. This ensures the convergence rule of
the cross-sectional area of the vacuum runner system.

Also, a spreadsheet could be developed using the information presented above that
automatically calculates every necessary dimension, used in the designing of vacuum runner
systems.

4.9 Conclusions

In this section, various topics regarding the application of the vacuum technology in the high
pressure die casting were discussed.

It was discussed that an effective approach to remove air porosity related defects of a casted
component is by applying vacuum to the die cavity. During this process, air is removed from
the die cavity, during the first and second injection phase. Components manufactured using this
technology presents higher mechanical properties, when compared to those conventionally
produced.

Before analysing the possibility to apply vacuum, the optimization of process parameters and
gating system must be ensured. Generally, this process is applied to a high added value market
for aluminium and magnesium alloys. These components must maintain high mechanical
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properties while being a “light weight”. For zinc alloys, this process isn’t as relevant, because
these alloys are primarily used for applications where the mechanical properties aren’t critical.
Other reason are the necessary costs to implement this process, which for zinc alloys may not
be viable. Components manufactured with zinc alloys, are reserved for a lower added value
market, when compared to the aluminium alloys. Even though, for a majority of these
application, an excellent surface quality is required which in some cases isn’t obtained only via
the optimization of process parameters and the gating system. In these cases, the vacuum
technology might be useful.

Both injection phases play an important role during the air evacuation process. It was proved
that, during the first injection phase a minimum of 60 % of the air is removed, which depends
on the evacuation device used. This is because, in the first injection phase there is more time
available for the air to be evacuated. From the literature, it is known that a higher molten metal
velocity produces more air entrapments, due to the turbulence generation. Therefore, a value of
0.15 m/s for the plunger’s velocity in the first injection phase, that gives an optimal balance of
air porosities and tensile properties. This value is valid for both the conventional process and
with vacuum. For the second injection phase of HPDC process using vacuum, a 26 m/s metal
flow is indicated. This value allows an optimal balance between air porosity and mechanical
properties.

During the design of a vacuum system, the vacuum activation valve is considered a critical
component. This will allow that the air is correctly evacuated from the die, without allowing
motel metal to enter the system. Among every available evacuation device, the eletro-pneumatic
valve represents the most optimal choice in terms of low air resistance, low response times and
can be easily controlled to evacuate as much air as possible.

Finally, a venting design procedure was presented, which is based on empirical and theoretical
data. In this design various parameters are considered such as: venting efficiency, vacuum tank
size, vacuum pull time, discharge coefficient of the evacuation device and the venting air mass
flow rate. Also, the Exco Engineering App was explored. It is an easy to use tool for the
designing process of a venting system. This procedure was applied to the component presented
in section 3, to analyse the influence of vacuum on the air porosity generation. An unexpected
problem using the App didn’t allow the validation of the parameters calculated during the
design. Although, this App is very useful for the designing process of a vacuum system.
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5 Conclusions and future studies

This study presents numerous topics related to the high pressure die casting process of Zamak
alloys.

It was discussed that the main problems concerning the Zamak alloys are high density and creep
resistance at low temperatures, inherent properties of zinc. Problems related to the high alloy
density, can be minimized using a new high fluidity alloy (HF), which allows wall thicknesses
as low as 0.25 mm. A new alloy, EZAC™, is a promising solution to overcome the
characteristic creep resistance problem. Even though zinc alloys don’t have the ability to
compete with aluminium and magnesium alloys, their highly appreciated in small dimension
applications, were an excellent surface quality finishing is required.

The application of water soluble cores in the HPDC process enhances the capacity of the HPDC
process to produce highly complexed shape components. Currently, the water-soluble cores
with the highest bending strength (45 MPa), that can be used for a zinc alloy are: KCI salt cores
with reinforcing particles such as 15 wt.% of bauxite powders with 15 wt.% glass fibers or 15
wt.% bauxite powders with 15 wt.% sericite powders. Other alternative that could also produce
functional cavities, is by using the gas injection technology, originally used for the
thermoplastics industry. This technology isn’t being used in a continuous production, but it has
great potential of creating components with hollow cavities, which are impossible to produce
using the conventional process.

A manual of good practices for the design of gating system was developed. This manual surged
from the need to create a standard design procedure, which allows the design of optimized
gating systems. A real case study was presented, which developed blistering during the painting
process. A common associated problem is a non-optimized gating system, which produces a
high quantity of air entrapments during the filling process. Using the simulation die casting
tool, it was observed that these defects were generated due to problems related to the filling
process: a non-convergent sprue, this couldn’t be corrected using this manual, since it is
provided by the company; a non-convergent gating system; generation of air pockets and metal
front collisions. Using this manual, the gating system non-convergent problem was effectively
corrected. The other two problems, still occurred, but in a location were the generated air could
be effectively pushed into the overflows. This proved that an optimized gating system is a must
to obtain an optimal filling pattern. From the CAD model of iteration 3, the first batches were
produced with a rejection rate of 5 %. This represents a reduction of 30% when compared to
the solution presented in iteration 1. These results are important, since the analyses made based
on the simulation were validated experimental, which proves that the simulation software is
somewhat accurate in the defect prediction. Even though a gating system can be effectively
designed using only the designers experience, this often leads to incorrect designs which results
in higher manufacturing costs.

It was also discussed that even with an optimized gating system, air can be generated during
the filling process. This leads to the need to use other alternatives. In this thesis, the application
of the vacuum technology was discussed in detail, to minimize the air entrapments during the
filling process. The application of the vacuum technology for the zinc die casting industry, isn’t
used as much as for aluminium and magnesium alloys. This is because, a vacuum system
represents a high investment cost, and only in a high added value market it is compensated. But,
in some cases applying the vacuum technology might be the solution to achieve the desired
components quality. Also, a vacuum system design was presented, based on empirical and
theoretical calculations. During this design, it was discussed that the evacuation device is a
critical component, which limits the evacuation efficiency of the vacuum system. Also, the
Exco Engineering App was explored, which is a useful tool to calculate a number of parameters
of the vacuum system. With this App, a validation of the designed vacuum system is possible,
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but unfortunately due to a bug, the designed vacuum system for the CAD model couldn’t be
performed.

5.1 Future studies

Throughout this thesis, many subjects were applied to the zinc die casting industry, with theory
used in the aluminium die casting industry. There are some subjects that would be interesting
to discuss in future works:

e Influence of heat treatments, T4, T5 and T6 on the mechanical properties for Zamak
alloys, for the high pressure die casting;

¢ Implementation of the gating system CAD model from iteration 2 in practice, in order
to analyse the influence of an optimized gating system on the blistering problem and
also to experimentally validate the simulation;

¢ Implementation of the vacuum system design method in a real case study using a Zamak
alloy, to discuss its influence on the occurrence of filling related defects and on the
components mechanical properties.
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Appendix A
Gating system design manual using Excel

Table A 1- Cavity filling time.

t- max filling time, s 0,0361 [s]

K - thermal constant of a die steel 0,0346 [s/mm]
T - characteristic thickness (average or minimum) 1,8 [mm]
T¢- liquidus temperature 382 [eC]
Ti - metal temperature in the gate 420 [eC]
Td - die temperature before the shot 230 [eC]
S- percent solids before at the end 20 [%]
Z- solids units conversion 2,5 [2C/%]

Table A 2- Flow rates.

Segment #1 Total
t- cavity fill time [s] 0,036
Vg- volume of a segment [mm?] 10206,70
Vo - volume of overflow segment [mm?3] 5103,35 50 % of Vg
Vi-total segment volume [mm?3] 15310,05
Gate velocity [m/s] 40 range [30-60] m/s
Qi - Volumetric flow rate of each [m3/s] 0,00043
segment
Q- >.Qi - Volumetric flow rate for [m3/s] 0,00043
the entire casting
Ai-Ingate area of segment [mm?] 10,62
A - Total Ingate area [mm?] 10,62

Table A 3- Ingate data.

Gate number #1 #2 #3 #4 Total
Total gate area 10,62 10,62
Gate thickness 0,55 0,55

Gate length 19,30 19,30

Table A 4- Nozzle data in second phase.

Diameter [mm] 8,7
Nozzle Area [mm?] | 59,41665

Nozzle velocity [m/s] 7,15
Volumetric flow rate [m?/s] 0,00042
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Table A 5- Plunger date in the second phase.

Diameter [mm] 60
Plunger Area [mm?] 2826
Plunger velocity [m/s] 0,15
Mass flow [m?3/s] 0,000425
PQ?- Pm - Metal Pressure during 2 phase MPa 1,54

Table A 6- Curved sided fan gate-runner and runner segment data.

Gate Land Length [mm] 2

Flow angle = 40 degrees

Section A B C D E F G H |
Area [mm?] 11,68 13,14 14,60 16,06 17,52 18,97 20,43 21,89 23,35
Distance [mm] 0,00 250 500 750 10,00 12,50 15,00 17,50 20
Depth (h) [mm] 061 078 095 113 130 148 165 1,83 2,00
Average Width [mm)] 19,30 16,85 15,30 14,23 13,45 12,85 12,38 11,99 11,68
Base (b) [mm] 19,41 16,99 1547 1443 13,68 13,11 12,67 12,31 12,03
Top (t) [mm] 19,19 16,72 15,14 14,03 13,22 12,59 12,08 11,67 11,32
Side (c) [mm] 011 1014 0,17 020 023 026 029 032 0,3
Side (d) [mm] 011 10,14 017 020 023 0,26 029 032 0,3
Fan-gate Runner Gate Land
runner
Gate Land //
—
1] o C e t -— d -
\ £00 n - ‘
\ - I J \
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Figure A 1- Figure presenting different dimensions of the fan gate-runner calculated in Table A 6.
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Table A 7- Outgates, overflows and vents.
Qutgates data #1 #2 #3 #4  #5
Total Outgate Area [mm”2] 5,308
Number of Outgates 2
Outgate Area [mm”2] 2,65 2,65
Outgate thickness, C [mm] 0,275 0,275
Outgate width [mm] 9,65 9,65
Overflow data #1 #2 #3 #4  #5
Number of overflows 2
Total Overflow volume [mm”3] 5103,35
Outgate overflow length, B [mm] 6,5 Range [6-8] mm
Land length, A [mm] 2,5 Range [2-5] mm
Volume [mm”3] 2551,675  2551,675
Overflow length, L [mm] 32,567909 32,56791
Overflow height, H [mm] 5 5
Overflow upper side length, W [mm] 20 20
Overflow lower side length, w [mm] 11,339746  11,33975
Vent data #1 #2 #3 #4  #4
Total Vent area [mm”2] 2,65
Number of vents 2
Vent thickness [mm] 0,254 0,254
Vent area [mm"2] 1,33 1,33
5,22
Function of the gate thickness 50,8

Vent width [mm]
Vent length [mm]

|
—e— \l J{ vent
| < I_:,
30 deg |I | - K
| \"‘ - /

_}A e . .
o —
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Figure A 2- Various dimensions of an overflow.
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Table A 8 represents the dimensions of a tangential gate-runner in case it would be used.

Table A 8- Tangential gate-runner

2:1 Aspect Ratio; 30° approach angle; 10° Draft; Flow angle = 40°

Gate Thickness [mm] 0,55

Section J K L M N P

Distance [mm] 0 3,86 7,72 11,58 15,44 19,3

Flow angle (°) 0 40 40 40 40 40

Area [mm~2] 1676 2,771 5543 8314 11,086 13,857
h [mm] 055 1,177 1665 2,039 2,354 2,632
b [mm] 3,048 3475 4914 6,019 6,950 7,770
d [mm] 0 0,207 0,293 0,359 0,414 0,463
t [mm] 0 1231 1,741 2,133 2,463 2,753
¢ [mm] 0 2,036 2,880 3,527 4,073 4,554

GATE RAMP — Sloped about
5° Rad 0.06 at the runner

/_\ Casting

’ i Land, make flat and
as long as required

P N M | K J 0.120 x 060 Deep
T
ol 1000 Lo
e 2.000 -
B -
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Tangential Runner Cross-section 30° Approach

Figure A 3- Dimensions of a tangential gate-runner.
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