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INTRODUCTION

Metal casting has been serving the manufactunvoystry for years.

It is used for manufacturing a range of products from being simple to
exceptionally intricate. The challenges associated with the process have led
to many advancements in metal casting technologies over time. During this
period, differeh cast materials and casting processes have been evolved
making it possible to design and manufacture almost any product with high
quality. It is important to analyze the progress of mgdating in past, trends

in the field at present, and envisage tbh&ufe of these technologies for
continuous improvement.

Casting technology encompasses many branches of science and
engineering including physics, metallurgy, mechanical engineering,
chemical engineering, and computational modeling. Chemical reactions
involved in melting of metals and treating of liquid metals, formation of
crystal structures, thermodynamic principles as applied to the determination
of phase diagrams, design of gating and risering systems, and principles
behind grain refinement and heagdtment all deal with some branch of
science and engineering. Although there is still a lot of craft involved in the
casting process, a good understanding of casting technology for the foundry
engineer and technologist, mold maker, and pattern maker, Wweuldeful
to produce premium quality castings by minimizing casting defects.
Application of solidification modeling in the design of gating and risering
systems would eliminate the guesswork and contribute to the production of
sound castings.

The engineewho designs a casting must have accurate information
about the properties of the cast metals to be Wdadualmay not be useful
in the design of components that would lead to low mechanical properties.
To provide a foundation for foundry work, coursetw the principles of
metal casting finds a place in the educational preparation of student
engineers. In addition, training offered by casting institutes or societies must
incorporate developments in all aspects of metal casting such as alloy
developmetf melting, melt treatment, sand, mold design, and gating and
risering design

This manual is addressed by explaining various types of casting
defects along with their possible causes and remedies. The underlying idea
behind this study is to let the reasl@ngrain the fundamental knowledge of
metal casting technologies in athe abovementioned areas so that the
integrity and quality of castings can be enhanced.



1. EVOLUTION OF METAL CASTING INDUSTRY

Metal casting is one of the primitive manufacturingpgesses which
was developed based on fueing technologies (or pyrotechnologies).
Initially, pyrotechnologies have been used to imprdweworkability of
stone, make plaster by burning lime and produce ceramics by firing the clay.

Metalworking, howeve started 10,000 years ago when the earliest
metal objects are found to be wrought rather than &a86]. Evidence of
such metal olgctsis found in the form of decorative pendants and beads
which were formed by hammering native copper. Tdbdeimmarizes the
advancements in metalworking over these 10,000 years.

Today, metal casting is a complex and intricate prottestsequires
exact chemistry and flawless execution. While current methods may be
relatively new when compared to the history of human civilization, the first
casting of metals can actually be traced all the way back to around 4000 BC.
In those times, gold was the firsetal to be cast because of its malleability,
and back then, metal from tools and decoration was reused because of the
complications of obtaining pure ore.

Metal casting, on the other hardhtes back to 5000 and 3000 B.C,
which refers tahe Chalcolithic geriod during which metals were medifor
castings together with the experimentation of smelting copper. Initial molds
were made from smooth textured stones as shown il Higsulting in fine
cast products which could be witnessed in the museums amebérgical
exhibitions. Both single and multifaceted (carved on both sides of a
rectangular piece of stone) molds were developed from stones to produce
castings that are not necessarily flat. However, multifaceted molds were
more popular for being portabknd economical in terms of utilizing a
suitable piece of ston&][

Some historians believe that iron casting began in ancient China as
early as 6000 BCE while others believe that only copper and bronze castings
were being made at this time. However, evidence provided by archeologists
contradicts both beliefs. Discovered by archeologists in what was then
known as Mesopotamia, the earliestovered example of a cast component
Is a copper frog that dates to 3200 BCE. Although iron and other metals had
been discovered, it was not until centuries later that they could be melted
and poured into a mold, such as a casting.

Archeologists believehat iron was discovered by the Hittites of
ancient Egypt somewhere between 5000 and 3000 BCE. During this time,
they hammered or pounded the metal to create tools and weapons. They
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found and extracted it from meteorites and used the ore to make spearheads
tools, and other trinkets. Between 2000 BCE and 1200 BCE, the Hittites
developed a process for smelting the ifoheating its ore to purify it
expanding its usability. For centuries, the production of iron remained a
closelyheld secret of the Hittitgpeople until roughly 1000 BCE when
Chinese metallurgists discovered the superiority and workability of iron.

Followedthe by Chalcolithic period, the Bronze Age started in Near
East around 3000 B.C. during which alloying elements were added to
copper. Thdirst bronze alloy reported was a mix of copper (Cu) with?4
%percent of arsenic (As), thus forming a silvery appearance of the cast
surface as a result of inverse segregation of the argehitow-melting
phase to the surface. Next1B % of tin (Si was added to copper which
was advantageous to lower the melting point, improve strength, deoxidize
the melt, and produce a fine and easily polished cast surface capable of
reproducing the features of the mold with exceptional fidelity, often
desirable fo art castings.

The Bronze Age lasted for 1500 years during which mankind had its
first exposure to elemental ores such as tin, copper and silver. Also, lost wax
castings of small parts of bronze and sil\axe reported during this age
between 3000 andbP0 B.C. in the Near East region.

The earliest known casting in existence is a copper frog as shown in
Fig. 2, probably cast in 3200 B.Gn the Mesopotamia region6]. The
intricate design and threimensional characteristics suggest that it was
created usingsand cating process instead of using a permanent stone mold
[36]. The beginningf theBronze Age irtheFar East was about 2000 B.C.,

a millennium after its emergence in the Near East region.

Some of the earliest examples of iron casting in ancient Chinaere th
four statues that stand outside of the Zhongyue Temple in Dengfeng. These
statues were cast in approximately 1024 BC. Before this, Chinese
metallurgists worked with bronze and copper to create cast components,
which were | argel y iocuturadl industry. It ilas  C ¢
revolutionized when the iron plow was invented. It made turning over the
soil much easier for farmers.

One of the biggest impacts that China had on the evolution of iron
casting occurred in 645 BC when Chinese metallurgists begiag sand
molding. In this process, sand is tightly packed around an object, creating a
mold. Then molten metal is poured into the mold to create a metal casting.
The advantage of this process is the large variety of shapeszasdisat
can be easily olded.
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Table 1- Development in use of materials and metadting b, 37]

Date Development Location
1 2 3
9000 B.C. | Earliest metal bjects of wrought native copperr Near
East
6500 B.C. | Earliest lifesize statues, of plaster Jordan
50003000 | chalcolithic period: melting of coppe Near
B.C. experimentation with smelting East
3200 B.C. | A copper frog, the oldest known casting
existerce, is made in Mesopotamia. Copper wi Near
popular material for metalworking dueite high| East
ductility (stretch)
30001500 |Bronze age: arsenical copper and tin bro
B.C. alloys Bronze alloys are used in casting, offer, o4y
key benefits such aswoweight and a low meltin
point. Bronze tools and weapons are cas East
permanent stone molds
30002500 |Early use of investment (lost wax) casting Near
B.C ornaments and jewelryhe lost wax casting o
small objects East
2000 B.C. |Bronze ag Far East
600 B.C. Cast iron China
233 B.C. |Iron ploughshares are cast
500 A.D. | Cast crucible steel is produced India
1\2801450 Introduction of cast iron Europe
1313 Development of the first bronze cannon in Gh  China
1500s Sand introducedsthe mold material France
Cast iron produced with coke as fu England
1709 A.D. | Coalbrookdale
1735 A.D. | The geat bell of the Kremlin cast Russia
1740 A.D. | Cast steel developed by Benjamin Huntsman| England
Cast iron used asan architectwal material, England
1779 A.D. | lronbridge Gorge
1809 A.D. | Development of centrifugal casting England
1818 A.D. | Production of cast steel by crucible process U.S.
1837 A.D. | Development of first molding machine U.S.



file:///C:/Users/PC/Desktop/manual%20part%201/evolution.docx%23bookmark53

ContinueTablel

1 2 3
1849 | Development of a @i casting machine -
1863 Metallography of casting surfaces England
1870 Development of sandblasting for large casting U.S.
1876 | Aluminum started to use as cast material U.S.
1887 Development of oven for core drying -
1898 | Mold development with bondeshnd England
1899 Electric Arc Furnace for commercial producti France

of castings
1900 | Low-pressure permanent mold casting England
1907 | Heat treatment and artificial aging to improve ¢ Germany
aluminum alloys
1910 Matchplates and Jolt Squeezingachines -
1925 | X-ray radiography for casting quality control U.S.
1940 |Chvorinovds Rul e -
1944 | First heatreactive, chemicalbkgured binder Germany
1948 | Ductile Iron castings in industrial applications| U.S.
1950s | High-pressure molding -
Mid 1950s| Squeeze casting process Russia
1960 | Development of Furan ascore binder -
1968 | Cold box process for mass production of core -
1971 | Vacuum forming or the \process method Japan
1974 In-mold process for ductile iron treatmentby F U.S.
1948 Ductile Iron castings in industrial applications| U.S.
1980s | Development and commercialization of a -
solidification software
1988 Rapid prototyping and CAD/CAM technologie -
Plasma ladle refining (melting and refining in
1993 |one vessel) U.S.
Mid 1990s| Microstructure simulations -
Cast Metal Matrix Composites in automobile
1996 | applications England
End 1990s Stress and distortion simulation of castings -
2001 | Software development by NASA and U.S.
Department of Energy/OIT
2016 Casting simulations coupled toechanical -
performance simulations




The disadvantages are the unavoidability of defaantsthe facthat
this process is quite labantensive. This is the earliest known use of this
process and represents Chi nwdin si g
casting. Casting wake main forming process in China with little evidence
of other metalworking operations before 500 B.C. The complexity of
antique cast bronze ritual vessels suggested that they must have been
produced usinghelost wax castig method.

Figurel- Mold prepared by Figure2 - The earliest known
smooth textured stone with a casting in exi
axe p] Frogo, c as tefi

In Europe cast iron was introduced as a casting alloy between 1200
and 1450 A.DThe earliest evidence of cast products in Europe is a cast iron
pipe used to transport water at the Dillenberg Castle in Germany. It was cast
in 1455. Son after this, in Burgundy, France, and England, cast iron was
also used to make cannons during the Reformation of thec&6tbry.

In 1619, the first ironworks areestablished in North America by the
Virginia Company of London. It was named Falling Grde®nworks and
was located near the James River. The colonists chose this location not only
because of nearby ore deposits but also because it provided easy access t
water for power and shippiaglated needs. The surviving written records
indicate thatthis facility was able to produce some iron. But historians
believe that full production was never achieved.

| n 1642, Saugus | r on Wor ks, Am
established near Lynn, Massachusetts. This was also the location where the
first Ameincan iron casting, the Saugus pot, was made. Saugus Iron Works
IS now a national historic site, because of its landmark contribution to the
manufacturing industry and the American industrial revolution.

Between the 15th and 18th centuries, some other taoor
developments in the casting industry include where ut not limited to the
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introduction of sand as mold material in the 16th century, production of cast
iron with coke as fuel at Coalbrookdale (1709), casting of the Great Bell of
the Kremlin (1735), andhe development of cast steel by Benjamin
Huntsman (1740). The cast iron produced at Coalbrookdale was first used
as an important structural material in building the famous iron bridge as
shown in fig. 3 and in other architectural applications duringgeaod.

Figure 3- The Iron Bridge &) across the Severn River at Ironbridge Gorge
(b) detail of the Iron Bridge showing the date, 171IP |

|l ronds gr eat Il mpact on Britain
innovations that were introduced during the 1700s. The first of these
occurred in 1709 when Abraham Darby became the first man to smelt iron
with coke instead of charcoal in akesfired furnace. Coke is a solid fuel
that is created by heating coal in the absence of air and is a key element in
the history of iron castingCoke was much cheaper and more efficient than
charcoal. With the introduction of coke, it became possibldurdtive to
use larger furnaces, which enabled lasgale production. Charcoal was too
weak to support a heavy charge of iron in large quantities, but coke was
much stronger. Although the challenge of brittle iron had not yet been
sol ved, D aionbhsdbasbig impact@iv thet industry and inspired
many other advancements.

The next innovation in iron casting history was the steam engine. It
was invented in 1712 by an Englishman named Thomas Newcomen. At this
time, the steam engine was primarily use@uamp water out of coal mines.
Coal was a key part of the iron casting process, so this invention was integral
to the industry and the industrialization of England.

Between 1700 and 1750, Britain relied heavily on cast iron imports
from Sweden, becausedbuld not expand its capacity fast enough to meet
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the growing demand for cast I ron.
revolution. At that time, the iron manufacturing industry consisted of small,
localized production facilities that had to be locatézke to the resources
they needed, such as water, | I me st
were limited resources for transporting raw materials and finished goods.

At this time, furnaces were small, which meant that their production
capacity was verlimited. Although Britain had abundant iron ore reserves,
the iron that could be produced from it was brittle pig iron of low quality
with many impurities, which were caused by chardaaled blast furnaces.

As a resul t, cast imited dlosbafthewdsenzatdi | i
was for wrought iron, which was pig iron after its impurities were hammered
out. But this took a long time to do, and imported wrought iron was less
expensive. As a result, British iron at this time was only used for cheap items
such as nails. However, iron would soon become the cornerstone of
industrialization for the British economy, and by 1800, its leading export.

Between 1770 and 1790, Scottish inventor James Watt improved on
Thomas Newcomeno6s wor k, pabkaokpowegngt h e
machinery, | ocomoti ves and ships.
speed and ability to transport raw materials and finished goods.

James Wattods breakthrough happen
of the steam engine wasted a grdaal of energy because it repeatedly
cooled and rneated theylinder. Watt introduced a design enhancement,
the separate condees which avoided this waste of energy and radically
improved the power, efficiency and cedtectiveness of steam engines.

Eventually, Wattadapted his engin revolutionize transportain,
which had been a major limiting factor for growth within the iron
manufacturing industry. Material transportation was finally made efficient
and more economical than ever.

In 1783, Henry Cort developed two methods for extracting impurities
from iron,turning it from pig iron to wrought iron, and allowing largeale
production of nofbrittle iron.Pig iron is a term used to describe the crude
and brittle iron that comes directly from the blast furnace. In 1783, Cort
patented grooved rollers that allosdveon bars to be made more quickly
with a more economic process he called the rolling technique. Previously
used methods consisted of hammering or cutting strips from a rolled plate.
In 1784, Cort patented theuddling processwhich consisted of stirring
molten pig iron on the bed of a furnace in which fire and hot gases swirling
above the metal provide heat. This prevented the metal from coming in
contact with the fuel.

12


https://www.revolvy.com/page/Cylinder-(engine)
https://www.revolvy.com/page/Watt-steam-engine
https://www.revolvy.com/page/Rotative-beam-engine
https://www.britannica.com/technology/puddling-process

As the iron vas decarbonized by air, it became thicker and balls of
Apuddl edd i1 ron could be removed f
remained in the furnac&he puddled iron, like wrought iron, was tougher
and more malleable than pig iron and could be hammerefirasited with
the grooved rollers that Cort had invented. The rollers helped to squeeze out
impurities. Additionally, by forming the iron into bars, the metal became
easier to use for the creation of finished godls.r t 6 s contri b
industry alowed largescale production of cast iron products because it no
longer took so much time and manpower to rid the pig iron of its impurities.

Between 1793 and 1815, due to increased demand from the military,
British iron production quadrupled. The sizesbtdst furnaces increased,
and Britain finally had production capabilities that could meet demand.

Cast materials and casting technologies progressed substantially from
the 19th century onwards. A new method of centrifugal casting was
developed in 1809 ikngland.However, in 1815, the War of 1812 ended,
ushering in a period of peace. Wit
the price and demand for iron. However, Britain had become the largest
producer of ironworks in all of Europe. In addition, its mammy and way of
life were reshaped and revolutionized by innovations in iron casting.

In 1818 first U.S. cast steel was produced by the crucible process at
Valley Forge Foundry. The extraction of aluminum from aluminum chloride
Is also reported during theame centurylhe first molding machine was
developed by S..Adams Co. in Pittsburgh and was available by 1837.

The urge to further develop the casting process led to the development
of a die casting machine to supply rapidly cast lead type for newsppaper
1849. Examination of castings was started by the development of
metallography in 1863 which enabled foundnen to polish, etch and
physically analyze the castings through optical microscopy. Next, sand
blasting was developed for large castings in 18301876 aluminum was
started to use as cast material and its first architectural application was
reported in 1884 when a cast aluminum pyramid was mounted on the tip of
Washington Monument. Some other developments during the 19th century
are oven for car drying (1887), nofart application of lost wax casting
method to produce dental inlays (1897), mold with bonded sand fer salt
water piping system (1898), and electric arc furnace for commercial
production of castings (1899).

In early 1900s, first paterior low pressure permanent mold casting
was issued in England. American Foundry Association (AFS) produced ralil
wheels by centrifugal casting process for the first time. The advancement in

13



the field continued with a die casting machine patented by H.HhIBoe
patents in 1905. Heat treatment and artificial aging was proposed in 1907 to
improve the properties of cast aluminum alloys. In 1910, jolt squeezing
machining became possible through the development of matchplates.
Another important development in 1®1was the experimentation on
bentonite clay due to its exceptional high green and dry strength. In addition
to that furnaces for neferrous melting were also developed during 1910s.

The quality of casting was first examined througiay radiography
in 1925 after which all military aircraft castings had to pagss¥inspection
for acceptance by 1940. The development of mathematical relationships
between casting geometry and solidification time was established by
Chvorinov in 1940. Also, statistical pra&=control was started to use for
casting quality control and assurance in 1940s in the United States. The
research on binders resulted in first hestctive, chemicalkgured binder
in Germany in 1944 for rapid production of mortar and artillery shalisid
World War Il. By 1948, ductile iron was not just limited to laboratory
castings and started to use as a cast material in industrial applications.

In order to increase the mold hardness (density), high pressure molding
was experimented in 1950s. Hoxbsystem to prepare and cure the cores
simultaneously was introduced in 1953 thereby eliminating the need of
dielectric drying ovens. In mid 1950s, squeeze casting process originated
from Russia. In addition to that a full mold process was developed 8 195
known as lost foam casting, where the pattern and gating systems were
carved from expanded polystyrene (EPS) and placed into a green sand mold.

During 1960s, Furan was developed as a binder to be used in core
production. Also shell flake resin was indiced in 1963 and it eliminated
the need for different solvents.
processo was developed for mass pr
20th century i.e.

19701999 brought more advancements to metal casting asch
development of vacuum forming or the-pvocess method in 1971 to
produce molds using unbonded sand by using vacuum. In 1974, Fiat
developed an imold process for ductile iron treatment.

During 1980s, it was started to investigate the casting processes
computationally an example of which is the development and
commercialization of a solidification software. In late 1980s, casting
solidification software gained acceptance in foundries resulting in
optimization of quality and cost of casting process nual reality. An
important development during this period was 3D visualization techniques
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followed by the rapid prototyping and CAD/CAM technologies in 1988
which significantly reduced the time of tool development.

Plasma ladle refining (melting and reafig in one vessel) was
introduced for the first time in 1993 at Maynard Steel Casting Company in
Milwaukee, WI. In order to cast large components through lost foam
castings, a lovwexpansion synthetic mullite sand is patented by Brunswick
Corp. in 1994.Microstructure simulations ithe mid 1990s enabled
designers to analyze effects of metallurgy and predict and control
mechanical properties of cast components.

Cast metal matrix composites (MMCs) were used in automobile
applications such as brake rotorsttog first time in 1996. In the same year,
General Motors Corp. developed a roric and recyclable, wateoluble
biopolymerbased core sand binder. Casting simulation developed further
towards the end of 1990s by stress and distortion simulation. asué,r
generation and distribution of residual stresses in the cast component could
be well understood which allowed to control casting distortion, reduce
residual stresses, minimize defects such as hot tears and cracking, minimize
mold distortion and immve mold life.

In 2001, a physicbased software was developed by NASA and
Department of Energy/OIT capable of predicting the filling of EPS patterns
and sand cores when process variable are changed.

In 2016, a new approach was developed which emphasmed
developing an accept/reject criteria for castings by integrating simulation
with mechanical performance simulations. Integrated simulations are
currently being researched with an aim to improve integrity and quality,
which eventually result in reliabperation of cast parts in service.

Today, nearly every mechanical device we use, from automobiles to
washing machines are manufactured using metal parts that were created
using the <casting process. The di
products andhiose that were manufactured even 100 years ago is the
precision and tolerances that can be achieved through the computerized
automated design process, and modern methods for producing the detailed
cores and molds. Modeday metal casting represents innima at work.

Throughout the centuries, various combinations of raw materials have
been developed to produce various metal types. Some cast products are use
In engines that require a high tolerance for heat and cold. Cast iron pipes
must resist corrosiorand high pressures. Other cast parts must be
lightweight but durable. In many applications, parts are designed to allow
for precise tolerance between expansion and contraction.
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2. METAL CASTING AS A MANUFACTURING PROCESS

Metal casting is the manufacturipgocess of forming metallic objects
by melting metal, pouring it into the shaped cavity of a mold and allowing
it to solidify. The process of casting involves the basic operations of pattern
making, sand preparation, molding, melting of metal, pouringhaids,
cooling, shakeout, fettling, heatreatment finishing and inspection,
performed orfoundrieswh at can be found in tod
castings? Similar to a factorybs p
composed of nine primary ci#ons:

1. First, foundries melt metal to extremely hot temperatures. This
requires heating raw metal and/or alloying elements into molten form so it
can be poured into molds. In order to achieve these temperatures, specialized
furnaces are used. Foundrieay house different furnaces based on the type
of material or casting process involved.

2. Some metals discharge quantities of hydrogen during cooling.
Hydrogen bubbles escape to the top of the surface at the moment of cooling
and solidification. Thiswil cr eat e porosity on th
to mechanical and chemical deterioration of the object over time. To combat
this, a foundry will employ various types of "degassing" equipment to
measure and regulate the amount of hydrogen presentofjd.

3. In order to create a casting from an original design, foundries require
mold and pattern making equipment. Depending on the casting process
involved, a foundry may offer several types of mold making systems. For
example, sand casting requiresesplized resin bonded sand molds.
Investment casting requires the creation of wax patterns and ceramic molds.
Die casting involves machining metals into molds using various alloys
containing zinc, copper, lead, pewter, and more.

4. In foundry operations often metal is transported, contained, or
poured. Crucibles, robotic arms, and gravity induced pouring machines are
used to move molten metal from one location to another. Metal workers will
also pour molten metal by hand using ladles.

5. Once a mold solifles, equipment is used to eject the final object
from the mold. This requires the use of specialized cutting torches, saw
blades, sledge hammers, or even knockout machinery to eject the casting
from the mold.
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6. Foundries also employ equipment used tt kreat metals in order
to alter their physical properties. Using specific techniques in heating and
cooling, a metal 0s properties ar e
hardening, tempering, and quenching.

7. Once the casting is ready, its surface piogee still require
treatment. Excess mold media such as sand or metal particulate need to be
removed. In this case, various surface treatments are used. This can include
high powered compressed air or surface blasting with beads, metals, or other
media.

8. Now that the casting is clean, final finishing takes place. The
finishing process involves equipment for grinding, sanding, machining,
painting, and welding to achieve whatever is requested by the customer.

Foundries are simply factories that provideebkteasting services.
Castings are the end product created by foundries. The tools, techniques,
and processes used to make castings were berthed under the roof of the
foundry. To this day, the pillars of our industry depend on foundries to create
castings ball sizes and for every sector of our society.

Certain advantages are inherent in the metal casting processes. These
may form the basis for choosing casting as a process to be preferred over
other shaping processes. Some of the reasons for the suctessadting
process are as follows3;118].

The most intricate of shapes, both external and internal, may be cast.
As a result, many other manufacturing operations such as machining,
forging, and welding may be minimized or eliminated.

Because of theimetallurgical nature, some metals can only be cast to
shape since they cannot be-airked into bars, rods, plates, or other shapes
from ingot form as a preliminary to other processing. A good example of
casting is the family of cast irons which are lowst, extremely useful, and
exceed the total of other metals in tonnage cast.

Casting is a simplified manufacturing process. An object cast as a
single piece often would otherwise require multiple manufacturing steps
(stamping and welding, for example)lde produced any other way.

Casting can be a lowost, highvolume production process, where
large numbers of a given component may be produced rapidly. Typical
examples are plumbing parts and automotive components such as engine
blocks, manifolds, brakealipers, steering knuckles, and control arms.
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Extremely large, heavy metal objects such as pump housings, valves,
and hydroelectric plant parts which could weigh up to 200 tons may be cast.
These components would be difficult or economically impossible t
produce otherwise. Some engineering properties such as machinability,
bearing, and strength are obtained more favorably in cast metals. In addition,
more uniform properties from a directional standpoint can be expected,
which is not generally true for wught products.

Casting technology has progressed significantly, allowing products to
be cast with very thin cross sections, often referred to aswthiircasting";
such capabilities allow designers to reduce the casting weight that is often
assumed nessary for production.

One has to consider the economic advantages of the casting process.
In the aerospace industry, some components are still being machined out of
forged or rolled pieces despite the fact such pieces can be cast more
economically to medghe design criteria, especially with respect to strength
and toughness. In some cases, the casting process may give way to othel
methods of metal processing. For example, machining produces smooth
surfaces and dimensional accuracy not obtainable inthey way; forging
aids in developing the ultimate tensile strength and toughness in steel;
welding provides a convenient method of joining or fabricating wrought or
cast parts into more complex structures; and stamping produces lightweight
steel metal past Thus the engineer may select from a number of metal
processing methods, singularly or in combination, which is most suited to
the needs of his or her work.

In comparison to other manufacturing processes like rolling, forging,
welding, powder metallurgynachining, pressing etc., the casting process
has the following advantages:

1. There is no restriction on the type of metal or alloy for casting
operation. In other processes like forging only a few ductile materials can
be formed whereas a brittle met&idicast iron cannot be manufactureok F
example,high alloy steels of higimelting temperature to lowmelting
aluminium alloys.

2. There is no restriction on the size of the component for casting.
Items from a few grams to many tons weight are producedabting
process. There are severe problems in manufacturing larger parts by
processes like powdenetallurgy, forging etc. & examplewatch cases of
few grams to rolling milhousings, kilrtyres of 50 tons each.
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Extremely large, heavy metal objects sashpump housings, valves,
and hydroelectric plant parts which could weigh up to 200 tons may be cast.
These components would be difficult or economically impossible to
produce otherwise.

3. The most intricate external and internal shapes can be formed by
caging process, by suitable molding and earaking techniques. No such
possibility exists in the other forming methods as rollingr Example,
automobile cylinder blocks, carburetors, valve bodies.

4. Casting technology has progressed significantly, allownoglucts
to be cast with very thin cHwalss s
castingo; such capabilities allow
Is often assumed necessary for production

5. Because of their metallurgical nature, some metaisonly be cast
to shape since they cannot be-thvarked into bars, rods, plates, or other
shapes from ingot form as a preliminary to other processing. A good
example of casting is the family of cast irons which are low cost, extremely
useful, and exceethé¢ total of other metals in tonnage cast

6. Some engineering properties such as machinability, bearing, and
strength are obtained more favorably in cast metals. In addition, more
uniform properties from a directional standpoint can be expected, which is
notgenerally true for wrought products.

7. Casting is a simplified manufacturing process. An object cast as a
single piece often would otherwise require multiple manufacturing steps
(stamping and welding, for example) to be produced any other way.

8. A wide range bproperties can be obtained in castrts by suitable
choice of alloy and hedteatment. Special properties like corrosion
resistance, heat resistance, damping capacity, high strength etc., are
possible.

9. Casting can be a lowost, highvolume productiomprocess, where
large numbers of a given component may be produced rapidly. Typical
examples are plumbing parts and automotive components such as engine
blocks, manifolds, brake calipers, steering knuckles, and control arms.

10.The casting process is econontigasuitable for both small
quantity jobbing production as well as mass production by automatic
machines. In the other process like rolling or forging, it is difficult to have
flexibility in productionrun without increasing costin the aerospace
industry, some components are still being machined out of forged or rolled
pieces despite the fact such pieces can be cast more economically to meet
the design criteria, especially with respect to strength and toughness
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11.The casting process is still the cheapestilable technique for
forming many components from raw materials to the final usable stage. So
it remains the fundamental manufacturing process inspire of many
developments in other fields.

In some cases, the casting process may giwetavather methodef
metal praessing. For example, machining produces smooth surfaces and
dimensional accuracy not obtainable in any other way; forging aids in
developing the ultimate tensile strength and toughness in steel; welding
provides a convenient method of joiniogfabricating wrought or cast parts
into more complex structures; and stamping produces lightweight steel
metal parts. Thus the engineer may select from a number of-metal
processing methods, singularly or in combination, which is most suited to
the needsf his or her work

Casting process has the followingadvantages:

1. Metal casting involves melting of metal which is a high energy
consuming process. Due to the growing cost of energy, many restrictions
are being imposed on the eneifigiensive metal castg units in several
countries. For example, about 2000 kWh of power is required to produce a
ton of finished steel castings.

2. Metal casting is still highly laboumtensive compared to other
processes. The productivity is thereby less than in other autgmmatesses
like rolling.

3. The quantum of raw materials required for producing a ton of
castings is quite high, needing exhaustive buildings, handling systems, large
space and inventory costs. For example, for producing each ton of steel
castings about 2,@ns of metallics, 0,3 ton refractories, 1,2 ton of facing
sand, 4 tons of backing sand are needed apart from many other minor
materials.

4. The time required for the process of making castings starting from
receipt of drawing is quite long compared to ofr@icesses like machining.

On average, a mediusize ferrous casting takes 2 to 4 months for the first
casting. Thus the entire cycle of order execution for castings can take
between 3 months to ormdahalf years depending on size, intricacy,
compositian, quantity to be cast, etc.

5. The working condition in foundries, due to heat, dust, fumes, heaps
of scrap, castings, and, slag etc. at different stages, are quite bad comparec
to other process industries. The environmental pollution is high in metal
castirg industries. This is leading to closure of foundries in advanced
countries like Germany, Switzerland etc., both by governmental legislation
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and by unpopularity as a profession.

Despite thisthe casting production is considered of the main factors
influencing the development ofvorld economy. Actual capacity of the
worl débs casting pr odu ciltionsonetric towsperc h
year (2@0), is strongly diversified. The last decade brought significant
changes in the Word map of the greatestimggroducers. Globalization
and transformation of economic systems is reflected by variations of
foundry production in different countries, moreover the globalization of
economy is regarded not only as a chance but also as a menace for the
European foundes [24)].

The most important research directions leading to further development
of the foundry industry:

- development of newethnologies and casting alloys,

- melting and liquid metal preparation,

- manufacturing of molds and cores,

- preparation of cgting maerials and composites,

- pouring, soldifying and cooling of casting,

- technological waste management,

- new producthn systems and quality control,

- sustainable elivelopment of foundry industry,

- energy and material effient technologies.

European metatastingindustry, just as most European and USA
manufacturing, suffered greatly from the early in this decade. Moreover,
substantial dynamics in the global economy, especialbglodfe sourcing
of cast metal components as well as thesbffre manufacturing ofudable
goods that require castings continue to profoundly reshape European metal
casting industry. The effects of the recession were magnified by the influx
of low-priced castings from offhore sources including Brazil, India and
particularly China. Nowaalys it is becoming clear that economic trends and
technological advances are creating an inflection point in the growth rate for
cast metals components. The growth in the world economy demand for
casting related to transportation and an industrializedstriucture. Metal
casters need to invest in technology and in people. A meaningful
Improvements in casting design, modeling, prototyping and production will
be of the highest importance if foundries want to achieve increasing the
capabilities and lower cts
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Finally foundries need to invest in people. The knowledge and skills
needed to keep pace are changing even faster than the technology. Over the
next 50 years, new skills will need to be developed every three to five years.
Ongoing training and educati will be amust for successful foundries.

These five trends are important for foundries in 2020.

Aluminum is displacing classic steel, the shortage of skilled workers
Is to be compensated for by progressive automation, and environmental
protection is inceasingly becoming a prioritythis is only a small part of
the topics that will dominate the foundry industry this year and in the years
to come. We present you with five trends that you should keep an eye on
this year.

1. Aluminum instead of steel.

Ever more products are produced with the material aluminum. There
are numerous reasons for this: The automotive industry is just as pleased as
the avionics sector when it comes to lighter components. However, the
stability of aluminum is also a major factam.ihechanical engineering, this
material is also used for mechanically demanding tasks.

In 2019, approximately six per cent more aluminum was produced
than in the previous year. The higher price of the material becomes an ever
smaller argument against thisetal: The price of the finished product
decreases due to advanced manufacturing methods anebfstia¢eart
machinery. Raw material prices have been comparatively high for years, but
they are not affected by as many fluctuations as metal.

2. Automation de to lack of skilled workers.

Fewer and fewer people are working in the foundry industry. Harsh
working conditions and falling training figures suggest further declines. In
order to remain competitive, companies rely on samomated or
completely autonmous systems to maintain or even increase their
production.

By no means does this lead to further job cuts. Quite the opposite:
Employees are able to invest more time in designing or testing instead of
pressing buttons on machines, transporting raw mé&erdilling molten
metal at high risk. At the same time, this increases the interest of younger
generations to get involved in the design or the development of the foundry
industry.

3. Digitization and Industry 4.0.
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Sensors, linked machines and smamtoas have no fear for the
foundry either: Numerous production sites are already centrally connected.
Not only foundries, but also customers and potential clients benefit from the
data. Processes can be opaea with big data and possible bottlenecks and
errors in the system can be detected at an early stage. Manual adjustments
in the operating procedure are less necessary.

New technologies like virtual reality help companies to present
themselves to the outside world. Thus, a virtual tour of the praatubdlls
becomes possible for everyone. Safety concerns are no longer neeessary
furthermore, a presentation of the company is possible everywhere. Thanks
to augmented reality, technicians can easily adjust or repair machines with
a superimposed virtuaiiage. Also virtual learning becomes easier with the
new technologies. Meanwhile, numerous CAD programnoan also be
used by way of 3D glasses to make prototyping more efficient.

4. Environmental protection and eco metals.

Foundries are considered to bmangst the most enerdyngry
industries in Germany. Atudy by the Federal Environment Ageugves
that the majority of foundrge could get their energy requirements from
renewable energies. For this, howewsergy storage devicase necessary
that can meet the enormous requirements for continuousnigay
operation.

Through the use of me efficient casting molds, fewer raw materials
are required, which also do not need to be transported. The energy
requirement can be further reduced by using more efficient furnaces in order
to make the entire production process more environmentallydfyien

5. Additive manufacturing.

Particularly for smaller cast products, things could change soon: More
and more 3D printers are managing to deal with metals. Selective laser
sintering (SLS) applies metal layer by layer in order to produce small
componentscosteffectively, quickly and more accurately than with
conventional processes. Depending on the individual applicatdutitive
manufacturingffers various sizes ranging from half a cubic en& entire
warehouses that can be converted.

The innovative technology is already being used in projects that
require only a small quantity of thimal product. Structures, which would
not be possible in normal casting, pose no problem for additive
manufacturing either. For large quantities and parts with larger dimensions,
not much will change for the time being.

23


https://www.bmu.de/fileadmin/Daten_BMU/Pools/Forschungsdatenbank/fkz_3712_44_347_erneuerbare_energien_bf.pdf
https://www.eseexpo.de/
https://www.gifa.com/cgi-bin/md_gmtn/lib/pub/tt.cgi/Additive_manufacturing_Cheaper_faster_better.html?oid=318716&lang=2&ticket=g_u_e_s_t&_ga=2.222948888.2025285605.1548022169-618352536.1544440011
https://www.gifa.com/cgi-bin/md_gmtn/lib/pub/tt.cgi/Additive_manufacturing_Cheaper_faster_better.html?oid=318716&lang=2&ticket=g_u_e_s_t&_ga=2.222948888.2025285605.1548022169-618352536.1544440011

The structure of the modern foundirydustry is complex. Directly
related to the traditional industry are the jobbing foundries with their
capacity for undertaking work involving a wide range of sizes and designs.
Quantity requirements are usually small and there is still some dependence
on manual operations even though much of the heavy labor is removed by
mechanical aids. At the opposite end of the scale are the specialized
foundries, with their emphasis either on the mass production of a limited
range of articles or on the use of a sirgflecial casting process. Many such
foundries are captive to engineering organizations which incorporate
castings in their own finished products.

The jobbing foundry is constantly presented with new problems in the
molding of individual design featuresd@m the determination of casting
methods which will ensure a sound product at the first attempt. Whilst some
minor design variations can be accommodated by recourse to the skill of the
molder, the casting method must either be systematically evolvedainom
understanding of the underlying principles or must incorporate wide
margins of safety at the risk of uneconomic production. This is where the
introduction of computer simulation can save both costs and time by
validating the intended casting method wefany molten metal is actually
poured.

In the mass production foundry, by contrast, the emphasis is upon
close process control to maintain consistency in materials and procedures.
Sophisticated pattern equipment eliminates the need for a high degree of
skill in molding, whilst there is opportunity for progressive development of
the casting method to reduce margins and achieve the most economic
production.

This picture of the industry is necessarily simplified since many
companies operate in several feldvith jobbing and mass production,
conventional and highly specialized processes operating in parallel.
Similarly, although most foundries base their activities on a limited range of
alloys, for example grey cast iron or steel, copper base or die cakbiys)
other firms produce several of these materials side by side.
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3. METALS AND ALLOYS USED IN METAL CASTING

Different cast parts have different requirements. &ample, some
need to be as strong as possible, while others need to be as light as possible
The right metal for one part might not be the right metal for another, so it's
Important to know options before using cast parts. To get started, here is an
oveniew of the eight most common metals used in manufacturing today:
gray iron, white iron, ductile iron, stainless steel, carbon steel, colaped
alloy, nickeltbased alloy, aluminum alloy.

Gray iron.Depending on the class of gray iron, different levels of
machinability and strength can be achieved. Softer, more machinable gray
iron can have tensile strengths as low as 20,000 psi. Tougher, less
machinable iron can have tensile strengths triple that.

Whiteiron is known for its excellent wear resistance. 8aevhite irons
have high levels of chromium or other alloys for increased performance of
high-temperature service, or for corrosion resistance.

Ductile iron also ranges in strength, and has a higher level of tensile
strength than gray iron. This wide rangfestrengths allows ductile iron to
serve a wide variety of markets.

Stainless steel is the classification of steel that contains a chromium
content of 10.5% or higher. | t 6s Db
also provides a high level of touglasse Higher levels of corrosion resistance
can be reached using higher levels of chromium and molybdenum.
Drawbacks to stainless steel include its lower level of machinability and
medium tensile strength. These properties make stainless steel a great optior
for parts in oxidizing or corrosive environments.

Carbon steel has virtually no alloying elements. As a result, carbon
steel offers very high level of machinability and weldability, while
maintaining a high level of toughness.

Alloy steel is created by ating elements to carbon steel. These
elements can include: manganese, nickel, molybdenum, silicon, vanadium,
chromium, boron and titaniumllioy steels have improved tensile strength,
hardness and wear resistance, but sacrifice some weldability and tssighne

Copperbased alloys, in general, have a high level of corrosion
resistance which can make these metals a great choice fetelongost
efficiency. Apart from that, the properties are dependent on what other
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elements are in the end combination. Ondthefmost popular coppérased
alloys isbrasswhich is a made up of copper and zinc as well as bronze
which is itself an alloy, generally made up of copper and tin and/or lead.

Nickel-based alloys have excellent corrosion resistance. Nickel is
often coypled with copper, chromium, zinc, iron, and manganese to achieve
different properties. The right combinations can have the tensile strength of
carbon steel with good ductility and wear resistance. Alloys containing high
levels of nickel are often used ihamical handling equipment.

Aluminum alloy, a popular choice in die casting, is a very castable
alloy. Other great gualities of aluminum are its high level of machinability,
which can reduce costs, and its high level of corrosion resistance, which
allows duminum to have a wide range of applications.

The following chartTable 2) offers a comparison of characteristics of
different alloys, including corrosion resistance, machinability, price, tensile
strength, hardness, weldability, wear resistance and nesgh

Table 2i Casting metal comparison chart

Characte | Gray| White|Ducti- Stain Alloy SarborCOppeN'CkelAlumi-
. ) : : less based basec
ristic iron | iron |le iron steel| steel num

steel alloy | alloy

Cor_rosmn very| very | very high | low | low | high very medk

resistance low | low | low high | um

Machina | very| . : medk| medk| . :

bility high high | high | low um | um high | low | high

Price very | very | very high medk low | VEry | very medk

low | low | low um high |high | um

Tensile |medk| very \medi| very | . medk medk

: high low low
strength | um |high | um | low um um

Hardress | high| Y™ | high | low | high | 9| |ow [MediY very

low um m | low

Weld very | very | very | medk low very | very low medk

ability low | high | low | um high | high um

wear | pign | very |medk) very Lo imedkl o | low | Tow
resistance low | um |low um

Tough very| very | very| very| high medk high medk

ness low | low |low |high um um

26



4. FUNDAMENTALS OF METAL CASTING
4.1. Metal castingbasics: molds, patterns, cores and gatingnd
elements of a gating system

A mold is formed into the geometric shape of a desired part. Molten
metal is then pared into the mold, the mold holds this material in shape as
it solidifies. A metal casting is created. Although this seems rather simple,
the manufacturing process of metal casting is both a science and an art. Let's
begin our study of metal casting wttie mold. First, molds can be classified
as either open or closed. An open mold is a container, like a cup, that has
only the shape of the desired part. The molten material is poured directly
into the mold cavity which is exposed to the open environment.

Molten metal Main cavity

Flask Mold material
Figure 4- Open mold

This type of mold is rarely used in manufacturing production,
particularly for metal castings of any level of quality. The other type of mold
Is a closed mold, it contains a delivery system for the molten material to
reach the mold cavity, where the part will harden within the mold. A very
simple closed mold is shown kigure5. The closed mold is, by far, more
Important in manufacturing metal casting operations.

There are many different metal casting processes used in the
manufcture of parts. Two main branches of methods can be distinguished
by the basic nature of the mold they employ. There is expendable mold
casting and permanent mold casting. As the name implies, expendable
molds are used for only one metal casting whilenagrent molds are used
for many. When considering manufacturing processes, there are advantages
and disadvantages to both.
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Pouring Cup Molten Metal Main Cavity

Flask Mold Material

Figure 5- Closed mold

Expendablemold Permanentmold
7 Can produce one metal cast ¢ Can manufacture many mel
only. castings.
17 Made of sand, plaster, or ott ¢ Usually made of metal rc
similar maerial. sometimes a  refractor
7 Binders used to help mater ceramic.
hold its form. 17 Mold has sections that cc
17 Mold that metal solidifies i open or close, permittin
must be destroyed to rema removal of the casting.
casting. 1 Need to open mold limits pa
1 More intricate geometries a shapes.

possible for casting.

Patterns.

Expendable molds require some sort of pattern. The interior cavities
of the mold, in which themolten metal will solidify, are formed by the
impression of this pattern. Pattern design is crucial to success in
manufacture by expendable mold metal casting. The pattern is a geometric
replica of the metal casting to be produced. It is made slightlysizeeto
compensate for the shrinkage that will occur in the metal during the casting's
solidification, and whatever amount of material that will be machined off
the cast part afterwards. Although machining will add an extra process to
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the manufacture of part, machining can improve surface finish and part
dimensions considerably. Also, increasing the machine finish allowance
will help compensate for unknown variables in shrinkage, and reduce
trouble from areas of the metal casting that may have beenallygino

thin or intricate.

Pattern material.

The material from which the pattern is made is dependent upon the
type of mold and metal casting process, the casting's geometry and size, the
dimensional accuracy required, and the number of metal castings to
manufactured using the pattern. Patterns can be made from wood, like pine
(softwood), or mahogany (hardwood), various metal, like aluminum, cast
iron, or steel. In most manufacturing operations, patterns will be coated with
aparting agento ease theiremoval from the mold.

Cores.

For metal castings with internal geometgresare used. A core is a
replica, (actually an inverse), of the internal features of the part to be cast.
Like a pattern, the size of the core is designed to accommodate fdagjerin
during the metal casting operation. Unlike a pattern, a core remains in the
mold while the metal is being poured. Hence, a core is usually made of a
similar material as the mold. Once the metal casting has hardened, the core
Is broken up and removeduch like the mold. Depending upon the location
and geometry of the core within the casting, it may require that it is
supported during the operation to prevent it from moving or shifting.
Structural supports that hold the core in place are caleglets The
chaplets are made of a material with a higher melting temperature than the
casting's material, and become assimilated into the part when it hardens.
Note that when manufacturing a metal casting with a permanent mold
process, the core will be a parttbé mold itself.

The mold.

A typical mold is shown ifrigure®6.

When manufacturing by metal casting, consideration of the mold is
essential. The pattern is placed in the mold and the mold material is packed
around it. The mold contains two parts, thegd(hottom), and the cope
(top).

The parting line between the cope and drag allows for the mold to be
opened and the pattern to be removed once the impression has been made.
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Cope
Mold Material

e

Pattern

Drag

Figure 6- Typical mold

Cope Pattern

Drag Parting line

Figure 7- Elements of the mold imanufaturing
by metal casting

The core is placed in the metal casting after the removal of the pattern.
Figure 8 shows the pattern impression with the core in place.

Now the impression in the mold contains all the geometry of the part
to be cast. This metahsting setup, however, is not complete. In order for
this mold to be functional to manufacture a casting, in addition to the
impression of the part, the mold cavity will also need to include a gating
system. Sometimes the gating system will be cut by bamad more adept
manufacturing procedures, the gating system will be incorporated into the
pattern along with the part. Basically, a gating system functions during the

metal casting operation to facilitate the flow of the molten material into the
mold cavty.
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Cope Patterr

Drag Part impression Chaplet Core

Figure 8- Pattern impression with the core in place

Elements of a gating system.

Pouring basin.

This is where the molten metal employed to manufacture the part
enters the mold. The pouring basin should have a projection with a radius
around itto reduce turbulence.

Down sprue.

From the pouring basin, the molten metal for the casting travels
through the down sprue. This should be tapered so its-seasi®n is
reduced as it goes downward.

Sprue base.
The down sprue ends at the sprue basehkre that the casting's inner
cavity begins.

Ingate/choke area.

Once at the sprue base, the molten material must pass through the
ingate in order to enter the inner area of the mold. The ingate is very
important for flow regulation during the metal tag operation.

Runners.

Runners are passages that distribute the liquid metal to the different
areas inside the mold.
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Main cavity.
The impression of the actual part to be cast is often referred to as the
main cavity.

Vents:

Vents help to assist in the@pe of gases that are expelled from the
molten metal during the solidification phase of the metal casting process.

Risers.

Risers are reservoirs of molten material. They feed this material to
sections of the mold to compensate for shrinkage as thegastidifies.
There are different classifications for risers.

Top risers: Risers that feed the metal casting from the top.

Side risers:Risers that feed the metal casting from the side.

Blind risers: Risers that are completely contained within thednol

Open risers:Risers that are open at the top to the outside environment.

Pouring basin Sprue Open riser ing line
Radii /Runner

Ingate Blind riser Main cavity Core
(fihoke) Chaplet

Figure 9- Gating system for casting
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Functional requirements of molding materials.

A foundry molding mixture passes through four main production
stages, namely pparation and distribution, mold and core production,
casting, and cleaning and reclamation. The property requirements of the
materials are determined by molding and casting conditions; the preparation
and reclamation stages will, however, also be consitjerith particular
reference to integrated sand systems.

The principal properties required at the molding stage are flowability
and green strength: the former is a measure of the ability of the material to
be compacted to a uniform density. The ideabbeé of these properties
depends largely upon the intended method of compaction, which may vary
from hand ramming with tools to jolt, squeeze and impact ramming on
molding machines and high velocity delivery on sand slingers and core
blowers. High flowabity is particularly necessary in the case of the-non
selective ramming action of the molding machine, where the energy for
compaction must be transmitted throughout the sand mass.

The need for green strength arises when the pattern is withdrawn and
the mdd must retain shape independently without distortion or collapse. The
stress to which the molding material is subjected at this stage depends upon
the degree of support from box bars, lifters and core irons and upon the
shape and dimensions of the compé&ess green strength is needed for a
shallow core supported on a core plate or carrier than for a cod of sand
forming a deep mold projection.

In many cases, however, dimensional stability and high accuracy may
be achieved without the need for appreciaileen strength, as when the
mold or core is hardened in contact with the pattern surface, a common
circumstance when modern bonding systems are employed.

Moving to the pouring stage, many molds are cast in the green state,
but others, including most ohtse for heavy castings, are hardened to
generate greater rigidity under the pressure and erosive forces of the liquid
metal. This state was formerly achieved by the high temperature drying of
clay bonded sands or the baking of traditional cores and#hibutias been
largely superseded by the chemical hardening of sands containing reactive
binders of the modern organic and silicate types. At this stage, therefore, dry
strength i.e. strength in the hardened or dried condition is significant; even
in greenand practice dry strength is required, to avoid friability should the
mold partially dry out during standing before casting.

The other main requirement at the casting stage is for refractoriness,
or the ability of the mold material to withstand high tenaperes without
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fusion or other physical change. This property is primarily important in the
manufacture of high melting point alloys, especially steel; for alloys of
lower melting point, refractoriness can be subordinated to other
requirements. In the pdoiction of very heavy castings, a considerable layer
of molding material rises to a temperature at which normal mechanical
properties are no longer the main criterion governing dimensional stability
and resistance to contraction. Depending upon the makg chsting, the
sand may require an appropriate combination of high temperature
properties, including hot strength to withstand distortion and the capacity
for deformation to yield to the contraction of the casting. Collapsibility
determines the readiresvith which the molding material will break down

in knockout and cleaning operations.

A further feature of the casting stage is the gas evolved and displaced
from the mold. Much of this can be exhausted through open feeder heads
and vents, but a large mne must also be dissipated through the pore
spaces of the sand. This problem is greatest for greensands and core sand:
The evaporation of each 1% of moisture from green molding sand can be
shown to generate over 30 times its own volume of steam; thasadieled
in other types of sand by gases from volatilization and decomposition of
organic compounds. To provide a path for the escape of gas, permeability is
an essential property, giving protection against surface blows and similar
defects. Fineness igquired for the prevention of metal penetration and the
production of smooth casting surfaces. Since both permeability and fineness
are functions of grain size and distribution, the two properties are in conflict
and a compromise is usually necessary.

Fineness may be achieved by using fine grained sands, by continuous
grading or by the incorporation of filler materials, but all these measures
also reduce permeability. An alternative approach is to use a highly
permeable molding material and to obtain acef fineness by the use of
mold coatings.

Molding materials need certain further qualities which are not
necessarily measurable by standard tests. Examples are bench life, the
ability to retain molding properties on standing or storage, and durability,
the capacity to withstand repeated cycles of heating and cooling in
integrated sand systems. It is thus evident that the qualities required in a
molding material cannot readily be defined in terms of simple physical
properties.

For complex aggregates bulkoperties are of greater significance and
some of these can be measured directly by simple tests upon sand compacts
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Other qualities are represented in specially developed empirical tests
designed to reproduce conditions encountered in the foundry. Tdstse t

in conjunction with the direct measurement of more fundamental

characteristics such as mechanical grading and chemical composition,
provide the basis for the control and development of molding material

properties.

Many castings, including most of th® made by machine molding, are
cast in greensand molds, and the introduction of high pressure molding
machines enabled even castings in the tonnage weight range to be producec
to acceptable quality standards. There are strong economic incentives to use
this low cost system, but hardened molds are preferred in many cases,
patticularly for heavier castings.

Bonding materials.

The function of the binder is to produce cohesion between the
refractory grains in the green or hardened state. Since bonding eaiegia
not highly refractory, the required strength must be obtained with the
minimum possible addition.

Many substances possess bonding qualities, including clays, starch
compounds, silicates and numerous organic resins and oils, both synthetic
and natual: they may be used singly or in combination. Clay bonded sands
are distinguished by the fact that they can be recirculated in closed systems
and the bond regenerated by the addition of water; the action of most other
binders is irreversible and the maldi material has to be discarded after a
single production cycle, although it is normally reclaimed at least in part for
further use after suitable treatment.
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4.2. The metal casting operation.
Pouring, fluidity, risers, shrinkage and other defects

In theprevious section the fundamentals of the metal casting process,
as the basic starting point for metal fabrication and part manufacture, were
covered. Setup and design of a system to perform a casting operation was
explained. Main topics were molds, patigrcores, and the elements of a
gating system. In this section we will explain the operation itself. We will
begin by assuming that there is a mold with a proper gating system in place
and prepared for the metal casting operation.

Pouring of the metal.

When manufacturing by metal casting, pouring refers to the process
by which the molten metal is delivered into the mold. It involves its flow
through the gating system and into thain cavity(casting itself).

Goal. Metal must flow into all regions ohé mold, particularly the
casting's main cavity, before solidifying.

Factors of pouring.

Pouring temperature.

Pouring temperature refers to the initial temperature of the molten
metal used for the casting as it is poured into the mold. This temperature
will obviously be higher than the solidification temperature of the metal.
The difference between the solidification temperature and the pouring
temperature of the metal is called th@erheat

Superheat Pouring
% - temperature
! Melting
tempeature
Temperature
v Room
temperature

Figure 10- Allocating temperatures
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Pouring rate.

Volumetric rate in which the liquid metal is introduced into the mold.
Pouring rate needs to be carefully controlled during the metal casting
operation, since it has certain effects on the manufacture of the part. If the
pouring rate is too fast, then turboée can result. If it is too slow, the metal
may begin to solidify before filling the mold.

Turbulence.

Turbulence is inconsistent and irregular variations in the speed and
direction of flow throughout the liquid metal as it travels though the casting.
The random impacts caused by turbulence, amplified by the high density of
liguid metal, can cause mold erosion. An undesirable effect in the
manufacturing process of metal casting, mold erosion is the wearing away
of the internal surface of the mold.

It is particularly detrimental if it occurs in the main cavity, since this
will change the shape of the casting itself. Turbulence is also bad because it
can increase the formation of metal oxides which may become entrapped,
creating porosity in the solid casd.

Fluidity.

Pouring is a key element in the manufacturing process of metal casting
and the main goal of pouring is to get metal to flow into all regions of the
mold before solidifying. The properties of the melt in a casting process are
very important.The ability of a particular casting melt to flow into a mold
before freezing is crucial in the consideration of metal casting techniques.
This ability is termed the liquid metals fluidity.

Test for fluidity.

In manufacturing practice, the relative fluydiof a certain metal
casting melt can be quantified by the use of a spiral mold. The geometry of
the spiral mold acts to limit the flow of liquid metal through the length of its
spiral cavity. The more fluidity possessed by the molten metal, the farther
into the spiral it will be able to flow before hardening. The maximum point
the metal reaches upon the casting's solidification may be indexed as that
melts relative fluidity.
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Pouring basin

Sprue

Maximum point of flow
(after solidification)

Spiral mold

Figure 11- Spiral mold test

How to increase fluidity in metal castin@

Increase the superheatlf a melt is at a higher temperature relative to
its freezing point, it will remain in the liquid state longer throughout the
metal casting operation, and hence its fluidity will increase. However, there
are disadvantages to manctiaing a metal casting with an increased
superheat. It will increase the melts likelihood to saturate gases, and the
formation of oxides. It will also increase the molten metals ability to
penetrate into the surface of the mold material.

Choose an eutedt alloy, or pure metal.

When selecting a manufacturing material, consider that metals that
freeze at aonstant temperatutgave a higher fluidity. Since most alloys
freeze over demperature rangehey will develop solid portions that will
interfere wih the flow of the still liquid portions, as the freezing of the metal
casting occurs.

Choose a metal with a higher heat of fusiortHeat of fusion is the
amount of energy involved in the liqusblid phase change. With a higher
heat of fusion, the solidifation of the metal casting will take longer and
fluidity will be increased.
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Shrinkage.

Most materials are less dense in their liquid state than in their solid
state, and more dense at lower temperatures in general. Due to this nature, &
metal casting undgoing solidification will tend to decrease in volume.
During the manufacture of a part by casting this decrease in volume is
termed shrinkage. Shrinkage of the casting metal occurs in three stages:

1. Decreased volume of the liquid as it goes from the poung
temperature to the freezing temperature.

Shrinkage
d
]
Temperature Temperature
pouring freezing

Figure 12- The first stage

2. Decreased volume of the material due to solidification.

Shrinkage

=

Temperature Temperature
freezing (liquid) freezing (solid)

Figure 13- The second stage
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3. Decreased volume of the material as it goes from freezing
temperature to room temperature.

Shrinkage Shrinkage
—)| — —
Shrinkage
|
T
Temperature Temperature
freezing (solid) room

Figure 14- The third stage

Risers.

When designing a setup for manufacturing a part by metal casting,
risers are almost always employed. As the metal casting begins to
experience shrinkage, the mold will need additional materieompensate
for the decrease in volume. This can be accomplished by the employment
of risers. Risers are an important component in the casting's gating system.
Risers, (sometimes called feeders), serve to contain additional molten metal.
During the madl's solidification process, these reservoirs feed extra material
into the casting as shrinkage is occurring.

Thus, supplying it with an adequate amount of liquid metal. A
successful riser will remain molten until after the metal casting solidifies. In
order to reduce premature solidification of sections within the riser, in many
manufacturing operations, the tops of open risers may be covered with an
insulating compound, (such as a refractory ceramic), or an exothermic
mixture.

Porosity.

One of the biggst problems caused by shrinkage, during
manufacture of a cast part, is porosity. It happens at different sites
the material, when liquid metal can not reach sections of the metal «
where solidification is occurring. As the isolated liqumgbtal shrinks,
porous or vacant region develops.
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Into mold Into mold Into mold

Figure 15- Types of risers

Development of these regions can be prevented during the
manufacturing operation, by strategically planning the flow of the liquid
metal into the casting through goowbld design, and by the employment of
directional solidification These techniques will be covered in detail in the
gating system and mold desigaction. Noteghat gases trapped within the
molten metal can also be a cause of porosity. The effeassswhile
manufacturing parts by metal casting will be discussed in thesgsection.
Although proper metal casting methods can help mitigate the effects of
shrinkage, some shrinkage, (like that which occurs in the cooling of the
work metal from the top of the solid state to room temperature), can not be
avoided. Therefore, thenpression from which the metal casting is made is
calculated oversized to the actual part, and the thermal expansion properties
of the material used to manufacture the part will be necessary to include in
the calculation.

Other defects.

The formation ofvacancies within the work material due to shrinkage
IS a primary concern in the metal casting process. There are numerous other
defects that may occur, falling into various categories.

Metal projections.

The category of metal projections includes allwanted material
projected from the surface of the part. The projections could be small,
creating rough surfaces on the manufactured part, or be gross protrusions.
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Cavities.

Any cavities in the material, angular or rounded, internal or exposed,
fit into this category. Cavities as a defect of metal casting shrinkage or gases
would be included here.

Discontinuities.

Cracks, tearing, and cold shuts in the part qualify as discontinuities.
Tearing occurs when the metal casting is unable to shrink naturallg and
point of high tensile stress is formed. This could occur, for example, in a
thin wall connecting two heavy sections. Cold shuts happen when two
relatively coldstreams of molten metal meet in the pouring of the casting.
The surface at the location whetkey meet does not fuse together
completely resulting in a cold shut.

Defective surface.
Defects effecting the surface of the manufactured part. Blows, scabs,
laps, folds, scars, blisters, etc.

Incomplete casting.

Sections of the metal casting did notrh. In a manufacturing process
causes for incomplete metal castings could be; insufficient amount of
material poured, loss of metal from mold, insufficient fluidity in molten
material, cross section within casting's mold cavity is too small, pouring was
done too slowly, or pouring temperature was too low.

Incorrect dimensions or shape.

The metal casting is geometrically incorrect. This could be due to
unpredicted contractions in the part during solidification. A warped casting.
Shrinkage of the metal casj may have been miscalculated. There may
have been problems with the manufacture of the pattern.

Inclusions.

Unwanted particles contained within the material act as stress raisers,
compromising the casting's strength. During the manufacturing process,
interaction of the molten metal with the environment, such as the mold
surfaces and the outside atmosphere, (chemical reactions with oxygen in
particular), can cause inclusions within a metal casting. As with most casting
defects, good mold maintenance grdcess design is important in their
control.
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4.3. Gases in metal casting.
Gases during the manufacture of a casting

The molten metal used during the casting process may trap and contain
gases. There are various reasons that gases are absorbed irdtathmaain
during manufacture. Turbulent flow of the casting material through the
system may cause it to trap gas from the air. Gases may be trapped from
material or the atmosphere in the crucible when the melt is being prepared.
Gases may be trapped fromactions between the molten metal and the
mold material.

Since liquid metal has a much higher solubility than solid metal, as the
casting solidifies these gases are expelled. If they can not escape they may
form vacancies in the material, causing porositihe metal casting.

Whether a vacancy in a cast material is a result of gases or shrinkage
Is sometimes hard to tell. If the vacancies are spherical and smooth they are
most likely a result of gases. Angular and rough vacancies are most likely a
result d shrinkage. Gross absences of material within the metal casting are
a result of shrinkage.

Prevention of gas defects when manufacturing a part by casting:

1 Gases being expelled by the material during solidification can be
eliminated by a proper ventingsggm in the mold. This can be planned out
during the manufacturing design phase of the metal casting process.

1 Mitigating the amount ofurbulencein the fluid flow will reduce
gas absorption into the metal.

1 Removal of slag will help eliminate gases and other impurities in
the casting.

1 Gases may be removed by flushing a metal melt with inert gas.

7 Elimination of gases may also be accomplished by pouring the
metalcasting in a vacuum.

Material selection.

The selection of proper materials is important in the design of a metal
casting process. Here are a few things to remember when selecting
manufacturing materials.

1. Metalsmay react a certain way with other matertaksy encounter
during the casting process. This should always be a consideration. For
example, liquid aluminum will react readily with iron. Iron ladles and
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surfaces contacting the molten aluminum can be covered with a spray on
ceramic coating to prevetttis.

2. When selecting a type of manufacturing process, remember that
some materials may be more applicable to different metal casting techniques
than others.

3. Knowing the specific heat of the mold and that of the metal used
for the casting will be influentlan controlling the thermal gradients in the
system.

4. Section of casting metal will factor heavily on the méltiglity .

5. A material with a high heat of fusionill take longer to solidify
and may improve flow characteristics within the casting.

6. When manufacturing a casting with a metal alloy that freezes over
a temperature range, problems may occur due to the solid phase interfering
with the liquid phase, bothf evhich will be present within the temperature
range. To help reduce this problem, a metal alloy with a shorter
solidification temperature range may be selected to manufacture the casting.
Or select a mold material with a high thermal conductivity, whichla
reduce the time spent in the solidification range by increasing the cooling
rate.
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4.4. Metal casting design.
Mold and gating system design, directional solidification, and
troubleshooting

In the previous sections we discussed finedamental aspects of
manufacturing parts by metal casting. We covered the creation of patterns,
and the setup of the mold and gating system. Also we discussed the metal
casting operation itself, including the pouring of the molten material into the
mold, the elements and functions of the different parts of the mold during
the manufacture of the cast part, and the problems and possible defects
encountered during the employment of the manufacturing process of metal
casting. In this section we will examinket specifics of good mold and
gating system design in order to manufacture higher quality metal castings
and minimize defects that may occur during the casting process. This section
will be useful to those designing a system to manufacture a part by metal
casting, or to help as a troubleshooting guide for improvement upon an
existing system.

Gating system and mold design.

When selecting to manufacture a part by casting one must consider the
material properties and possible defects that this manufacturoupss
produces. The primary way to control metal casting defects is through good
mold design considerations in the creation of the casting's mold and gating
system. The key is to design a system that promaliesctional
solidification Directional solidiication, in casting manufacture, means that
the material will solidify in a manner that we plan, usually as uniformly as
possible with the areas farthest away from the supply of molten metal
solidifying first and then progressing towards the risers. Dhdifsication
of the casting must be such that there is never any solid areas that will cut
off the flow of liquid material to unsolidified areas creating isolated regions
that result in vacancies within the casting's material, as discussed in the
Metal Casting Operatiosection and shown iRigure 16

It is important to create an effec manufacturing process. Gating
system design is crucial in controlling the rate and turbulence in the molten
metal being poured, the flow of liquid metal through the gating system, and
the temperature gradient within the metal casting.

Hence a good giag system will create directional solidification
throughout the casting, since the flow of molten material and temperature
gradient will determine how the metal casting solidifies.
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When designing a mold for a metal casting or trying to fix or improve
uponand existing design you may want to consider the following areas.

Vacancy
develops
as shrink
occurs

Region
isolated
from flow
of material

Figure 16- Liquid and solid areas of material

Insure that you have adequate material.

This may seem very obvious, but in the manufacturing of parts many
incomplete castings kia been a result of insufficient material. Make sure
that that you calculate for the volume of all the areas of your casting,
accounting for shrinkage.

Consider the superheat.

Increasing thsuperheat(temperature difference between the metal at
pouring and freezing), as mentioned previously can increase fluidity of the
material for the casting, which can assist with its flow into the mold.

This causes a compmise to the manufacturing process. Increasing
the superheat has problems associated with it, such as increased gas
porosity, increased oxide formation, and mold penetration.

Insulate risers.

Since the riser is the reservoir of molten material for dnsicg, it
should be last to solidify. Insulating the top as mentioned earlier, shown in
figure 13 will greatly reduce cooling in the risers from the steep tenyera
gradient between the liquid metal of the casting, and the room temperature
air.
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Consider V/A ratios.

In casting manufacture, V/A ratio stands for volume to surface area or
mathematically (volume/surface area). When solidification of a casting
beginsa thin skin of solid metal is first formed on the surface between the
casting and the mold wall. As solidification continues the thickness of this
skin increases towards the center of the liquid mass.

Sections in the casting with low volume to surfaceaasdl solidify
faster than sections with higher volume to surface area. When
manufacturing a part by metal casting consideration of the of V/A ratios is
critical in avoiding premature solidification of the casting and the formation
of vacancies.

Low V/A ratio High V/A ratio
Figure 17- Low and high V/A ratio

Heat masses.

Avoid large heat masses in locations distant to risers. Instead, locating
sections of the casting with low V/A ratios further away from the risers will
insure a smooth solidification of the casting.

Bad Better

Figure 18- Locating sections of the casting
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Sections of the casting.

The flow of material is very important to the manufacturing process.
Do not feed a heavy section through a lighter one.

Bad Better
Figure 19 Sections of the casting

Be careful with considerationto L, T, V, Y and + junctions.

Due to the nature of the geometry of these sections it is likely that they
will contain an area where the metal casting's solidification is slower than
the rest of the junction. The$m®t spotare circled in whe in Figure 20.
They are located such that the material around them, which will undergo
solidification first, will cut off the hot spots from the flow of molten metal.
Some possible design alternatives are shown in Figure 20. These
reduced the kelihood of the formation of hot spots.

LIVY =+

Original Original Original Original Origin

ok g I i e epre

Redesigh  Redesigh  Redesigh deRgh Redesigh

Figure 20- Design of the metal casting
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The flow of casting material must be carefully considered when
manufacturing such junctions. If there is some flexibility in the design of the
metal casting and i$ possible you may want to think about redesigning the
junction.

Prevent planes of weakness.

When metal castings solidify, columnar grain structures tend to
develop, in the material, pointing towards the center. Due to this nature,
sharp corners in theasting may develop a plane of weakness. By rounding
the edges of sharp corners this can be prevented.

Columnar grain
structure

Plane of
weakness

Bad Better

Figure 21- Sharp corners in the casting

Reduce turbulence.

When manufacturing a metal casting, turbulence is always a factor in
our flow of molten metal. Turbulence, as covered earlier in the pouring
section, is bad because it can trap gases in the casting material and cause
mold erosion. Although not altogether preventable in the manufacturing
process, turbulence can be reduced by the dedigngating system that
promotes a more laminar flow of the liquid metal. Sharp corners and abrupt
changes in sections within the metal casting can be a leading cause of
turbulence. Their affect can be mitigated by the employment of radii.

Bad Better
Figure 22- Turbulences
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Connection between riser and casting must stay open.

Riser design is very important in metal casting manufacture. If the
passage linking the riser to the metal casting solidifies before the casting,
the flow of molten metal to the castinglmbe blocked and the riser will
cease to serve its function. If the connection has a larger cross sectional area
it will decrease its time to freeze.

Good manufacturing design, however, dictates that that we minimize
this cross section as much as possiblreduce the waste of material in the
casting process. By making the passageway short we can keep the metal in
its liquid state longer since it will be receiving more heat transfer from both
the riser and the casting.

Connee

Riser Connection Connection

Riser Riser

Better

a a
(passage will freeze) (wastes material)

Figure 23- Connecibn between riser and casting

Tapered down sprue.

Flow considerations for our metal casting manufacture begin as soon
as the molten metal enters the mold. The liquid metal for the casting travels
from the pouring basin through the down sprue, (Refétigare 8in the
Metal Casting Basicsection). As it goes downward it will pick up speed,
and thus it will have a tendency to separate from the walls of the mold. The
down sprue must be tapered such that continuity of the fluid flow is
maintained.

Remember the fluid mechanics equation for continitys = AxV- .

WhereV is the velocity of theiquid andA is the cross sectional area
that it is traveling through. If you are casting for a hobby and/or just can not
make these measurements, just remember it would be better to err on the
side of making®, smaller, provided your pouring rate does hetome too
slow. In other words taper a little more and just adjust your pouring of the
casting so that you keep a consistent flow of liquid metal.
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Ingate design.

The ingate is another aspect of manufacturing design that relates to the
flow of metal throu@p the casting's system. The ingate, is basically where
the casting material enters the actual mold cavity.

It is a crucial element, and all other factors of the metal casting's mold
design are dependent on it. In the location next to the sprue baseshke cr
sectional area of the ingate is reduced (choke area). The cross sectional
reduction must be carefully calculated.

The flow rate of casting material into the mold can be controlled
accurately in this way. The flow rate of the casting metal must be high
enough to avoid any premature solidification.

However, you want to be certain that the flow of molten material into
the mold does not exceed the rate of delivery into the pouring basin and thus
ensure that the casting's gating system stays full of rtie@lighout the
manufacturing process.

Other flow considerations.

In the manufacturing design phase, when planning the metal casting
process, the analysis of the path of flow of liquid metal within the mold must
be carefully calculated. At no point in thiing of the casting cavity should
two separate streams of liquid metal meet. The result could be an incomplete
fusion of the casting material (cold shut), as covered idfectssection
under discontinuities.

Use of chills.

As mentioned earlier directional solidification is very important to the
manufacture of a part during the metal casting process, in order to ensure
that no area of the casting is cut bm the flow of liquid material before
it solidifies. To achieve directional solidification within the metal casting, it
Is important to control the flow of fluid material and the solidification rate
of thedifferent areas of the metal castiMyith regpect to the solidification
of the metal casting's different sectionsgulation of thermal gradienis
the key.

Sometimes we may have an area of the metal casting that will need to
solidify at a faster rate in order to ensure that directional solidditat
occurs properly. Manufacture planning, and design of flow and section
locations within the mold may not be sufficient.
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To accelerate the solidification of a section like this in our casting, we
may employ the use of chills. Chills act as heat simkseasing the cooling
rate in the vicinity where they are placed.

Chills are solid geometric shapes of material, manufactured for this
purpose. They are placed inside the mold cavity before pouring. Chills are
of two basic types. Internal chills are loghiaside the mold cavity and are
usually made of the same material as the casting. When the metal solidifies
the internal chills are fused into the metal casting itself. External chills are
located just outside of the casting. External chills are madenaterial that
can remove heat from the metal casting faster than the surrounding mold
material. Possible materials for external chills include iron, copper, and
graphite. Figure 24 demonstrates the use of the two types of chills to solve
the hot spot prdem in a + and T junction.

External chill

Internal chill

Figure 24- Two types of chills
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5. EXPENDABLE MOLD CASTUNG
5.1. Sand casting

Sand casting is the most widely used metal casting proc:
manufacturing. Almost all casting metals can be sand cast. Sand ¢
can range in size from very small to extremely large. Some exam|
items manufactured in modern industry by sand casting process
engine blocks, machine tool bases, cylinder heads, pump housin
valves, just to name a few.

Sand.Product othe disintegration of rocks over long periods of ti

Most sand casting operations use silica sand}S#Qyreat advantag
of sand in manufacturing applications is that sand is inexpensive. A
advantage of sand to manufacture products by metahggstocesses,
that sand is very resistant to elevated temperatures. In fact, sand c:
one of the few processes that can be used for metals with high r
temperatures such as steels, nickel, and titanium. Usually sand 1
manufacture a nmd for the casting process is held together by a mixtt
water and clay.

A typical mixture by volume could be 89% sand, 4% water, 7%
Control of all aspects of the properties of sand is crucial -
manufacturing parts by sand casting, therefasaral laboratory is usua
attached to the foundry.

Use of binder in sand casting.

A mold must have the physical integrity to keep its shape throu
the casting operation. For this reason, in sand casting, the sand musi
some type of binder thacts to hold the sand particles together. Clay s
an essential purpose in the sand casting manufacturing process, as ¢
agent to adhere the molding sand together. In manufacturing industr
agents may be used to bond the molding sandhegén place of cla
Organic resins, (such as phenolic resins), and inorganic bonding
(such as phosphate and sodium silicate), may also be used to hold
together.

In addition to sand and bonding agents, the sand mixture to cre
mefal casting mold will sometimes have other constituents added t
order to improve mold properties.
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Types of sand used in sand casting.
There are two general types of sand used in the manufacturing |
of sand casting.

Naturally bonded- Naturaly bonded sand is less expensive b
includes organic impurities that reduce the fusion temperature of th
mixture for the casting, lower the binding strength, and require a |
moisture content.

Synthetic sand Synthetic sand is mixed in a mdaaturing lal
starting with a pure (Si§) sand base. In this case, the composition ci
controlled more accurately, which imparts the casting sand mixturt
higher green strength, more permeability, and greater refractory st
For these reasonsynthetic sand is mostly preferred in sand ca
manufacture.

Properties of a sand casting mixture.

Type and content of binder and other additives.

As mentioned, controlling the type and content of the sand bind
other additives is the key to coolling the properties of the casting's m
sand mixture.

Moisture content.

Moisture content affects the other properties of the mixture st
strength and permeability. Too much moisture can cause steam bul
be entrapped in the metal casting.

Grain size.
This property represents the size of the individual particles of s

Shape of grains.

This property evaluates the shape of the individual grains of
based on howound they are. Less round grains are said to be
irregular.

Strength.

The explanation of strength is, the ability of the sand casting m
to hold its geometric shape under the conditions of mechanical
imposed dring the sand casting process.
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Permeability.
The ability of the sand mold to permit the escape qofgases, ar
steam during the sand casting process.

Collapsibility.

The ability of the sand mixture to collapse under force. Collapsi
IS a very important property in this type of casting manufac
Collapsibility of the mold will allow the metatasting to shrink free
during the solidification phase of the process. If the molding sand «
collapse adequately for the casting/sinkage hot tearingpr cracking wil
develop in the casting.

Flowability.

The ability of the sand mixture to flow over and fill the sand ca
pattern during the impression making phase of the manufacturing p
more flowability is useful for a more detailed casting.

Refractory strength.

During the pouring of the molten metal in sand casting manufa
the sand mixture in the mold must not melt, burn, crack, or sintel
refractory strength is the ability of the mold sand mixture to with:
levels of extremeetmperature.

Reusability.

The ability of the mold sand mixture to be reused to produce
sand castings in subsequent manufacturing operations.

When planning the manufacture of a particular casting, reme
some properties of a sand casting mold orxtare contradictory to ec
other. Tradeoffs in different properties are often needed to ach
compromise that provides a sand casting mold mixture with ade
properties for the specific part and casting application. There are
things to congler when selecting a sand mixture for a manufact
process. Small grain size enhances mold strength, but large grain
more permeable. Sand casting molds made from grains of irregulal
tend to be stronger because of grain interlocking, hwrtder grains provic
a better surface finish. A sand casting mold mixture with more collaps
has less strength, and a sand casting mixture with more strength |
collapsibility.
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Sand conditioning for a metal casting operation.

If the sand is biag reused from a previous sand casting manufact
process, lumps should be crushed and then all particles and metal ¢
removed, (a magnetic field may be used to assist in this). All sar
constituents should be screened. In industrial pradiwkers, rotal
screens, or vibrating screens, are used in this process. Then cor
screwmixers or mulling machines are used to mix the sand uniforml

Types of molds used in sand casting.

Green sand molds.

A green sand mold is very typical in shoasting manufacture, it
simple and easy to make, a mixture of sand, clay and water. Thgressr
refers to the fact that the mold will contain moisture during the pouri
the casting.

Manufacturing considerations and properties of green san
molds:

1. Has sufficient strength for most sand casting applications.

2. Good collapsibility

3. Good permeability

4. Good reusability

5. Least expensive of the molds used in sand casting manufa
processes.

6. Moisture in sand can cause defects in some castings, dafl
upon the type of metal used in the sand casting and the geometry of
to be cast.

Dry sand molds.

Dry sand molds are baked in an oven, (at 30880F for 848 hours)
prior to the sand casting operation, in order to dry the mold. This (
strengthens the mold, and hardens its internal surfaces. Dry sand m
manufactured using organic binders rather than clay.

Manufacturing considerations and properties of dry sand molds

1 Better dimensional accuracy of sand cast part than greer
molds.

1 Better surface finish of sand cast part than green sand mold
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1 More expensive manufacturing process than green
production.

7 Manufacturing production rate of castings are reduced d
drying time.

1 Distortion of the mold is greater, (during metdnufacture).

1 The metal casting is more susceptible to hot tearing because
lower collapsibility of the mold.

17 Dry sand casting is generally limited to the manufactur
medium and large castings.

Skin dried molds.

When sand casting a part by thénsttried mold process a green s
mold is employed, and its mold cavity surface is dried to a depth-df
inch. Drying is a part of the manufacturing process and is accomplis
use of torches, heating lamps or some other means, such as dnyiag.

Manufacturing considerations and properties of skin driec
molds:

7 The cast part dimensional and surface finish advantages
sand molds are partially achieved.

7 No large oven is needed.

1 Special bonding materials must be added to the sand mbd
strengthen the mold cavity surface.

Cold setting processes.

In industrial sand casting manufacture, sometimes-tramhtiona
binders other than those used in the above classifications of sanc
may be used. These binders may be made of a vafiehyngs, such ¢
synthetic liquid resins. Conventional casting binders require heat t
while these when mixed with the sand, bond chemically at
temperature.

Hence the term cold setting processes. Technically advanced
relatively recent gad casting processes are growing in manufactt
While more expensive than green sand molds, cold setting pro
provide good dimensional accuracy of the casting, and have
production applications
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Mold setup for sand casting.

The setup of a sammold in manufacturing involves using a pat
to create an impression of the part to be sand cast within the mold, r
of the pattern, the placement of cores, (if needed), and the creati
gating system within the mold. The setup of a mold \eoed in detail i
metal casting process mold setup such as the oneFigure 8could ke
typical in a sand casting manufacturing operation.

The pattern.

A few different types of patterns may be used in the sand c
process.

Solid pattern.

This is a one piece pattern representing the geometry of the ca:
IS an easy pattern toanufacture, but determining the parting line betv
cope and drag is more difficult for the foundry worker.

Figure 25- Solid patten

Split pattern.

The split pattern is comprised of two separate parts that whe
together will represent the geomewf the casting. When placed in
mold properly the plane at which the two parts are assembled
coincide with the parting line of the mold. This makes it easi
manufacture a pattern with more complicated geometry. Also mold
IS easier sioe the patterns placement relative to the parting line of the
is predetermined.

Figure 26- Split pattern
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Match plate pattern.

The match plate pattern is typically used in high production inc
runs for sand casting manufacture. A match ptetitern is a two pies
pattern representing the casting, divided at the parting line, similar
split pattern. In the match plate pattern, however, each of the pa
mounted on a plate. The plates come together to assemble the pa
the sad casting process. The match plate pattern is more proficie
makes alignment of the pattern in the mold quick and accurate.

Plate

Figure 27- Match plate pattern

Cope and drag pattern.

The cope and drag pattern is also typical in sand casting pescks
high production industry runs. The cope and drag pattern is the sam
match plate pattern in that it is a two piece pattern representing the
and divided at the parting line. Each of the two halves are mounte
plate for easy aligment of the pattern and mold. The difference bet\
the cope and drag pattern and the match plate pattern is that in the
plate pattern the two halves are mounted together, where as in the c
drag pattern the two halves are separate. The capdrag pattern enab
the cope section of the mold, and the drag section of the mold to be
separately and latter assembled before the pouring of the sand cast

Cope section i Plate
Drag section Plate

Figure 28- Cope and drag pattern
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In industrial sand casting processegaéing system, (not shown),
often incorporated as part of the pattern, particularly for a cope an
pattern. Patterns can be made of different materials, and the geon
the pattern must be adjusted for shrinkage, machine finish, and dis
Pattern basics are covered in detail inghtternssection.

Cores.

Cores form the internal geometry of the casting. Cores are pla
the mold, and remain the during the pouring phase of the sand ca
process. The metal casting will solidify around the core. Core basi
covered in detail in theoressection. Coreare made of the highest qua
sand and are subject to extreme conditions during the sand
operation. Cores must be strong and permeable; also, since the
casting will shrink onto the core, cores must have sufficient collapsi
Sometimesa reinforcing material will be placed in a sand casting cc
enhance strength. The core may be manufactured with vents to facili
removal of gases.

Core sand mixture

Reinforcing Vent

wire

Figure 29- Core

The sand casting operation.

The sand casting operation involves therpmiof the molten met
into the sand mold, the solidification of the casting within the mold, ar
removal of the casting. The casting operation is covered in detall
metal casting operatigmage.

Of specific interest to sand casting would be; the effect and dissi
of heat through the particular sand mold mixture during the ca:
solidification, the effect of the flow of liquid metal on the integrity of
mold, (mold sand mixture properties and binder issues), and the es
gasesthrough the mixture. Sand usually has the ability to withs
extremely high temperature levelsdagenerally allows the escape of g:
quite well.
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Manufacturing with sand casting allows the creation of castings
complex geometry. Sand casting manufacture, however, only impart
amount of dimensional accuracy to the cast part.

After the sad casting is removed from the sand mold ghiaken oy
all the sand is otherwise removed from the casting, and the gating
is cut off the part. The part may then undergo further manufac
processes such as heat treatment, machining, and/tal feeming.
Inspection is always carried out on the finished part to evalua
effectiveness and satisfaction of its manufacture.
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5.2. Plaster mold casting

Plaster mold casting is a manufacturing process having a ¢
technique to sand casting. Plaster of Paris is used to form the mold
casting, instead of sand. In industry parts such as valves, tooling, ge:
lock components may be manufactured by plaster mold casting.

The process.

Initially plaster of Pasg is mixed with water just like in the first s
of the formation of any plaster part. In the next step of the manufact
a plaster casting mold, the plaster of Paris and water are then mixs
various additives such as talc and silica flour. Tdhditaves serve to contr
the setting time of the plaster and improve its strength.

The plaster of Paris mixture is then poured over the casting p
The slurry must sit for about 20 minutes before it sets enough to r
the pattern. The pattern wkéor this type of metal casting manufaci
should be made from plastic or metal. Since it will experience prolc
exposure to water from the plaster mix, wood casting patterns
tendency to warp.

After striping the pattern, the mold must be bakmdseveral hour:
to remove the moisture and become hard enough to pour the metal
The two halves of the mold are then assembled for the casting p
Castings of high detail and section thickness as low as-0,h, (2,5 -
1 mm), are posisle when manufacturing by plaster mold casting.

— 0,05inch

Figure 30- Castings of high detail and section

Properties and considerations of manufacturing by plaster mol
casting:

1 When baking the casting mold just the right amount of v
should be left in thenold material. Too much moisture in the mold
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cause metal casting defects, but if the mold is too dehydrated, it wi
adequate strength.

1 The fluid plaster slurry flows readily over the pattern, makin
Impression of great detail and surfacedmiAlso due to the low thern
conductivity of the mold material the casting will solidify slowly crea
more uniform grain structure and mitigating casting warping. The qu.
of the plaster mold enable the process to manufacture parts with et
surface finish, thin sections, and produces high geometric accuracy

1 There is a limit to the casting materials that may be used fc
type of manufacturing process, due to the fact that a plaster mold v
withstand temperature above 2200F (120MHigher melting point mete
can not be cast in plaster. This process is typically used in indu
manufacture castings made from aluminum, magnesium, zinc, and
based alloys.

1 Manufacturing production rates for this type of metal ca
process are relatively slow, due to the long preparation time of the m

17 The plaster mold is not permeable, which severely limit:
escape of gases from the casting.

Solving the permeability problem.

When manufacturing a metal casting by the plaster noakting
process one of the biggest problems facing a foundry man is the |
permeability of the plaster mold.

Different techniques may be used in order to overcome this prc
The metal casting may be poured in a vacuum, or pressure may be
evacuate the mold cavity just before pouring.

Another technique would be to produce permeability in the
material by aerating the plaster slurry before forming the mold fc
casting. This "foamed plaster" will allow for the much easier esca
gaes from the casting. Sometimes in manufacturing industry a s
technique called thAntioch Processnay be used to make a perme:
plaster metal casting mold.

The antioch process.

In the Antioch Process 50% plaster of Paris and 50% sand is
with water. The mixture is poured over the casting pattern and let se
the pattern is removed, the mold is autoclaved in steam, (placed in ¢
that uses hot steam under high pressure), and then let set in air. The |
mold will easily allow he escape of gases from the casting
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5.3. Ceramic mold casting

The manufacturing process of ceramic mold casting is like the p
of plaster mold casting but can cast materials at much higher tempe
Instead of using plaster to create the maldthe metal casting, cerar
casting uses refractory ceramics for a mold material. In industry, par
as machining cutters, dies for metalworking, metal molds, and img
may be manufactured by this process.

The process.

The first step in manuféare by ceramic mold casting is to comk
the material for the mold. A mixture of fine grain zircon (Zr3i
aluminum oxide, fused silica, bonding agents, and water, creates a (
slurry. This slurry is poured over the casting pattern and let setpatteri
is then removed and the mold is left to dry. The mold is tined.

The firing will burn off any unwanted material and make the 1
hardened and rigid. The mold may also need to be baked in a furr
well. The firing of the mold produces &mork of microscopic cracks
the mold material. These cracks give the ceramic mold both
permeability and collapsibility for the metal casting process.

Figure 31- Theprocess of ceramic mold casting

Once prepared, the two halves of the mald assembled for tl
pouring of the metal casting. The two halves, (cope and drag sectior
be backed up with fireclay material for additional mold strength. Oft
manufacturing industry, the ceramic mold will be preheated pri
pouring the molte metal. The metal casting is poured, and let solidif
ceramic mold casting, like in other expendable mold processes, the ¢
mold is destroyed in the removal of the metal casting.
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Properties and considerations of manufacturing by ceramic mol
casing:

1 Manufacturing by ceramic mold casting is similar to plaster |
casting in that it can produce parts with thin sections, excellent s
finish, and high dimensional accuracy. Manufacturing tolerances be
.002 and .010 inches are possible witis process.

1 To be able to cast parts with high dimensional accuracy elim
the need for machining, and the scrap that would be produc
machining. Therefore, precision metal casting processes like th
efficient to cast precious metals, or evadls that would be difficult
machine.

1 Unlike the mold material in thplaster metal castingrocess, th
refractory mold material in ceramic casting can withstand extse
elevated temperatures. Due to this heat tolerance, the ceramic
process can be used to manufacture ferrous and other high meltin
metal casting materials. Stainless steels and tool steels can be cast
process.

7 Ceramic mold castingirelatively expensive.

17 The long preparation time of the mold makes manufact
production rates for this process slow.

1 Unlike in plaster mold casting, the ceramic mold has exc
permeability due to the microcrazing, (production of microscopic 6
that occurs in the firing of the ceramic mold.
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5.4. Shell molding

Shell mold casting or shell molding is a metal casting proce
manufacturing industry in which the mold is a thin hardened shell o
and thermosetting resin bindéacked up by some other material.

Shell molding was developed as a manufacturing process duri
mid-20th century in Germany. Shell mold casting is particularly sui
for steel castings under 20 Ibs; however almost any metal that can
in sand can be cast with the shell molding process. Also much large
have been manufactured with shell molding. Typical parts manufactt
industry using the shell mold casting process include cylinder heads
bushings, connecting rods, camshaftsl valve bodies.

The process.

The first step in the shell mold casting process is to manufactt
shell mold. The sand we use for the shell molding process is of a
smaller grain size than the typical green sand mold. This fine graine
iIs mixed with a thermosetting resin binder. A special metal patte
coated with a parting agent, (typically silicone), which will latter facil
in the removal of the shell. The metal pattern is then heatec
temperature of 350FF00F degrees, (175870C).

The sand mixture is then poured or blown over the hot c:
pattern. Due to the reaction of the thermosetting resin with the hot
pattern, a thin shell forms on the surface of the pattern.

Metal pattern
(350~700F)

Sand mixed with
thermosetting resin
binder

Figure 32- The first step in the shell mold ¢ey process
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The desired thickness of the shell is dependent upon the st
requirements of the mold for the particular metal casting applicati
typical industrial manufacturing mold for a shell molding casting prt
could be 0,3 inch (7,5mm) thkc The thickness of the mold can
controlled by the length of time the sand mixture is in contact wit
metal casting pattern.

Metal pattern
" (350R700F)

Sand mixed with
thermosetting resin
binder

Figure 33- The second step in the shell mold
casting process

The excess "loose" sand is then removed, leavingshatl ant

pattern.
Metal pattern
(with shell)

Left oversand mixed
with thermosetting

resin binder
DINDEK

Figure 34- The third step in the shell mold
casting process

The shell and pattern are then placed in an oven for a short pe
time, (minutes), which causes the shell to harden onto the casting p.
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Shell
Oven
Pattern

Figure 35- Shell and pattern are baked in oven
to harden shell mold

Once the baking phase of the manufacturing process is comple
hardened shell is separated from the casting pattern by way of ejec
built into the pattern. This manufacturing techniquedu® create the mc
in the shell molding process can also be employed to produced
accurate fine grained mold cores for other metal casting processes.

—_ Molding
shell

—>

—>

—>

Figure 36- The hardened shell is separated from
the casting pattern

Pattern

Two of these hardeneghells, each representing half the mold fo
casting, are assembled together either by gluing or clamping.

- Molding
Moldin
<hal shel
(half of (half of
casting) casting)

Figure 37- Assembling of two hardened shells
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The manufacture of the shell mold is now complete and ready 1
pouring of the metal céag. In many shell molding processes, the ¢
mold is supported by sand or metal shot during the casting process.

Container Molding

shell

Metal
shot

Figure 38 The completedhell mold

Properties and considerations of manufacturing by shell mol
casting:

1 The internal surface dhe shell mold is very smooth and ric
This allows for an easy flow of the liquid metal through the mold c
during the pouring of the casting, giving castings a very good surface
Shell mold casting enables the manufacture of complex paittsthiit
sections and smaller projections than green sand mold casting.

1 Manufacturing with the shell mold process also imparts
dimensional accuracy. Tolerances of 0,010 inches (0,25mm) are p¢
Further machining is usually unnecessary when cabyirtbis process.

7 Shell sand molds are less permeable than green sand mo
binder may produce a large volume of gas as it contacts the molter
being poured for the casting. For these reasons, shell molds should
ventilated.

1 The expense adhell mold casting is increased by the cost o
thermosetting resin binder, but decreased by the fact that only &
percentage of sand is used compared to other sand casting process

1 Shell mold casting processes are easily automated.

1 The specialmetal patterns needed for shell mold casting
expensive, making it a less desirable process for short runs. Ho
manufacturing by shell casting may be economical for large
production.
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5.5. Vacuum casting

Vacuum mold casting, also known in nudacturing industry as tl
V process, employs a sand mold that contains no moisture or binde
internal cavity of the mold holds the shape of the casting due to
exerted by the pressure of a vacuum. Vacuum molding is a casting |
that was dveloped in Japan around 1970.

The process.

A special pattern is used for the vacuum mold casting proces
either a matciplate or a cope and drag pattern with tiny holes to en:
vacuum suction. A thin plastic sheet is placed over the castttaypan
the vacuum pressure is turned on, causing the sheet to adhere to the
of the pattern.

Vacuum  Thjn plastic shee
Pattern holes

Vacuum pressure Vacuum pressure

Figure 39- Special pattern

A special flask is used for this manufacturing process. The flas
holes to utilize vacuum pressure. Thiask is placed over the cast
pattern and filled with sand.

Flask
\

Vacuum

Vacuum outlet

outlet \=

~1

~ Thin plastic sheet

v Vacuum
acuum pressure pressure

Pattern Vacuum holes

Figure 40- Special flask
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A pouring cup and sprue are cut into the mold for the pouring
metal casting.

Pouring cup
Sprue / Sand

Vacuum /

outlet \

[ Flask

l Vacuum
:/ outlet

~ Thin plastic sheet

' Vacuum
pressure

Vacuum pressure Pattern Vacuum holes

Figure 41- Pouring cup and sprue
Next, another thin plastsheet is placed over the top of the mold.

vacuum pressure acting through the flask is turned on, and the plas
adheres to the top of the mold.

Pouring cup Sand Thin plastic sheet

Vacuum

[
' pressure

~ Thin plastic sheet

Vacuum pressure .
Vacuum pressure

Pattern Vacuum holes

Figure 42- Thin plastic sheets

In the next stage of vacuum mold casting manufactine vacuul
on the special casting pattern is turned off and the pattern is remove
vacuum pressure from the flask is still on. This causes the plastic f
the top to adhere to the top and the plastic film formerly on the pati
adhere tolte bottom. The film on the bottom is now holding the impre:
of the casting in the sand with the force of the vacuum suction.

71



Flask

pressure

~ Thin plastic sheet

Pattern

Figure 43- Removing the pattern

The drag portion of the mold is manufactured in the same fa
The two hales are then assembled for the pouring of the casting. No
there are now 4 plastic films in use. One on each half of the internal «
cavity and one on each of the outer surfaces of the cope and drag.

Pouringcup 'Sl'rk]nenetp lastic
Sprue Sand
B A | — Cope
Vacuum ‘ Vacuum
pressure

' pressure

~ Thin plastic sheet

- Thin plastic sheet

Vacuum Vacuum
pressure pressure
Thin plastic sheet Drag

Figure 44- The drag portiomf the mold
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During the pouring of the casting, the molten metal easily burns
the plastic.

Molten metal  Thin plastic
sheet _ Sand

Vacuum

Pouring cup
Sprue

Vacuum ‘ Vacuum

pressure

\

Thin plastic sheet

Drag

Figure 45 Pouring of the casting

Properties and considerations of manufacturing by vacuum mol
casting:

7 In vacuum mold casting manufactubeste is no need for spec
molding sands or binders.

7 Sand recovery and reconditioning, a common problem in
casting industry, is very easy due to the lack of binders and other ac
the sand.

7 When manufacturing parts by vacuum mold casting#mel moli
contains no water, so moisture related metal casting defects are elin

1 The size of risers can be significantly reduced for this 1
casting process, making it more efficient in the use of material.

7 Casting manufacture by vacuum moldirg a relatively sloy
process.

7 Vacuum mold casting is not well suited to automation.
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5.6. Expanded polystyrene casting

In the expanded polystyrene casting process, a sand mold is
around a polystyrene pattern representing the metal casting
manufactured. The pattern is not removed, and the molten metal is |
into the pattern which is vaporized from the heat of the metal. The
metal takes the place of the vaporized polystyrene and the casting st
in the sand mold.

In metal cashg industry this process is known as the -fosim
process, evaporative pattern casting, or the full mold process. A
variety of castings of different sizes and materials can be manufe
using this technique. Parts produced in manufacturing industng thit
process include crankshafts, cylinder heads, machine bases, manifao
engine blocks.

The process.

The first step in the evaporative casting process is to manufact
polystyrene pattern. For small production runs, a pattern mautideom
larger sections of polystyrene material and assembled together. Fc
industrial manufacturing processes, the pattern will be molded. A die
made from aluminum, is used for this process. Polystyrene beads are
in the die and heatethey expand from the heat and the foam material
the shape of the die.

Depending upon the complexity of the casting, several of
polystyrene sections may have to be adhered together to form the
In most cases the pattern is coated witlefaactory compound, this w
help create a good surface finish on the metal casting. In addition
casting itself, the foam pattern will also include the pouring cup and
system.

The pattern is then placed in a flask and molding sand is ¢@
around it. The sand may or may not contain bonding agents, deg
upon the particular manufacturing procedure.

The molten metal is then poured into the mold without removin
pattern. The liquid metal vaporizes the polystyrene pattern, as it
through the mold cavity. Any left over product from the vapor
polystyrene material is absorbed into the molding sand.
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Foam polystyrene Refractory
pattern with sprue compound
and pouring cup

V4

Figure 4 - The foam pattern

Pouringcup Sprue

Flask

I Sand
H Pattern

Figure 47- Pattern is placed in a flask and molding sand

Molten metal

Pouring cup,

Flask
Sand

Pattern

Figure 48- Pouring ofthe expanded polystyrene casting
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The molten metal is then allowed to harden within the sand
Once solidified, the casting is removed.

Flask
Sand

Casting

Figure 49- Molten metal in the sand mold

Properties and considerations of manufacturing by expande
polystyrene casting:

1 If a core is need it is incorporated within the pattern. Ther
placing and securing a core in the mold cavity before the pouring
metal casting is not a step in this manufacturing process.

1 Flasks for this process are simple and expensive. Also tr
manufacturing process itself is easy, since there is no parting |
removal of the pattern needed.

7 In manufacturing industry, patterns for expanded polysty
metal casting will always include the full gating system.

7 Due to theextra energy required to vaporize the polystyrene,
will be a large thermal gradient present at the medéitiern interface as t
casting is being poured.

1 Very complex metal casting geometry can be produced usir
process.

1 This manufacturing mcess can be very efficient in the produc
of metal castings for large industrial runs. The main cost is to create
to produce the foam polystyrene patterns. Once that is overcon
process itself is very inexpensive.

1 This manufacturing pross can be easily automated.
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5.7. Investment casting

Investment casting is a manufacturing process in which a wax
is coated with a refractory ceramic material. Once the ceramic mat
hardened its internal geometry takes the shape of siega

The wax is melted out and molten metal is poured into the «
where the wax pattern was. The metal solidifies within the ceramic
and then the metal casting is broken out. This manufacturing techn
also known as the lost wax process/idstment casting was developed
5500 years ago and can trace its roots back to both ancient Egypt ant
Parts manufactured in industry by this process include dental fi
gears, cams, ratchets, jewelry, turbine blades, machinery compond
other parts of complex geometry.

The process.

The first step in investment casting is to manufacture the wax g
for the process. The pattern for this process may also be made from
however it is often made of wax since it will melt outiaand wax cal
be reused. Since the pattern is destroyed in the process, one will be
for each casting to be made. When producing parts in any quantity,
from which to manufacture patterns will be desired. Similar to the
that may be empieed in theexpanded polystyrene casting procés
produce foam polystyrene patterns, the mold to create wax patterns
cast or machined. The size of this masterrdust be carefully calculats
It must take into consideration shrinkage of wax, shrinkage of the ce
material invested over the wax pattern and shrinkage of the metal ¢
It may take some trial and error to get just the right size, therefose
molds can be expensive. Since the mold does not need to be «
castings of very complex geometry can be manufactured. Sever:
patterns may be combined for a single casting.

T -

/ Special mold for Wax
producing pattern - pattern

Figure 50- Manufacture the pattern
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Or as often the case, mangx\patterns may be connected and pa
together producing many castings in a single process. This is dc
attaching the wax patterns to a wax bar, the bar serves as a central :
ceramic pouring cup is attached to the end of the bar. This arrange
called a tree, denoting the similarity of casting patterns on the central
beam to branches on a tree.

wzii—Ceramic
pouring cup

Pattern
(wax)

Central sprue
(wax bar)

Figure 51- Wax pattern tree for investment casting

Reflactory
: / coating

Figure 52- Refractory slurry invested over wax pattern

The metal castingattern is then dipped in a refractory slurry wt
composition includes extremely fine grained silica, water and bindt
ceramic layer is obtained over the surface of the pattern. The pattern
repeatedly dipped into the slurry to increase thekhess of the ceran
coat. In some cases the pattern may be placed in a flask and the
slurry poured over it. Once the refractory coat over the pattern is
enough, it is allowed to dry in air in order to harden.
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Reflactory

g ~ coating

Wax pattern
tree

Figure 53- Refractory alirry invested over wax pattern
drying in air

The next step in this manufacturing process is the key to inves
casting. The hardened ceramic mold is turned upside down and hes
temperature of around 20€875F (90C-175°C). This causes the wdg
flow out of the mold, leaving the cavity for the metal casting.

Reflactory

mold \

Melted wax

\I I Wax collection

Figure 54- Wax melted out of mold for
investment casting

The ceramic mold is then heated to around 1620QG0F (550C-
110C¢°C). This will further strengthen the mold, elimiaany leftover wa
or contaminants and drive out water from the mold material. The
casting is then poured while the mold is still hot. Pouring the casting
the mold is hot allows the liquid metal to flow easily through the |
cavity, filling detailed and thin sections. Pouring the metal casting in
mold also gives better dimensional accuracy, since the mold and -
will shrink together as they cool.
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Reflactory mold\

& _/

Heat el L Heat

Figure 55 Mold for investment casting heated
before pouring

Molten
Metal

\ ____ Ceramic pure cup
Reﬂactory saly

mold >

Figure 56- Pouringof an investment casting

After pouring of the molten metal into the mold, the casting is alli
to set as the solidification process takes place.

Reflactory

cuon \ /

Casting

Figure 57- Solidification of an investment casting
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The final step in this manufacturinggeess involves breaking t
ceramic mold from the investment casting and cutting the parts frc
tree.

Castin
/‘ g

Reflactory
mold

Figure 58- Break up of the mold for investment casting

— Casting

Figure 59- Investment casting final product

Properties and considerations of ranufacturing by investment
casting:

7 Investment casting is a manufacturing process that allow
casting of extremely complex parts, with good surface finish.

1 Very thin sections can be produced by this process. Metal ce
with sections ~ .015in (.4mnhave been manufactured using investr
casting.

7 Investment casting also allows for high dimensional accu
Tolerances as low as 0,003 in (0,076 mm) have been claimed.

1 Practically any metal can be investment cast. Parts manufa
by this processre generally small, but parts weighing up to 75 Ibs
been found suitable for this technique.

1 Parts of the investment process may be automated.

1 Investment casting is a complicated process and is rele
expensive.
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6. PERMANENT MOLD CASTING
6.1. Basic permanent mold casting

Basic permanent mold casting is a generic term used to desc
permanent mold casting processes. The main similarity of this groug
the employment of a permanent mold that can be used repeate
multiple metal catings. The mold also called a die, is commonly ma
steel or iron, but other metals or ceramics can be used. Parts that
manufactured in industry using this metal casting process include ¢
blocks, cylinder heads, pistons, connecting rqusts for aircraft an
rockets, gear blanks and kitchenware.

The process.

When planning to manufacture using a permanent
manufacturing process the first step is to create the mold. The secl
the mold are most likely machined from two separag¢ahblocks. Thes
parts are manufactured precisely. They are created so that they fit t
and may be opened and closed easily and accurately. The gating s\
well as the part geometry is machined into the casting mold.

A significant amount of igources need to be utilized in the produc
of the mold, making setup more expensive for permanent
manufacturing runs. However, once created, a permanent mold may
tens of thousands of times before its mold life is up. Due to the conti
repetition of high forces and temperatures, all molds will eventually
to the point where they can no longer effectively manufacture quality
castings.

The number of castings produced by that particular mold before
to be replaced is termexdold life. Many factors affect mold life such as
molds operating temperature, mold material and casting metal.

z \a
N AR

Two halves of a basic permanent Basic permanent mold
mold (crosssectional) assembled (crssstional)

7

Figure 60- Basic permanent mold
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Before pouring the metal casting, the internal surfaces ¢
permanent mold are sprayed with a slurry consisting of refractory me
suspended in liquid. This coating serves as a thermal gradient, hel
contrd the heat flow and acting as a lubricant for easier removal of th
part. In addition, applying the refractory coat as a regular part «
manufacturing process will increase the mold life of the valuable mo

o

NN

Figure 61- Basicpermanent moldding sprayed with refractory slurr
prior to the casting operation

The two parts of the mold must be closed and held together with
using some sort of mechanical means. Most likely, the mold will be t
prior to the pouring of the metal casting.possible temperature tha
permanent metal casting mold may be heated to before pouring ct
around 350F (175C). The heating of the mold will facilitate the smc
flow of the liquid metal through the mold's gating system and c:
cavity. Pouing in a heated mold will also reduce the thermal s
encountered by the mold due to the high temperature gradient betw
molten metal and the mold. This will act to increase mold life.
securely closed and heated, the permanent mold is relatihefpouring c
the cast part.

R =

Figure 62- Pouring of basic permanent mold
(gravity fed process)
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After pouring, the metal casting solidifies within the mold.

ER =

Figure 63- Solidification of casting in basic permanent mold

In manufacturing practicethe metal cast part is usually remo
before much cooling occurs, to prevent the solid metal casting
contracting too much in the mold. This is done to prevent crackir

casting, since the permanent mold does not collapse. The remova
partis accomplished by way of ejector pins built into the mold.

P
=) | = X )
NN

Figure 64- Basic permanent mold is open and
solidified casting is ejected

Top

Front Right side

1

Figure 65- Views of metal casting produced (piston)

-

R
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Semipermanent mold casting.

Cores are often emploglen a permanent mold metal casting proc
These cores are likely made of the same material of the mold and ¢
permanent. The geometry of the these cores has to allow for the ren
the casting or the cores need to be able to collapse by sectsmnice
means. Sand cores have a lot less limitations and can be used in con
with permanent molds. Sand cores are placed within the permaner
prior to pouring the metal casting. The sand cores are not permane
the mold and must be tken up and replaced with every casting. ¢
cores, however, allow for more freedom in the manufacture of in
geometry. In manufacturing industry using a disposable core v
permanent mold is callesemipermanent mold casting

Properties and consierations of manufacturing by basic
permanent mold casting:

1 Generally this manufacturing process is only suited for mat
with lower melting temperatures, such as zinc, copper, magnesiu
aluminum alloys.

g Cast iron parts are also manufactured by grocess but the hi
melting temperature of cast iron is hard on the mold.

1 Steels may be cast in permanent molds made of graphite o
special refractory material.

17 The mold may be cooled by water or heat fins to help witl
dissipation of heat durghthe metal casting process.

1 Due to the need to open and close the mold to remove the
piece, part geometry is limited.

7 If the semipermanent casting method is used, internal
geometry may be complex.

17 Due to the nature of the mold, the metal icastwill solidify
rapidly. This will result in a smaller grain structure, producing a ce
with superior mechanical properties.

1 More uniform properties throughout the material of the cas
may also be observed with permanent mold casting.

1 Closer dmensional accuracy as well as excellent surface fini
the part, is another advantage of permanent mold casting ove
expendable metal casting processes.

7 In industrial manufacture permanent mold casting results
lower percentage of rejects thenany expendable mold processes.
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1 There is a limitation on the size of cast partanufactured by tr
process.

7 The initial setup cost are high, making permanent mold cz
unsuitable for small production runs.

7 Permanent mold casting can be highly audted.

1 This manufacturing process is useful in industry for high vo
runs. When set up, it can be extremely economical with a high r
production.
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6.2. Slush casting

Slush casting is a variation of permanent moldicgdhat is used |
produce hollow parts. In this method neither the strength of the part
internal geometry can be controlled accurately. This metal casting f
is used primarily to manufacture toys and parts that are orname
nature, suclas lamp bases and statues.

The process.

When producing a cast part using the slush casting metf
permanent mold is employed and set up.l&estc permanent mold dagy.
The mold is clamped together and prepared for pouring.

Figure 66- Mold for slush casting ready to be poured

After pouring the mold will set, as solidification begins to take p

Figure 67- Mold for slush casting immediately after pogi

The main principle of this casting process relies on the fact that
a metal casting hardens in a mold, it will solidify from the mold
towards the inside of the casting. In other words a metal skin form:
(as the external geometry of tpart). This skin thickens as more of
metal casting's material converts to a solid state.
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Mold wall

Solid metal

Liquid metal

Section of casting near mold
wall shot time after pouring

Figure 68 Solidification can be used to start at interface between
metal and mold surfaces

Mold wall

Solid metal

Liquid metal

Section of casting near mold
wall longer time after pouring

Figure 69- Solidification process from moldaging interface towards
inner regions of the material thickness of this solid section increase
time

Figure 70- Mold for slush casting gross sectional view of inside c
casting a certain amount of tim&) after pouring
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Figure 71- Mold for dush casting gross sectional view of inside o
casting a certain amount of tim&) after pouring also notd{ > T,)

Figure 72- Mold for slush casting gross sectional view of inside o
casting a certain amount of timg) after pouring also notd{> T2)

In slush mold casting, during the solidification of the material, \
the solidliquid boundary has reached a certain point, the mold is t
over and the remaining liquid metal from the casting is poured out.

Solid metal

Figure 73- The liquid metafrom the interior of the casting is poured ¢
before the entire mass of molten material can harden leaving only
solidified outer shell

Liquid metal

89



This will leave only the solidified skin with the exterior geometr
the metal cast part and a hollow interioheTlonger the metal casting v
allowed to solidify before pouring out the excess metal, the great
casting's wall thickness will be.

Casting

Figure 74- Metal in solidified outer shell is all
that remains in mold

The cast part is then removed frame tdie and allowed to cool.

Figure 75- Final product of slush casting process
(shown with section view)

Properties and considerations of manufacturing by slush castin

1 Slush casting is a type of permanent mold casting, therefore
of the basic pnciples of a permanent mold process will apply.

1 Slush casting is mainly suited to lower melting point mate
zinc, tin, or aluminum alloys are commonly slush cast in manufac
industry.

1 With this process you need to have a mechanical meanmaid
over the mold in order to pour out the molten metal from the cast pa
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17 When manufacturing by slush casting it is difficult to accur:
control the metal casting's strength and other mechanical properties

1 The casting's internal geometry cannetddfectively controlle
with this process.

1 The hollow metal castings manufactured by this process are
than solid parts and save on material.

1 Good surface finish and accurate exterior geometry are pc
with the slush casting manufacturing pess.
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6.3. Pressure casting

Pressure casting, also known in manufacturing industry a:
pressure casting or pressure pouring, is another variation of per
mold casting. Instead of pouring the molten metal into thangasinc
allowing gravity to be the force that distributes the liquid material thr
the mold, pressure casting uses air pressure to force the metal thrc
gating system and the metal casting's cavity. This process can be
cast high quality maufactured parts. Often steel castings are ce
graphite molds using this process. For example, in industry, steel r:
car wheels are cast with this method.

The process.

This is a permanent mold process and the manufacture of the r
pressurecasting is standard in most regards, basic permanent mc
casting Two blocks are machined extremely accurately, so they car
and close precisely for removal wketal parts. The casting's gating sys
is machined into the mold. The gating system is set up so that the
material flows into the mold from the bottom instead of the top, (lil
gravity fed processes).

The mold is set up above the supply of idjmetal to be used for t
casting. A refractory tube goes from the entrance of the gating syster
into the molten material. During manufacture by this process, the ch
that the liquid material is in is kept air tight. When the mold is prepad
ready for the pouring of the metal casting, air pressure is applied
chamber.

to open and close mol
Refractory tube
AlIr tight sealed chamber

Valve (closed)

I Can move up or down

Container for
molten metal

Figure 76- Pressure casting mold is in place and operation
IS ready to begin
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This creates pressure on the surface of the liquid, that in turn
molten material up the refractory tube and throughout the mold.

Pressure used in pressure casting is usually low, 153esfind be
typical for industrial manufacture using this process.

The air pressure is maintained until the metal casting has ha
within the mold. Once the cast part has solidified, the mold is open:
the part is removed.

Mold
Casting

to open and close mol

Reractorv tube
Air tight sealed chamber

/ Valve

Pressure
applied

I Can move up or down

Molten metal

FPRESSURE ACTS
ON SURFACE OF
MOLTEN METAL

LLLLLLL

Container for
molten metal

Figure 77- Pressure is applied to the dight chamber from some sour
through the valve

Mold Can move up or down
I to open and close mol
Casting Retractory tube
Molten metal Air tight sealed chamber

FPRESSURE ACTS
ON SURFACE OF
MOLTEN METAL

BLlLLLLLLL

/- Valve

Pressure
applied

Container for
moltenmetal

Figure 78- Pressure difference lve¢en chamber and mold forces mel
to flow up the refractory tube
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Mold
Casting

to open and close mol

Refractory tube
Air tight sealed chamber

I Can move up or down

Molten metal
Valve

PRESSURE ACTS
ON SURFACE OF

' MOLTEN METAL
LLLIN L /;uuu B -

Pressure
applied

Container for
molten metal

Figure 79 The force of the pressure causes molten metal to fill the
pressure is applied during the solidification of the casting

Properties and considerations of manfacturing by pressure
casting:

1 Pressure casting manufacture can be used to produce
castings with superior mechanical properties, good surface finish, an
dimensional accuracy.

1 Like in other permanent mold methods, the mold needs to b
to open and close for removal of the work piece. Therefore,
complicated casting geometry is limited.

1 Since the refractory tube is submersed in the molten materi
metal drawn for the casting comes from well below the surface. This
has had lesexposure to the environment than the material at the to
trapped in the metal as well as oxidation effects are greatly reduced

1 The high setup cost makes pressure casting not efficient for
runs, but an excellent productivity rate makes itage for large batc
manufacture.
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6.4. Vacuum permanent mold casting

Vacuum permanent mold casting is a permanent mold casting [
employed in manufacturing industry that uses the force caused
applied vacuum pressure to draw moltenahetto and through the mol
gating system and casting cavity. This process has a similar n:
vacuum mold castingiscussed in the expendable mold process se
howeverthese are two completely different manufacturing processe
should not be confused with each other.

The process.

A permanent mold containing the part geometry and the gating ¢
is created, (usually accurately machined), similar to the molds enapia
the other permanent mold processes. The mold in vacuum mold ca
much like the mold in the pressure casting manufacturing process,
the gating system is designed so that the flow of molten material si
the bottom and flows upwards.

Figure 80- Permanent mold for vacuum casting

Robot ARM

Mold

Molten metal
Figure 81- The first stage
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The mold is suspended over a supply of liquid metal for the ci
by some mechanical device, possibly a robot ARM.

A vacuum force is applied to the top of the mold.eTiteduce
pressure within the mold causes molten metal to be drawn up throt
gating system and casting cavity.

Robot ARM

Mold

olten metal

Figure 82- The second stage

As the casting solidifies, the mold is withdrawn from its position
the molten metal and openedrédease the casting.

Properties and considerations of manufacturing by vacuut
casting:

1 This manufacturing process can produce metal castings witf
dimensional accuracy, good surface finish, and superior mect
properties.

1 Castings with thin wiéd sections may be manufactured using
technique.

1 This process is very much like pressure casting in the we
mold is filled, but since vacuum force is used instead of air pressul
related defects are reduced.

1 Set up cost make this manufaatig process more suitable to h
volume production, instead of small batch manufacture.
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6.5. Die casting

Die casting is a permanent mold manufacturing process the
developed in the early 1900's. Die casting manufacture is charactel
that t uses large amounts of pressure to force molten metal throu
mold. Since so much pressure is used to ensure the flow of metal t
the mold, metal castings with great surface detail, dimensional acc
and extremely thin walls can be produc®dhll thickness within castin
can be manufactured as small as .02in (.5mm). The size of industria
castings created using this process vary from extremely small to
50Ibs. Typical parts made in industry by die casting include tools,
carluretors, machine components, various housings, and motors.

The process.

The mold.

Like in all permanent mold manufacturing processes, the first s
die casting is the production of the mold. The mold must be acct
created as two halves that cam tpened and closed for removal of
metal casting, similar to thieasic permanent mold castipgocess. Th
mold for die casting is commonly machined from steel adains all th
components of the gating systemilulti-cavity die are employed |
manufacturing industry to produce several castings with each ¢yait
dieswhich are a combination of smaller dies are also used to manu
metal castings in industry.

In a die casting production setup, the mold, (or die), is desigr
that its mass is far greater than that of the casting. Typically the mo
have 1000 times the mass of the metal casting.

So, a 2 pound part will require a mold weighing a ton! Bu¢he
extreme pressures and the continuous exposure to thermal gradier
the molten metal, wearing of the die can be a problem. However in
maintained manufacturing process, a die can last hundreds of thous
cycles before needing to beptaced.

Die casting machines.

In addition to the opening and closing of the mold to prepare fc
remove castings, it is very important that there is enough force that
applied to hold the two halves of the mold together during the inject
the molten metal. Flow of molten metal under such pressures will ci
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tremendous force acting to separate the die halves during the proce
casting machines are large and strong, designed to hold the mold t
against such forces.

Movable platetravels
on guide rods

Movable die half

Guide rods
(stationary)

Power
forcgllgls?r? ! Fixed die
dig half

Movement

Stationary section .
mechanism

connected to base Stationary section

connected to base
Figure 83- Cold chamber die casting machine (top view)

In manufacturing industry, die casting machines are rated on thu
with which they can hold the mold closed. Clamping forces for
machines vary from around 25 to 3000 tons.

Injection of molten metal.

In industrial manufacture the process of die casting falls into two
categories, hot chamber die casting and cold chamber die casting
process will be discussed specifically in more detail later. Although
processes vary from eactther, both employ a piston or plunger to fc
molten metal to travel in the desired direction.

Direction of

travel for ,
molten metal i \?vgﬁtmber - Applied force

RL LU L L LLLLLLLLLLLLLLL L L L LL L L L LL LA

RELL L L L L L LLLLE L L L LLLLL Ll L L L L L LD

\ Molten metal Plunger\ Plunger rod

Figure 84- Basic principle of die casting
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The pressure at which the metal is forced to flow into the mold
casting manufacture is on the erdof 1000psi to 50000psi (7MPa
350MPa). This pressure is accountable for the tremendously in
surface detail and thin walls that are often observed in metal c:
manufactured by this technique.

Once the mold has been filled with molten methk pressure
maintained until the casting has hardened. The mold is then opened
casting is removed. Ejector pins built into the mold assist in the remc
the metal casting. In most manufacturing operations, the internal st
of the moldare sprayed with a lubricant before every cycle. The lubl
will assist in cooling down the dies as well as preventing the metal ¢
from sticking to the mold.

After the casting has been removed and the lubricant applied
mold surfaces, thei@ are clamped together again then the cycle will r¢
itself. Cycle times will differ depending upon the details of each sp
die casting manufacturing technique.

In some instances, very high rates of production have been ac
using this metatasting process.

Insert molding.

With the die casting process, shafts, bolts, bushings and othe
can be inserted into the mold and the metal casting may be formed
these parts. This is called insert molding, once solidified these parts t
one with the casting.

To help with the integration of the part into the casting, the par
be grooved or knurled providing a stronger contact surface between
and the molten metal.

Metal casting
Figure 85- Grooved bolts cast into a part
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Properties andconsiderations of manufacturing by die casting:

1 Metal castings with close tolerances, tremendous surface
and thin intricate walls can be manufactured using this process.

7 Due to the rapid cooling at the die walls smaller grain struc
are formel, resulting in manufactured metal castings with sup
mechanical properties. This is especially true of the thinner sections
casting.

17 When manufacturing by this process, it is of concern to kee
mold cool. Die may have special passagest lmib them that water
cycled through in order to keep down thermal extremes.

1 Due to the high pressures, a thin flash of metal is usually sqt
out at the parting line. This flash has to be trimmed latter from the ca

17 Since the mold is not peeable, adequate vents need tc
provided for the elimination of gases during the metal casting pr
These vents are usually placed along the parting line between the d

7 High production rates are possible in die casting manufactui

1 Ejector pins wl usually leave small round marks on the m
casting. These can be observed on the surfaces of manufactured pe

7 The need to open and close the mold limits some of the shaf
geometries that may be cast using this manufacturing process.

1 Equipment cost for die casting are generally high.

1 Die casting manufacture can be highly automated, making
cost low.

7 Die casting is similar to most other permanent mold ca
processes in that high set up cost, and high productivity make it suite
larger batch manufacture and not small production runs.

100



6.6. Hot chamber die casting

Hot chamber die casting is one of the two main techniques
manufacturing process dlie casting This section will primarily discu:
the specific details of the hot chamber process and contrast the diffe
between hot chamber die casting anftl chanber die castingwhich is thq
other branch of die casting manufacture.

Hot chamber process.

A similar characteristic of either die casting process is the use ¢
pressure to force molten metal through a mold called a die. Many
superior qualies of castings manufactured by die casting, (such as
surface detail), can be attributed to the use of pressure to ensure the
metal through the die. In hot chamber die casting manufacture, the
of molten metal is attached to the die sagimachine and is an integral f
of the casting apparatus for this manufacturing operation.
Casting
cavity

Gooseneck
passage
Plunager

Shot cylinder

Mold

Plunaer rod

Intake
ort /" Homt chamber

Molten metal ~}.

Figure 86- Hot chamber die casting

The shot cylinder provides the power for the injection stroke.
located above the supply of molten meifdle plunger rod goes from t
shot cylinder down to the plunger, which is in contact with the m
material. At the start of a casting cycle, the plunger is at the top of a ct
(the hotchamber). Intake ports allow this chamber to fill with liquickah
As the cycle begins, the power cylinder forces the plunger downwar
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plunger travels past the ports, cutting off the flow of liquid metal to th
chamber. Now there should be the correct amount of molten materia
chamber for the "shot'hat will be used to fill the mold and produce

casting.

Moltenmetal —}

Castin -
Mold . cantd Shot cylinder
Gooseneck [ pjynaer rod
pa?gslﬂﬂger Intake ~ _ Hot chamber
— port

Figure 87- Hot chamber die casting

At this point the plunger travels further downward, forcing the m
metal into the die. The pressure exerted on the liquid metal to fill the
hot chamber die casting manufacture usually varies from about 70
5000psi (5MPato 35 MPa). The pressure is held long enough for the

to solidify.

Molten metal “

Casting _
cavity Shot cylinder
Gooseneck

: Pliinaer r
passage Intake od

Plunger port

Hot chamber

Figure 88 Hot chamber die casting
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In preparation for the next cycle of cagtimanufacture, the plung
travels back upward in the hot chamber exposing the intake ports ag
allowing the chamber to refill with molten material.

Castin '
Mold cavitvg Shot cylinder
ggsossa?gneeCk Plunaer rod
Plunger :Jnc}?tke/ Hot chamber

Molten metal ~J.

Figure 89 Hot chamber die casting

For more extensive details on the setup of the nblel die castin
process, or the properties and considerations of manufacturing
casting sedie castingor the basics of the process.

Hot chamber die casting has the advantaiga wery high rate ¢
productivity. During industrial manufacture by this process one c
disadvantages is that the setup requires that critical parts of the mec
apparatus, (such as the plunger), must be continuously submersed ir
material.

Continuous submersion in a high enough temperature materi
cause thermal related damage to these components renderin
inoperative. For this reason, usually only lower melting point alloys of
tin, and zinc are used to manufacture metaticgs with the hot chamt
die casting process.

103


http://thelibraryofmanufacturing.com/die_casting.html

6.7. Cold chamber die casting

Cold chamber die casting is the second of the two major branc
the die casting manufacturing process. This section will discuss
chamber die casting specificalgnd contrast it with thdnot chambe
procesgliscussed previously. For a basic view of die casting in gene
die casting manufacture

Cold chamber process.

Cold chamber die casting is a permanent mold metal casting p!
A reusable mold, gating system and all, is employed. It is most
machined precisely from two steel blocks. Large robust maslare use
to exert the great clamping force necessary to hold the two halves
mold together against the tremendous pressures exerted duri
manufacturing process.

Movable platetravels
on guide rods

Movable die half
Plunger

]

Guide rods

(stationary) POURING

HOLE
Power

cylinder
for Closing
die g

Plunger rod

CHAMBER | power cylinder
Eg}ed die  for injecfion of

molten metal

Stationary section
connected to base

Movement

Stationary sectior .
mechanism

connectedo base

Figure 90- old chamber die casting machine
(top veiw)

A metalshot chamber, (coldhamber), is located at the entranc

the mold. A piston is connected to this chamber, which in turn is coni
to a power cylinder,
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[ Mold

Casting
cavity

\ Plunger /

Plunger rod

Cold chamber

Figure 91- Cold chamber die casting

At the start of the manufacturing cycle, the eoctramount of molte
material for a single shot is poured into the shot chamber from an e
source holding the material for the metal casting.

Molten metal
for one shot

Ladle

Mold
[ Casting cavity

Plunger \
d

Plunger ro

Cold
chamber

Figure 92- Cold chamber die casting
The power cylinder forces the piston forward in the chanteting

off the intake port. The power cylinder moving the piston forward fi
the molten material into the casting mold with great pressure.
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Pressure causes the liquid metal to fill in even thin sections
metal casting and press the mold wédisgreat surface detail. The press
IS maintained some time after the injection phase of die ci
manufacture.

/— Mold

Castin

~ cavity (%Iled)

Cold chamber

Figure 93- Cold chamber die casting

Once the metal casting begins to solidify, the pressure is rel
Then the mold is opea and the casting is removed by way of ejector
The mold is sprayed with lubricant before closing again, and the pis
withdrawn in the shot chamber for the next cycle of production.

Cold chamber die casting for manufacture.

The main differencebetween colechamber die casting and bk
chamber die casting manufacture is that in the-cblimber process t
molten metal for the casting is introduced to the shot chamber fre
external source, while in the hot chamber process the source of
material is attached to the machine. In the-¢tamber process, cert
machine apparatus is always in contact with molten metal. For this r
higher melting point materials will create a problem for the machiner
hot-chamber metal casting setiince the liquid metal is brought in fr
an outside source, the die casting machinery is able to stay much c
a coldchamber process.

Consequently, higher melting point alloys of aluminum, b
copper, and aluminuninc are often metal cast in mafacturing industr
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using cold chamber die casting. It is very possible to manufacture ci
from lower melting point alloys using the cetttamber method.

When considering industrial metal casting manufacture, howev:
advantages of production Itge hotchamber process usually make it
more suitable choice for lower melting point alloys.

In the cold chamber die casting process, material must be broi
for every shot or cycle of production. This slows down the productio
for metal cashg manufacture. Where in the hot chamber process, ce
can be constantly output. Cold chamber die casting should s
considered a high production manufacturing process.

In comparison with the hot die casting process, the cold die c
processequires the application of more pressure. The pressure at
the molten metal is forced into and fills the die cavity in cold chamber
casting manufacture typically outranks the pressure used to fill the
hot chamber metal casting by abouat @der of magnitude. Pressure:
3000psi to 50000psi (20MPa to 350MPa) may be used in manufas
industry to fill the mold cavities with molten material during cold chat
die casting manufacture.

Castings manufactured by cold chamber die casting fal the
advantages characteristic of the die casting process, such as intricat
thin walls, and superior mechanical properties. The significant
investment into this manufacturing process makes it suitable fol
production applications
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6.8. True centrifugal casting

The manufacturing process of centrifugal casting is a metal ¢
technique, that uses the forces generated by centripetal acceler:
distribute the molten material in the mold. Centrifugal castingnhaisy
applications in manufacturing industry today. The process has sevel
specific advantages. Cast parts manufactured in industry include \
pipes and tubes, such as sewage pipes, gas pipes, and water sup
also bushings, rings, thenlr for engine cylinders, brake drums, and s
lamp posts. The molds used in true centrifugal casting manufactt
round, and are typically made of iron, steel, or graphite. Some ¢
refractory lining or sand may be used for the inner surfatieeamold.

The process.

It is necessary when manufacturing a cast part by the true cent
metal casting process, using some mechanical means, to rotate th
When this process is used for industrial manufacture, this is accom
by the use ofollers. The mold is rotated about its axis at a predetert
speed. Molds for smaller parts may be rotated about a vertica
However, most times in true centrifugal casting manufacture the mo
be rotated about a horizontal axis. The effectgrakity on the materi
during the metal casting process make it particularly necessary
longer parts with forces generated from horizontal rather than v
rotation.

A
I
i
Horizontal axis of rotation

4 [

Vertical axis of rotation

Figure 94- Vertical vs horizontal rotation

The molten material for theast part is introduced to the mold fr
an external source, usually by means of some spout. The liquid mete
down into the mold. Once inside the cavity, the centripetal forces frc
spinning mold force the molten material to the outer wall. &tolhateric
for the casting may be poured into a spinning mold or the rotation
mold may begin after pouring has occurred.
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Source of
molten metal

Mold

Pouring spout

Rotation about

‘horizontal axis Liquid metal

Figure 95- Pouring in true centrifugal casting

The metal casting will harden as the mold continues to rotate.

Center of axis Force {) acting

Mold i : : disrectly away
of rotation from center

Liquid metal

Rotation about Liquid metal

horizontal axis Rotation about

horizontal axis
Figure 96- Solidification in true centrifugal casting

It can be seen that this casting process is very well suited f
manufacture of hollow cylindrical tubes. The forces used in this tecl
guarantee good adhesion of the casting materidle surface of the mo
Thickness of the cast part can be determined by the amount of n
poured. The outer surface does not need to be round. Polygonal gec
such as squares and other shapes can be cast. However, due to the
the praess, the inner surface of a part manufactured by true cent
casting must always be round.

During the pouring and solidification phase of true centrif
casting, the forces at work play a large roll in the properties of ca
manufactured by tbiprocess. It can be seen that forces will be gree
the regions further away from the center of the axis of rotation. The ¢
forces towards the rim will cause the regions of the metal casting ne:
outer surface to have a higher density tti@sections located nearer
inner surface.
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Mold mold

Center of axis

of rotation « D|rect|0r_] of force
vectors is outward from
the center of the axis of
rotation

Denser

region -

The magnitude of
force vectors acting ol
the materialncreases
with the distance from
the center

Impurities
collect

Figure 97- Force vector diagram for true centrifugal casting
(crosssection)

Most impurities within the material have a lower density thar
metal itself, this causes them to collect in theeinregions of the met
casting, closer to the center of the axis of rotation. These impurities
removed during the casting operation or they can be machined off le

Properties and considerations of manufacturing by tru
centrifugal casting:

7 True centrifugal casting is a great manufacturing proces
producing hollow cylindrical parts.

1 The metal casting's wall thickness is controlled by the amot
material added during the pouring phase.

7 Rotational rate of the mold during the manufacturéhe castin
must be calculated carefully based on the mold dimensions and th
being cast.

7 If the rotational rate of the mold is too slow, the molten mai
for the casting will not stay adhered to the surface of the cavity. Frc
top half ofthe rotation it will rain metal within the casting cavity as
mold spins.

7 This manufacturing operation produces metal cast parts w
the need for sprues, risers, or other gating system elements, makin
very efficient industrial metal castingocess, in terms of material usag
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17 Since large forces press the molten material for the cas
against the mold wall during the manufacturing operation, good s
finish and detail are characteristic of true centrifugal casting.

7 Quality castingsvith good dimensional accuracy can be prod
with this process.

1 Material of high density and with few impurities is produced it
outer regions of cylindrical parts manufactured by true centrifugal ca

1 Impurities, such as metal inclusions arepped air, collect in tf
lower density inner regions of cylindrical parts cast by this process.

1 These inner regions can be machined out of the cast part |
only the dense, more pure material.

17 Shrinkage is not a problem when manufacturing by
centrifugal casting, since material from the inner sections will cons
be forced to instantly fill any vacancies that may occur in outer se
during solidification.

1 This method can produce very large metal castings. Cylin
pipes 10 feet in dmeter and 50 feet long have been manufactured
this technique.

1 With the employment of a sand lining in the mold, it is possit
manufacture castings from high melting point materials such as irc
steels.

1 This is a large batch production op@ra.

1 True centrifugal casting is a manufacturing process that is c
of very high rates of productivity.
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6.9. Semicentrifugal casting

Semicentrifugal casting manufacture is a variation of true centr
casting. The main difference that in semicentrifugal casting the mol
filled completely with molten metal, which is supplied to the ca:
through a central sprue.

Castings manufactured by this process will possess rote
symmetry. Much of the details of the manufacturingocess c
semicentrifugal casting are the same as those of true centrifugal ¢
For a better understanding of this process and centrifugal c
manufacture in general daege centrifugal casting?arts manufactured
industry using this metal casting process include such things as pulle
wheels for tracked vehicles.

The process.

In semicentrifugal casting manufacture a permanent mold m:
employed. Howevemften industrial manufacturing processes will uti
an expendable sand mold. This enables the casting of parts frol
temperature materials.

Pouring
basin Flask
Cope
_ Sprue
Parting
line
Casting
cavity

Drag

Figure 98 Semcentrifugal casting expendable sand mold used t
manufacture a wheel

The moltenmaterial for the metal casting is poured into a pot
basin and is distributed through a central sprue to the areas of the m¢
forces generated by the rotation of the mold ensure the distribut
molten material to all regions of the casting.
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Pouring

basin Flask
Cope
_ Sprue
Pating Molten metal
line

Casting cavity

Direction of
rotation

Drag

Figure 99- Semcentrifugal casting pouring a wheel

As the metal casting solidifies in a rotating mold, the centri
forces constantly push material out from the central sprue/riser
material acts to fill vacancies as they form, thusiding shrinkage area

Pouring
basin

Flask

Cope
) Sprue
Parting Casting
line cavity
Metal

- Direction of rotation

Figure 100- Semcentrifugal casting solidification a wheel

The centripetal forces acting on the casting's material durir
manufacturing process of semi centrifugal casting, play a large ¢
determining the perties of the final cast part. This is also very muc
case with cast parts manufactured using the true centrifugal casting
Forces acting in the true centrifugal process are similar to thos
influence the material of a metal casting fgeimanufactured by se
centrifugal casting.
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When manufacturing by seroentrifugal casting, the centripe
acceleration generated on the mass of molten metal by a rotating |
the force that acts to fill the casting with this molten metal. Thissts thk
force that continues to act on the material as the casting solidifies. Tt
thing to remember about centripetal forces is that the force will pus
direction that is directly away from the center of the axis of rotation.

/" Force generated act
directly away from
the center of rmation

Center of axis
of rotation

Rotation

Figure 101- Spinning wheel

Also, the farther away from the center of the axis of rotatior
greater the force.

It can be seen that during the semicentrifugal manufacturing pr
the material in the outer regions of the casting, (further from the cel
theaxis of rotation), is subject to greater forces than the material in the
regions.

L7

Greated force
generated

Smaller force fowards rim

generated
towards
center

Center of axis
of rotation

Rotation

Figure 102 Spinning wheel
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Forces on material
become greater as
distance from center
increases

. Axis of rotation\
Casting |

cavity

Metal
Direction of rotation

Figure 103 Semcentrifugal casting

When the metal casting solidifies, the outer region of the cas
forms of dense material. The greater the forces under which the m
metal solidified, the denser the material in that region. So the densi
cast part manufactured by semicentrifugal casting will increase &
travel radially outward from the center.

Density of
cast part
varies with
_radial
distance

Center of axis
of rotation

Figure 104- Cast wheel

The high forces in the outer section that push the molten m
against the mold wall also ensure a great surface finish of cas
manufactured by semicentrifugal casting.

Another feature of this process, attributed to the eisdgentripete
forces, is that impurities within the metal, (such as solid inclusion
trapped air), will form towards the inner regions of the casting.
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This occurs because the metal itself is denser than the imp:
denser material subject tortapetal forces will tend to move towards
rim, forcing less dense material to the inner regions.

This particular detail is also a feature in other types of centr
casting manufacture.

Impurities collect and
vacancies form in less dense
regions

AXis of rotation

Casting

_ Casting material
cavity -

becomes denser with
m_creasm? with the
distance from the
center

Metal

Direction of rotation

Figure 105 Semcentrifugal casting

In industrid manufacture of parts by semicentrifugal casting,
common to machine out the impurity filled center section, leaving on
purer, denser outer region as the final cast part.

Only the pure very
dense material
remains

Center
removed

Figure 106- Cast wheel
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6.10. Centrifuge Casting

Centrifuge asting is the third main branch of centrifugal cas
processes used for industrial manufacture of cast parts. For more «
information on the other two manufacturing processes that fit int
category of centrifugal casting see, true centrifugalsting an
semicentrifugal casting. Developing an understanding of these tecr
will greatly assist in learning about centrifuge casting, since the
principles that govern centrifuge casting are the same for all cent
casting processes. Cdfilge casting is different in that castir
manufactured by the centrifuge casting process need not have ro
symmetry. With centrifuge casting, metal castings of desired shapes
manufactured with all the distinct benefits of castings produned
centrifugal casting process.

The Process.

In centrifuge casting manufacture, molds employed to produc
desired castings are arranged around a central sprue. These molds
all the necessary geometry for the cast part, as well as the gggiem
Runners travel from the central sprue to the mold entrances.

Central sprue
Runner from central sprue

/ Mold
'~ Mold entrance

__— Casting cavity

* Rotation
Figure 107- Centrifuge casting (set up)

During the pouring phase of centrifuge casting manufacture, n
material is introduced into the central sprue. The entire systentai®«
about an axis with the central sprue at the center of rotation. When ar
IS rotated, forces are produced that act directly away from the cente
axis of rotation. It would be known from the previous discus!
concerning the other twadnches of centrifugal casting, that the utiliza
of the forces of centripetal acceleration which act to push material

117



from the center of rotation is the trademark characteristic of a
manufacturing processes of centrifugal casting. Centfifoetae is not onl
utilized to distribute molten material through a mold, but to help contr
material properties of a cast part. In centrifuge casting manufactu
molten material to produce the casting is poured into the central
Centripeal forces from the rotating apparatus push this material ou
from the center, through the runners and into the molds.

Molten metal bein
poured into central sprue

Center of axis
of rotation

Material flows in the
direction of force

— Mold

~ Mold is beingfilled with
molten material

Central sprue

Material generated by Rotation
centripetal acceleratior

Figure 108 Centrifuge casting (pouring)

When the correct amount of molten metal to manufacture the c
is poured andlistributed completely into the molds, the apparatus
continue to rotate as solidification is occurring. After the castings
completely solidified, the apparatus will stop rotating and the parts ¢

removed.

Mold Casting cavity and gating
system are complely
filled with molten metal

Rotation
Figure 109 Centrifuge cashg (solidification)
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Centrifuge Casting Manufacture.

There are many specific advantages in the quality of
manufactured by centrifuge casting. Since the metal is forced into the
the mold cavity usually fills completely and cast parts with thitled
sections are possible. Also, great surfaces can be produced by cer
casting, which is another characteristic of castings manufacturec
process that uses large amounts of force to fill a mold.

One of the most notable features, specific ® ¢bntrifugal castir
processes and discussed in the preceding sections, is the effect of ce
forces acting continuously on the material as the casting solidifies. I
material that solidified under greater force will be denser than the
material that solidified under less force. This can be observed in a
cylinder manufactured using theie centrifugal castingrocess.

Less dense

Denser

Densest at rim

Figure 110 Cast part prodwed by true centrifugal
casting (i)

During the solidification of this part the mold was rotating. The fc
acting on the material farther from the center were greater than the
that were acting on the material closer to the center.

Less dense
Denser

Densest at rim

Impurities tend to collect ir
less dense regions

Figurelll- Cast part produced by true centrifugal
casting (ii)
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Consequently, it can be seen in the manufactured part that the
IS greatest in the outer regions and decreases towards the center.

Another specific effect that the centripetal forces usezkmrifuga
casting methods have on the material of a cast part is that impuritie
as inclusions and trapped air, tend to collect and solidify in the less
material closer to the center of the axis of rotation.

This happens because the mateiitgklf is denser than the
impurities, when subject to centripetal forces the denser metal pushe
outer regions, forcing the lighter impurities to the less dense inner re
These effects of centripetal forces on a casting can be observadynin
cast cylindrical tubes but also in all the wide variety of parts that c
manufactured using the centri fuge casting process as well.

Less dense Denser

Densest

- Radial distance from the T

center of the axis of rotatior

Figure 112 Effects of centripetal forces

It can be seen that the density of the material varies ghmu the
cast part. The least dense section of the part will be the section tt
closest to the center of rotation. The density of the material of the ¢
will increase with increasing radial distance from the center.
impurities that were @sent in the metal will have collected in the are:
the casting closest to the center of rotation.

Less dense Denser
Impurities collect here

Densest

S

Radiad distance from the ¥+
center of the axis of rotatior

Figure 113 Effects of centripetal forces

120



In a carefully planned centrifuge casting operation, the cast pe
be designed to be manufacturedsuch a way that the less dense re
containing the inclusions is removed after the production of the c:
This will create a finished part of pure, dense material.

Impurities tendo solidify Less dense material
within less dense region solidified closer to the axis
of rotation

Denser material solidified
further from the axis of
rotation

Figure 114 Casting removed from mold

Figure 115 - Final manufactured & part of only pure
dense material
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