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INTRODUCTION

Metal casting has been serving the manufacturing industry for years.
It is used for manufacturing a range of products from simple to exceptionally
intricate. The challenges associated with the process have led to many
advancements in metal casting technologies over time. During this period,
different cast materials and casting processes have evolved making it
possible to design and manufacture almost any product with high quality. It
IS important to analyze the progress of metal casting in the past, trends in
the field at present, and envisage the future 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 the 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 heat treatment 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, would be useful
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 engineer who designs a casting must have accurate information
about the properties of the cast metals to be used. The manual may not be
useful in the design of components that would lead to low mechanical
properties. To provide a foundation for foundry work, coursework in 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 development, 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 readers ingrain the fundamental knowledge of
metal casting technologies in all the above-mentioned areas so that the
integrity and quality of castings can be enhanced.



1. EVOLUTION OF THE METAL CASTING INDUSTRY

Metal casting is one of the primitive manufacturing processes which
was developed based on fire-using technologies (or pyrotechnologies).
Initially, pyrotechnologies have been used to improve the workability of
stone, make plaster by burning lime and produce ceramics by firing the clay.

Metalworking, however, started 10,000 years ago when the earliest
metal objects are found to be wrought rather than cast [5, 36]. Evidence of
such metal objects is found in the form of decorative pendants and beads
which were formed by hammering native copper. Table 1 summarizes the
advancements in metalworking over these 10,000 years.

Today, metal casting is a complex and intricate process that requires
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 B.C.
In those times, gold was the first metal 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 hand, dates back to 5000 and 3000 B.C.,
which refers to the Chalcolithic period during which metals were melted for
castings together with the experimentation of smelting copper. Initial molds
were made from smooth textured stones as shown in Fig. 1, resulting in fine
cast products which could be witnessed in the museums and archeological
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 portable and economical in terms of utilizing a
suitable piece of stone [5].

Some historians believe that iron casting began in ancient China as
early as 6000 B.C. 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 earliest uncovered example of a cast component
IS a copper frog that dates to 3200 B.C. 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 believe that iron was discovered by the Hittites of
ancient Egypt somewhere between 5000 and 3000 B.C. 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 B.C. and 1200 B.C., the Hittites
developed a process for smelting the iron — heating its ore to purify it —
expanding its usability. For centuries, the production of iron remained a
closely-held secret of the Hittite people until roughly 1000 B.C. when
Chinese metallurgists discovered the superiority and workability of iron.

Followed the by Chalcolithic period, the Bronze Age started in Near
East around 3000 B.C. during which alloying elements were added to
copper. The first bronze alloy reported was a mix of copper (Cu) with
4-12 percent of arsenic (As), thus forming a silvery appearance of the cast
surface as a result of inverse segregation of the arsenic-rich low-melting
phase to the surface. Next, 5-10% of tin (Sn) was added to copper which
was advantageous to lower the melting point, improving strength,
deoxidizing the melt, and producing a fine and easily polished cast surface
capable of reproducing the features of the mold with exceptional fidelity,
often desirable for 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 silver, are reported during this age
between 3000 and 2500 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.C. in the Mesopotamia region [6]. The
intricate design and three-dimensional characteristics suggest that it was
created using a sand casting process instead of using a permanent stone mold
[36]. The beginning of the Bronze Age in the Far 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 China are the
four statues that stand outside of the Zhongyue Temple in Dengfeng. These
statues were cast in approximately 1024 B.C. Before this, Chinese
metallurgists worked with bronze and copper to create cast components,
which were largely used in the country’s agricultural industry. It was
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 B.C. when Chinese metallurgists began using 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 shapes and sizes that
can be easily molded.
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Table 1 — Development in use of materials and metal casting [5, 37]

Date Development Location
1 2 3
: : : Near
9000 B.C.  |Earliest metal objects of wrought native copper E ot
6500 B.C.  |Earliest life-size statues, of plaster Jordan
50003000 B.C. Chalc_olithic _ peripd: me_lting of copper;] Near
experimentation with smelting East
A copper frog, the oldest known casting in
3200 B.C existence, is made in Mesopotamia. Copper was| Near
"~ |a popular material for metalworking due to its| East
high ductility (stretch)
Bronze age: arsenical copper and tin bronze
alloys. Bronze alloys are used in casting, Near
3000-1500 B.C. |offering key benefits such as low weight and a
low melting point. Bronze tools and weapons East
are cast in permanent stone molds
Early use of investment (lost wax) casting for Near
3000-2500 B.C |ornaments and jewelry. The lost wax casting of
small objects East
2000 B.C.  |Bronze age Far East
600 B.C. Cast iron China
233 B.C. Iron ploughshares are cast
500 A.D. Cast crucible steel is produced India
1200-1450 A.D. |Introduction of cast iron Europe
1313 Development of the first bronze cannon in China
Ghent
1500s Sand introduced as the mold material France
Cast iron produced with coke as fuel,
1709 AD. | i o b b England
1735 A.D.  |The great bell of the Kremlin cast Russia
1740 A.D.  |Cast steel developed by Benjamin Huntsman | England
1779 AD. Cast i_ron used as an architectural material, England
Ironbridge 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.
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Continue Table 1

1 2 3
1849 Development of a die casting machine -
1863 Metallography of casting surfaces England
1870 Development of sandblasting for large castings U.S.
1876 Aluminum started to use as cast material U.S.
1887 Development of oven for core drying -
1898 Mold development with bonded sand England

Electric Arc Furnace for commercial production
1899 . France
of castings
1900 Low pressure permanent mold casting England
1907 Heat treatment and artificial aging to improve cast Germany
aluminum alloys
1910 Match plates and Jolt Squeezing machines -
1925 X-ray radiography for casting quality control U.S.
1940 Chvorinov’s Rule -
1944 First heat-reactive, chemically-cured 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 as a core binder -
1968 Cold box process for mass production of cores -
1971 Vacuum forming or the V-process method Japan
1974 In-mold process for ductile iron treatment by Fiat | U.S.
1948 Ductile Iron castings in industrial applications U.S.
19805 Deye_lqpm_ent and commercialization of a _
solidification software
1988 Rapid prototyping and CAD/CAM technologies -
1993 Plasma ladle refining (melting and refining in one Us.
vessel)
Mid 1990s | Microstructure simulations -
1996 Cast_ M_etal Matrix Composites in automobile England
applications
End 1990s | Stress and distortion simulation of castings -
2001 Software development by NASA and Department Us.
of Energy/OIT
2016 Casting simu_lation§ coupled to mechanical ]
performance simulations

11



The disadvantages are the unavoidability of defects and the fact that
this process is quite labor-intensive. This is the earliest known use of this
process and represents China’s significant contribution to the history of iron
casting. Casting was the 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 using the lost wax casting method.
\

Figurel — Mold prepared by Figure 2 — The earliest known
smooth textured stone with an casting in existence «A Copper
axe [5] Frog», cast in 3200 B.C. [66]

In Europe, cast iron was introduced as a casting alloy between 1200
and 1450 A.D. The 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. Soon after this, in Burgundy, France, and England, cast iron was
also used to make cannons during the Reformation of the 16th century.

In 1619, the first ironworks were established in North America by the
Virginia Company of London. It was named Falling Creek Ironworks 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 to
water for power and shipping-related needs. The surviving written records
indicate that this facility was able to produce some iron. But historians
believe that full production was never achieved.

In 1642, Saugus Iron Works, America’s first iron foundry, was
established near Lynn, Massachusetts. This was also the location where the
first American 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 important
developments in the casting industry include where ut not limited to the

12
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introduction of sand as mold material in the 16th century, the production of
cast iron with coke as fuel at Coalbrookdale (1709), the casting of the Great
Bell of the Kremlin (1735), and the 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 other architectural applications during that period.

Figure 3 — The Iron Bridge (a) across the Severn River at Ironbridge Gorge
(b) detail of the Iron Bridge showing the date, 1779 [1]

Iron’s great impact on Britain can be attributed to a flurry of
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 a coke-fired 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 casting. Coke was much cheaper and more efficient than
charcoal. With the introduction of coke, it became possible and lucrative to
use larger furnaces, which enabled large-scale 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
solved, Darby’s innovation had a big impact on the 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 used to pump 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, because it could not expand its capacity fast enough to meet

13


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

the growing demand for cast iron. This was prior to Britain’s industrial
revolution. At that time, the iron manufacturing industry consisted of small,
localized production facilities that had to be located close to the resources
they needed, such as water, limestone and charcoal. That’s because there
were limited resources for transporting raw materials and finished goods.

At this time, furnaces were small, which meant that their production
capacity was very limited. 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 charcoal-fueled blast furnaces.

As a result, cast iron’s usability was very limited. Most of the demand
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 Newcomen’s work, making the steam engine capable of powering
machinery, locomotives and ships. This further advanced the industry’s
speed and ability to transport raw materials and finished goods.

James Watt’s breakthrough happened when he realized that the design
of the steam engine wasted a great deal of energy because it repeatedly
cooled and re-heated the cylinder. Watt introduced a design enhancement,
the separate condenser, which avoided this waste of energy and radically
improved the power, efficiency and cost-effectiveness of steam engines.

Eventually, Watt adapted his engine to revolutionize transportation,
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 large-scale
production of non-brittle 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 allowed iron bars to be made more quickly
with a more economical process he called the rolling technique. Previously
used methods consisted of hammering or cutting strips from a rolled plate.
In 1784, Cort patented the puddling process, which 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.

14
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As the iron was decarbonized by air, it became thicker and balls of
«puddledy iron could be removed from the more liquid impurities that
remained in the furnace. The puddled iron, like the wrought iron, was
tougher and more malleable than the pig iron and could be hammered and
finished 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 goods. Cort’s
contributions to the industry allowed large-scale 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 sizes of blast 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 in England. However, in 1815, the War of 1812 ended,
ushering in a period of peace. With the war’s end came the decline of both
the price and demand for iron. However, Britain had become the largest
producer of ironworks in all of Europe. In addition, its economy 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 the same century. The first molding machine was
developed by S. J. 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 newspapers in
1849. Examination of castings was started by the development of
metallography in 1863 which enabled foundry men to polish, etch and
physically analyze the castings through optical microscopy. Next, sand
blasting was developed for large castings in 1870. By 1876 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 the oven for core drying (1887), non-art application of lost wax casting
method to produce dental inlays (1897), mold with bonded sand for salt-
water piping system (1898), and electric arc furnace for commercial
production of castings (1899).

In the early 1900s, the first patent for low pressure permanent mold
casting was issued in England. American Foundry Association (AFS)
produced rail wheels by centrifugal casting process for the first time. The
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advancement in the field continued with a die casting machine patented by
H.H. Doehler patents in 1905. Heat treatment and artificial aging were
proposed in 1907 to improve the properties of cast aluminum alloys. In
1910, jolt squeezing machining became possible through the development
of match plates. Another important development in 1915 was the
experimentation on bentonite clay due to its exceptional high green and dry
strength. In addition to that furnaces for non-ferrous melting were also
developed during the 1910s.

The quality of casting was first examined through X-ray radiography
in 1925 after which all military aircraft castings had to pass X-ray inspection
for acceptance by 1940. The development of mathematical relationships
between casting geometry and solidification time was established by
Chvorinov in 1940. Also, statistical process control was started to use for
casting quality control and assurance in 1940s in the United States. The
research on binders resulted in the first heat-reactive, chemically-cured
binder in Germany in 1944 for the rapid production of mortar and artillery
shells during 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.

To increase mold hardness (density), high pressure molding was
experimented in the 1950s. A hotbox system to prepare and cure the cores
simultaneously was introduced in 1953 thereby eliminating the need for
dielectric drying ovens. In the mid 1950s, the squeeze casting process
originated in Russia. In addition to that a full mold process was developed
in 1958, 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 the 1960s, Furan was developed as a binder to be used in core
production. Also, shell flake resin was introduced in 1963 and it eliminated
the need for different solvents. In 1968, a new method called the “cold box
process” was developed for the mass production of cores in foundries. The
late 20th century i.e. 1970-1999 brought more advancements to metal
casting such as the development of vacuum forming or the V-process
method in 1971 to produce molds using unbonded sand by using vacuum.
In 1974, Fiat developed an in-mold process for ductile iron treatment.

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

Plasma ladle refining (melting and refining 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, low-expansion synthetic mullite sand is patented by Brunswick
Corp. in 1994. Microstructure simulations in the mid 1990s enabled
designers to analyze the effects of metallurgy and predict and control the
mechanical properties of cast components.

Cast metal matrix composites (MMCs) were used in automobile
applications such as brake rotors for the first time in 1996. In the same year,
General Motors Corp. developed a non-toxic and recyclable, water-soluble
biopolymer-based core sand binder. Casting simulation developed further
towards the end of the 1990s by stress and distortion simulation. As a result,
the 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 improve mold life.

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

In 2016, a new approach was developed which emphasized 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 the reliable operation 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 difference between today’s cast metal
products and those 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 detailed cores
and molds. Modern-day metal casting represents innovation at work.

Throughout the centuries, various combinations of raw materials have
been developed to produce various metal types. Some cast products are used
in engines that require a high tolerance for heat and cold. Cast iron pipes
must resist corrosion and 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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Multiple Choice Questions

1.1. In which country, according to historians, did cast iron begins in
6000 B.C.?

1) ancient Rome;

2) ancient China;

3) ancient Greece;

4) Kyivan Rus;

5) Middle East.

1.2. What chemical element was discovered by the Hittites of ancient Egypt
somewhere between 5000 and 3000 B.C.?

1) steel;

2) iron;

3) copper;

4) nickel;

5) aluminum.

1.3. What age began following bythe chalcolithic period in the Near East
around 3000 B.C.?

1) Wooden Age;

2) Stone Age;

3) Copper Age;

4) Bronze Age;

5) Diamond Age.

1.4. One of the biggest impacts that China had on the evolution of iron
casting occurred in 645 B.C. when Chinese metallurgists began using:

1) shell molding;

2) machine forming;

3) sand molding;

4) centrifugal casting;

5) injection molding;

6) ceramic mold casting.

1.5. When cast iron was introduced as a casting alloy in Europe?
1) before 6000 B.C.;
2) between 5000 and 3000 B.C.;
3) between 5000 and 3000 B.C.;
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4) between 1200 and 1450 A.D.;
5) later 1500 A.D.

1.6. The earliest evidence of cast products in Europe is:
1) four statues near the temple in Denfeng;
2) copper frog casting;
3) iron ploughshares;
4) bronze cannon;
5) cast iron pipe.

1.7. Where the first ironworks were established?
1) in North America;
2) in South America;
3) in Eastern Europe;
4) in Western Europe;
5) in India.

1.8. In the 16th century, the production of cast iron with coke as:
1) charcoal;
2) brown coal;
3) hard coal;
4) fuel,
5) anthracite.

1.9. Who developed two methods for extracting impurities from iron,
turning it from pig iron to wrought iron?

1) Chvorinov;

2) Benjamin Huntsman;

3) Henry Cort;

4) James Watt;

5) Thomas Newcomen.

1.10. When a new centrifugal casting method was developed in England?
1) in 1793;
2) in 1809;
3) in 1815;
4) in 1818;
5) in 1837.
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1.11.

In which country was the first cast steel produced by the crucible

process in 1818?

1.12.

1) inthe U.S,;
2) in Canada;
3) in Britain;
4) in England;
5) in Europe.

In 1849 to supply rapidly cast lead type for a newspaper was

developed:

1.13.

1.14.

1.15.

1.16.

1) centrifugal casting device;
2) molding machine;

3) die casting machine;

4) sand pattern;

5) crucible furnace.

In 1863 examination of castings was started by the:
1) invention of electron microscopes;

2) invention of X-ray radiography;

3) invention of X-ray;

4) appearance of defectoscopy;

5) development of metallography.

Sand blasting was developed in 1870 for:
1) small castings;

2) large castings;

3) castings of complex shape;

4) hollow castings;

5) cast iron and steel castings.

When aluminum was started to use as cast material?
1) in 1812;
2) in 1835;
3) in 1870;
4) in 1876;
5) in 1905.

Heat treatment and artificial aging was proposed in 1907 to:

1) improve the properties of cast aluminum alloys;
2) ensure plasticity of copper castings;
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3) increase the strength of steel castings;
4) reduce of brittleness of iron castings;
5) production of responsible parts from cast iron and steel.

1.17. During 1910s were also developed furnaces for:
1) heat treatment of iron castings;
2) heat treatment of steel castings;
3) melting non-ferrous metals;
4) melting non-colored alloys;
5) melting metals and alloys.

1.18. In 1925 the quality of casting was first examined through:
1) microstructure simulations;
2) stress and distortion simulation;
3) electronic metal analyzers;
4) X-ray radiography;
5) X-rays.

1.19. The development of mathematical relationships between casting
geometry and solidification time was established in 1940 by:

1) Chvorinov;

2) Henry Cort;

3) Abraham Darby;

4) Benjamin Huntsman;

5) Isaac Newton.

1.20. Squeeze casting process was originated:
1) in 1988;
2) in 1974;
3) in 1970-1980s;
4) during the 1960s;
5) in the middle of 1950s.

1.21. What new achievements in metal casting occurred in 1970-1999?
1) development of high pressure molding;
2) development of squeeze casting;
3) development of vacuum forming;
4) development of continuous casting;
5) development of simulation casting.
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2. METAL CASTING AS A MANUFACTURING PROCESS

Metal casting is the manufacturing process 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, pouring in molds,
cooling, shake-out, fettling, heat-treatment finishing and inspection,
performed on foundries. What can be found in today’s foundry that creates
castings? Similar to a factory’s production line, the manufacturing chain is
composed of nine primary sections:

1. First, foundries melt metal to extremely hot temperatures. This
requires heating raw metal and/or alloying elements into the molten form so
it can be poured into molds. In order to achieve these temperatures,
specialized furnaces are used. Foundries may 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. This will create porosity on the object’s surface and lead
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 present in the object.

3. 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 requires specialized 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 molten 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 solidifies, 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.

6. Foundries also employ equipment used to heat treat metals in order
to alter their physical properties. Using specific techniques in heating and
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cooling, a metal’s properties are manipulated through annealing, case
hardening, tempering, and quenching.

7. Once the casting is ready, its surface properties 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, the 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 provide steel casting services.
Castings are the end product created by foundries (Fig. 4). 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 of all sizes and for every sector of our society.

Automobile  Aerospace  Shipping

K- A1 10

Farming Machine tool Machinery  Electrical Energy

Medical Art

Defense

Figure 4 — Typical metal cast parts
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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 success of the casting
process are as follows [13, 18].

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 their metallurgical nature, some metals can only be cast to
shape since they cannot be hot-worked 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
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) to be produced any other way.

Casting can be a low-cost, high-volume 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, brake calipers, steering knuckles, and control arms.

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 to
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 wrought products.

Casting technology has progressed significantly, allowing products to
be cast with very thin cross sections, often referred to as «thin-wall-casting»;
such capabilities allow designers to reduce the casting weight that is often
assumed necessary 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 meet the design criteria, especially concerning strength and
toughness.

In some cases, the casting process may give way to other methods of
metal processing. 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
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provides a convenient method of joining or fabricating wrought or cast parts
into more complex structures; and stamping produces lightweight steel
metal parts. Thus, the engineer may select from several 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 metallurgy, machining, 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 metal like cast iron cannot be manufactured. For
example, high alloy steels of high-melting temperature to low-melting
aluminum alloys.

2. There is no restriction on the size of the component for casting.
Items from a few grams to many tons weight are produced by the casting
process. There are severe problems in manufacturing larger parts by
processes like powder metallurgy, forging, etc. For example, watch cases of
a few grams to rolling mill housings and kiln-tyres of 50 tons each.

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 to
produce otherwise.

3. The most intricate external and internal shapes can be formed by
the casting process, by suitable molding and core-making techniques. No
such possibility exists in the other forming methods as rolling. For example,
automobile cylinder blocks, carburetors and valve bodies.

4. Casting technology has progressed significantly, allowing products
to be cast with very thin cross sections, often referred to as «thin-wall-
casting»; such capabilities allow designers to reduce the casting weight that
is often assumed necessary for production.

5. Because of their metallurgical nature, some metals can only be cast
to shape since they cannot be hot-worked 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 exceed the 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
not generally true for wrought products.
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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 of properties can be obtained in cast parts by suitable
choice of alloy and heat treatment. Special properties like corrosion
resistance, heat resistance, damping capacity, high strength, etc., are possible.

9. Casting can be a low-cost, high-volume 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, brake calipers, steering knuckles, and control arms.

10. The casting process is economically suitable 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 production-run without increasing cost. 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 meet
the design criteria, especially concerning strength and toughness.

11. The casting process is still the cheapest available technique for
forming many components from raw materials to the final usable stage. So
it remains the fundamental manufacturing process inspired by many
developments in other fields.

In some cases, the casting process may give way to other methods of
metal processing. 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 joining or fabricating wrought or cast parts
into more complex structures; and stamping produces lightweight steel
metal parts. Thus, the engineer may select from several metal-processing
methods, singularly or in combination, which is most suited to the needs of
his or her work,

The casting process has the following disadvantages:

1. Metal casting involves the melting of metal, which is a highly
energy-consuming process. Due to the growing cost of energy, many
restrictions are being imposed on the energy-intensive metal casting 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 labor-intensive compared to other
processes. The productivity is thereby less than in other automatic processes
like rolling.
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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 2.2 tons of metallics, 0.3 tons of refractories, 1.2 tons of
facing sand and 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 other processes like machining.
On average, a medium-size 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 one-and-a-half years depending on size, intricacy,
composition, 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, is quite bad compared
to other process industries. Environmental pollution is high in metal casting
industries. This is leading to the closure of foundries in advanced countries
like Germany, Switzerland, etc., both by governmental legislation and by
unpopularity as a profession.

Despite this, casting production is considered of the main factors
influencing the development of the world economy. The actual capacity of
the world’s casting production, which is higher than 91 million metric tons
per year (2020), is strongly diversified.

The last decade brought significant changes in the Word map of the
greatest casting producers. Globalization and transformation of economic
systems are reflected by variations of foundry production in different
countries, moreover, the globalization of the economy is regarded not only
as a chance but also as a menace for the European foundries [24].

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

Development of new technologies and casting alloys.
Melting and liquid metal preparation.

Manufacturing of molds and cores.

Preparation of casting materials and composites.
Pouring. solidifying and cooling of casting.
Technological waste management.

New production systems and quality control.
Sustainable development of the foundry industry.
Energy and material efficient technologies.

©Coo~NoOkwdE
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European metal casting industry, just like most European and USA
manufacturing, suffered greatly from arly in this decade. Moreover,
substantial dynamics in the global economy, especially off-shore sourcing
of cast metal components as well as the off-shore manufacturing of durable
goods that require castings continue to profoundly reshape the European
metal casting industry. The effects of the recession were magnified by the
influx of low-priced castings from off-shore sources including Brazil, India
and particularly China.

Nowadays it is becoming clear that economic trends and technological
advances are creating an inflection point in the growth rate for cast metal
components. The growth in the world economy demand for casting related
to transportation and an industrialized infrastructure. Metal casters need to
invest in technology and people. Meaningful improvements in casting
design, modeling, prototyping and production will be of the highest
importance if foundries want to achieve increasing capabilities and lower
COsts.

Finally, foundries need to invest in people. The knowledge and skills
needed to keep pace are changing even faster than technology. Over the next
50 years, new skills will need to be developed every three to five years.
Ongoing training and education will be a must for successful foundries.

These five trends are important for foundries in the future.

Aluminum is displacing classic steel, the shortage of skilled workers
IS to be compensated for by progressive automation, and environmental
protection is increasingly becoming a priority - this is only a small part of
the topics that will dominate the foundry industry this year and in the years
to come.

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 factor. In mechanical engineering, this
material is also used for mechanically demanding tasks.

In the last decade, the world has produced about six percent more
aluminum than in the previous 10 years. The higher price of the material
becomes an ever smaller argument against this metal: the price of the
finished product decreases due to advanced manufacturing methods and
state-of-the-art machinery. Raw material prices have been comparatively
high for years, but they are not affected by as many fluctuations as metal.
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2. Automation due 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 semi-automated or
completely autonomous systems to maintain or even increase their
production.

By no means does this lead to further job cuts? Quite the opposite:
employees can invest more time in designing or testing instead of pressing
buttons on machines, transporting raw materials, or filling 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.

The terms Industry 4.0 and the Fourth Industry Revolution have been
around at least since 2014, but the revolution is ongoing with fresh new
implementations continuing to enter industries worldwide.

The metal casting industry is going through its version of a fourth
revolution, and a growing number of suppliers, foundries and end-users are
creating new ways to use the Internet of Things to do their jobs more
efficiently.

Sensors, linked machines and smart controls 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 optimized 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.

Employing Industry 4.0 technologies in the casting and foundry
industry does not fully spell success, or guarantee it for that matter.
However, companies can reap the benefits of implementing Industry 4.0 by
taking the time to decide on the tech implementation part, choosing the
goalposts, and offering employees ample time to familiarize themselves
with the new process set in place.

New technologies like virtual reality help companies present
themselves to the outside world. Thus, a virtual tour of the production halls
becomes possible for everyone. Safety concerns are no longer necessary —
furthermore, a presentation of the company is possible everywhere. Thanks
to augmented reality, technicians can easily adjust or repair machines with
a superimposed virtual image. Also, virtual learning becomes easier with
the new technologies. Meanwhile, numerous CAD programmers can also be
used by way of 3D glasses to make prototyping more efficient.
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4. Environmental protection and eco metals.

Foundries are considered to be amongst the most energy-hungry
industries in Germany. A study by the Federal Environment Agency proves
that the majority of foundries could get their energy requirements from
renewable energies. For this, however, energy storage devices are necessary
that can meet the enormous requirements for continuous day-night
operation.

Through the use of more 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 to make
the entire production process more environmentally friendly.

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
components cost-effectively, quickly and more accurately than with
conventional processes. Depending on the individual application, additive
manufacturing offers various sizes ranging from half a cubic meter to entire
warehouses that can be converted.

Innovative technology is already being used in projects that require
only a small quantity of the final 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.

The structure of the modern foundry industry 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 single special casting process. Many such
foundries are captive to engineering organizations that incorporate castings
in their finished products.

The jobbing foundry is constantly presented with new problems in the
molding of individual design features and in the determination of casting
methods that 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 evolved from an
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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 before any molten
metal is poured.

In the mass production foundry, by contrast, the emphasis is on 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 the opportunity for the 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 fields, with 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 casting
alloys, other firms produce several of these materials sides by side.
Achieving vision goals will enable the industry to produce thinner-walled
more efficient casting geometry, reduced casting rejections at all stages
of production, increased delivery performance at lower in-process and
finished inventory levels, and overall lower cost of production through
control, automation, and elimination of administrative waste.

The task of increasing the efficiency of global foundry production and
the development of metal casting processes is carried out in three
interrelated areas: improved product performance, reduced production
costs, and waste reduction. To the extent possible, models to achieve similar
goals in other industries and other countries should be investigated.
Opportunities for advanced technologies, automation, and cleaner more
efficient technologies must be pursued. Areas of focus include:

1. Reduce production costs. Opportunities to reduce labor and energy
content and make other efficiency improvements must be pursued. Lean
manufacturing, six sigma and other concepts to improve operating
efficiencies need to be pursued as do activity-based cost accounting
approaches.

Revolutionary technologies and process changes also should be
investigated to achieve metal casting without the use of tooling. The
industry should investigate the application and blending of statistical, shop
floor layout, computer numerical control, and scheduling technologies to
radically change the nature of Economic Order Quantities (EOQSs),
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production release sizes, inventory levels, and delivery performance in
metal casting plants.

2. Reduce the Energy Content of Cast Products. Energy content can be
reduced by improving product quality — thereby reducing scrap and melting
requirements. Improvements in equipment and process efficiencies will also
save energy. The industry should develop a complete understanding of the
thermophysical behavior of alloys in melting, flow, and solidification as
well as the ability to accurately simulate these behaviors.

3. Waste Management. Process improvements are needed to enable
increased reuse of foundry sand and other by-products and/or waste streams,
more environmentally sound binders, and better emission treatment. Process
improvements will also help to reduce scrap and thereby waste in casting
Processes.

4. Reduced Labor Content of Cast Products. Current practices must be
investigated to identify opportunities to reduce the number of process steps,
develop and implement no-touch casting processes, and implement
advanced information and control technologies.

5. High-Quality, High-Performance Engineered Cast Components.
Methods to improve quality, precision and performance will result in fewer
customer returns. The industry must develop an understanding of all process
variation that affects the performance of castings in their applications; and
develop process controls to ensure that variation is within allowable limits.
Better-performing products will also open new markets for metal castings.
Tools are needed to capture digital, analog, or computer vision signals from
all levels of the metal casting process to provide real-time feedback about
process status and to provide the ability to correct variances before they
become product defects.

The future holds great promise for the metal casting industry. New
advances have allowed the industry to employ materials such as aluminum,
magnesium, titanium, zinc, advanced copper-based, and advanced ferrous
alloys to produce thin walls, high-strength castings with higher precision
castings and more complex shapes. But to remain competitive and maintain
a viable domestic industry, challenges must be overcome in industry
recognition, casting design, processing efficiency, and employer
attractiveness.
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Multiple Choice Questions

2.1. What is a factory that performs casting operations usually called?
1) casting enterprise;
2) foundry;
3) casting department;
4) casting factory.

2.2. Metal casting is:
1) technological operation for the production of metal parts by pouring
metal into molds and solidifying it;
2) manufacturing process of forming metallic objects by melting
metal, pouring it into the shaped cavity of a mold and allowing it to
solidify;
3) manufacturing and technological process of manufacturing parts
from the molten metal using special molds for casting;
4) special technological operation in mechanical engineering for the
production of workpieces from liquid metal.

2.3. What are the main operations involved in the casting process?
1) pattern making;
2) workpiece forming;
3) sand preparation;
4) molding;
5) shaping.

2.4. What are the main operations involved in the casting process?
1) heating the metal form;
2) melting of metal;
3) pouring into molds;
4) cooling;
5) sandblasting of the casting.

2.5. What are the main operations involved in the casting process?
1) shake-out;
2) weighing the sand mixture;
3) fettling;
4) decoration of the casting;
5) fine jet processing of the casting.
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2.6. What additional operations are necessary for the casting process?
1) heat-treatment finishing;
2) chemical-thermal strengthening;
3) thermo-mechanical processing;
4) inspection;
5) cleaning.

2.7. Which of the listed operations are included in the structure of the casting
production process?
1) melting ore to speed up the smelting operation;
2) mixing, if necessary, ore with alloying elements;
3) heating raw metal and/or alloying elements into molten form so they
can be poured into molds;
4) degassing to measure and regulate the amount of hydrogen present
in the object.

2.8. To create a casting from an original design, foundries require:
1) mold making;
2) pattern making;
3) pattern making equipment;
4) execution of formative patterns;
5) preparation of catalysts.

2.9. What types of mold making systems are used for sand casting?
1) ground molds of open pouring of metal;
2) specialized resin-bonded sand molds;
3) ceramographic molds;
4) ceramic sand molds;
5) plastic molds.

2.10. Investment casting requires the creation of:
1) wax patterns;
2) sand-ground molds;
3) ceramic molds;
4) metallographic molds;
5) phenol formaldehyde molds.

2.11. In foundry operations molten metal is:
1) transported,;
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2.12.

2.13.

2.14.

2.15.

2.16.

2) cooled down;

3) recrystallized;

4) contained, or poured;

5) mixed with alloying elements.

To move molten metal from one location to another are used:
1) crucibles;

2) patterns;

3) mechanical flasks;

4) robotic arms;

5) gravity-induced pouring machines.

Metal workers will also pour molten metal by:
1) crucibles;

2) hand using ladles;

3) directly from the oven;

4) robots;

5) manipulators.

Once a mold solidifies, equipment is used to:
1) open the mold;

2) eject the final object from the mold;

3) clean the mold from metal residues;

4) clean the mold from sand residues;

5) lubricate the inner cavity of the mold.

The process of removing unwanted material from the casting is called:
1) cleaning;

2) finishing;

3) blowing;

4) fettling;

5) molding.

Foundries also employ equipment used to heat treat metals to change:
1) their physical properties;

2) their mechanical characteristics;

3) the chemical composition of the metal,

4) the crystal structure of the casting.
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2.17. Using specific techniques in heating and cooling, a metal’s properties
are manipulated through:

1) annealing;

2) tempering;

3) surface hardening;

4) quenching.

2.18. What types of mechanical processing are used to clean the surface of
castings in foundry manufacturing?

1) compressed air;

2) liquid jets;

3) surface blasting with beads;

4) electro-vibration methods;

5) electro-erosion methods.

2.19. The finishing process in casting involves equipment for:
1) welding;
2) machining;
3) grinding;
4) hardening;
5) painting.

2.20. What are the end products created by foundries?
1) fluxes;
2) sand molds;
3) castings;
4) carburetors.

2.21. In the following type of foundry, a melting unit, as well as balance
equipment, are installed for the casting of the particular metal is?

1) jobbing foundry;

2) ferrous foundry;

3) mass production foundry;

4) non-ferrous foundry.

2.22. What is the basis for choosing casting as a process to be preferred over
other shaping processes?
1) the most intricate of shapes, both external and internal, may be cast;
2) many other manufacturing operations such as machining, forging,
and welding may be minimized or eliminated,;
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2.23.

3) high productivity;

4) high cost of products;

5) production of extremely large heavy metal objects that cannot be
obtained in other ways.

What are the advantages of casting compared to other manufacturing

processes?

2.24.

2.25.

2.26.

1) there are no restrictions on the type of metal or alloy for casting
operation;

2) there are no restrictions on the size of the component for casting;
3) there are no changes in the metal structure during casting;

4) the most intricate external and internal shapes can be formed by the
casting process;

5) the casting process is economically suitable for both small quantity
jobbing production as well as mass production.

The casting process has the following disadvantages:

1) metal casting involves the melting of metal which is a highly energy
consuming process;

2) metal casting is still highly labor intensive compared to other
processes, the productivity is thereby less;

3) casting is a simplified process of making products;

4) poor working conditions in foundries compared to other branches
of the processing industry;

5) environmental pollution is higher in metal casting industries.

Which of the following sentences is/are correct for the casting process?
1) casting process is comparatively costly;

2) objects of large sizes cannot be produced easily by the casting
process;

3) the time required for the process of making casting is quite long;
4) all of the above sentences are correct.

The productivity of the casting process is comparatively:

1) lower than the productivity of other automatic processes like
rolling;

2) higher than the productivity of other automatic processes like
rolling;

3) similar to the productivity of other automatic processes like rolling;
4) unpredictable.
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3. METALS AND ALLOYS USED IN METAL CASTING

Different cast parts have different requirements. For example, 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 the options before using cast parts. To get started, here is
an overview of the eight most common metals used in manufacturing today:
gray iron, white iron, ductile iron, stainless steel, carbon steel, copper-dazed
alloy, nickel-based alloy and aluminum alloy.

Cast iron and steel are alloys of the metallic element iron, but they
differ in important ways. Cast iron contains over 2% by weight of carbon,
and as a result, has a lower melting temperature and requires less refining
than steel, which has a typical carbon content of 0.5%. Iron castings can
therefore be produced with less costly and less specialized equipment than
steel castings. Because cast iron shrinks less when solidifying than steel, it
can be cast into more complex shapes; however, iron castings do not have
sufficient ductility to be rolled or forged.

Iron is the most commonly cast metal in the foundry industry, being
not only relatively less costly to produce than cast steel, but also easily cast,
readily machinable, and suitable for a wide range of cast metal products that
do not require the superior strength and malleability of steel. The iron
foundry industry comprises establishments that produce both rough and
machined iron castings. Metal foundries produce molten iron by melting
scrap iron, pig iron, and scrap steel in a traditional coke-fired cupola furnace,
or in electric-induction or electrical furnaces.

Molten iron is refined by adding alloying metals into either the furnace
or a ladle. It is then moved to a pouring station for pouring into molds.
Molten iron is cast by most molding processes, but is less suited for
permanent molding and injection molding (die casting) because its high
melting temperature increases wear on the casting surfaces of cast-iron
permanent molds and steel dies. There are several important types of cast
iron, each of which has physical properties that make it suitable for specific
applications.

1. Gray iron is the most widely cast metal and is easier to cast and less

costly to produce than other types of cast iron because it neither requires
special alloy additions necessary to produce ductile iron or compacted-
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graphite iron nor does it require annealing (heat treatment) of the rough
castings as is necessary to produce malleable iron. The largest end use for
gray iron castings is the motor vehicle industry. Gray iron is ideal for engine
blocks because it can be cast into complex shapes at a relatively low cost.
Gray iron also is preferred for engine blocks because of its high strength-to-
weight ratio, ability to withstand high pressures and temperatures, corrosion
resistance, and greater wear resistance compared to aluminum.

Gray iron is suitable for brake drums and disks because of its
dimensional stability under differential heating. Also, it is suitable for
internal-combustion engine cylinders because of its low level of surface-
friction resistance. Gray iron is successfully used for manufacturing gear
boxes, differential housings, power-transmission housings, and speed
changers in both automotive and non-automotive applications because of its
high vibration-dampening capability.

Other casting applications for gray iron include compressor housings
for appliances and other equipment; construction castings and fittings (e.g.
manhole covers, storm grates and drains, grating, fire hydrants, lamp posts,
etc.); utility meter box covers; soil pipe and fittings; parts for pumps for
liquids; and rolls for rolling mills, among other cast products.

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.

2. White iron is known for its excellent wear resistance. Some white
irons have high levels of chromium or other alloys for increased
performance of high-temperature service or corrosion resistance.

3. Ductile iron (also called «nodular iron») combines many of the
engineering qualities of steel with the processing capabilities of iron. To
produce ductile iron, magnesium is added to molten iron, which increases
the ductility, stiffness, impact resistance, and tensile strength of the resulting
castings. Ductile iron also offers flexibility in casting a wide range of sizes,
with sections ranging from very thin to very thick. Ductile iron is a growth
metal in the casting industry to the point of approaching gray-iron
production levels.
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Ductile iron is primarily used for pipes, tubes, and fittings, and for
automotive parts. Pressure pipes and fittings are cast with ductile iron
primarily to resist fracturing from ground movement, shocks, and soil
corrosion; these products are common in municipal water and sewage
systems. For the automotive industry, ductile iron is cast into camshafts and
crankshafts for different internal combustion engines. Other end uses for
ductile iron castings are bearing housings, machinery components,
construction and utility applications, and electric and electronic equipment
components.

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

Malleable iron is cast iron with properties similar to those of ductile
iron, however, malleable iron castings are produced by a method that
requires a lengthy period of annealing in a special furnace to induce
characteristics of increased strength, durability, and ductility; ease of
machining; and high resistance to atmospheric corrosion.

The lengthy annealing period increases the relative cost of producing
castings of malleable iron compared to those of gray or ductile irons. In
addition, technical requirements limit the thickness of a casting that can
practically be produced of malleable iron. Malleable iron use declined,
particularly for automotive parts, after the widespread adoption of the
ductile-iron process in the early 1970s. A major use for malleable iron is
pipe fittings, particularly for applications that require resistance to shock
and vibration or rapid temperature changes.

Compacted graphite iron (CGIl) exhibits properties that are
intermediate between those of gray and ductile iron, and results from the
addition of certain rare-earth elements and titanium to molten iron. Recent
growth in CGI use was made possible by the development of advanced
sensors and controls for precise metallurgical additions to molten iron. CGI
exhibits unique properties of medium to high strength, good thermal
conductivity, low shrinkage, and medium dampening capacity while
retaining much of the castability of gray iron to produce complex shapes and
intricately cored passages. CGlI also provides a better-machined finish than
gray iron.

CGlI exhibits slightly higher thermal conductivity, more dampening
capacity, and better machinability than is possible with ductile iron. A
drawback of CGI castings is the close metallurgical control necessary to
obtain successive castings with consistent properties. The largest end use
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for CGl is internal combustion engine blocks for both motor vehicles and
other applicationsl Detailed properties of specific cast irons could be found
in the appropriate industry standards and references. Just to mention some
of them:

ASTM A644 — 09a. Standard Terminology Relating to Iron Castings

ASTM A48 | A48M — 03(2012). Standard Specification for Gray Iron
Castings

ASTM A126 — 04(2009). Standard Specification for Gray Iron
Castings for Valves, Flanges, and Pipe Fittings

ASTM A159 —83(2011) . Standard Specification for Automotive Gray
Iron Castings

ASTM A278 /| A278M — 01(2011). Standard Specification for Gray
Iron Castings for Pressure Containing Parts for Temperatures Up to 650°F
(350°C)

ASTM A319 — 71(2011). Standard Specification for Gray Iron
Castings for Elevated Temperatures for Non—Pressure Containing Parts

ASTM A436 — 84(2011). Standard Specification for Austenitic Gray
Iron Castings.

4. Stainless steel is the classification of steel that contains a chromium
content of 10.5% or higher. It’s best known for its corrosion resistance, but
also provides a high level of toughness. 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 option
for parts in oxidizing or corrosive environments.

Steel castings are produced in a wide range of chemical compositions
and physical properties. Steel castings are, in general, of higher strength and
ductility than cast iron. Castings of alloy steel have high strength, and those
of stainless steel are highly resistant to corrosion. Steel castings are used
extensively in the agricultural, construction, manufacturing, power
generation, processing, and transportation industries. Typical products made
from steel castings include bridge and building supports, compressors,
mechanical components, pumps, tools, and valves. The railway rolling-
stock industry is the largest consumer of steel castings in the United States,
by volume.
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5. 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 adding elements to carbon steel. These
elements can include: manganese, nickel, molybdenum, silicon, vanadium,
chromium, boron and titanium. Alloy steels have improved tensile strength,
hardness and wear resistance, but sacrifice some weldability and toughness.

6. Copper-based alloys, in general, have a high level of corrosion
resistance which can make these metals a great choice for long-term cost
efficiency. Apart from that, the properties are dependent on what other
elements of alloys are in the end combination. One of the most popular
copper-based alloys is brass, which 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.

Copper castings have high corrosion resistance, good electrical and
thermal conductivity (especially pure or near pure copper castings), and
good tensile and compressive strength (certain alloys are nearly as strong as
many stainless steel alloys), are non-sparking, and exhibit low friction and
good wear resistance when in contact with other metals and materials. In
addition, they maintain these properties at extremely low temperatures.

Copper castings are especially amenable to post-casting operations
such as machining, brazing, soldering, polishing, and plating. Typical
applications for copper castings include valves that control the flow of
liquids and gases; plumbing fixtures such as faucets; power plant water
impellers; architectural applications (e.g., door hardware); ship propellers;
bearing sleeves; and electrical circuit parts (e.g., circuit breakers).

Detailed properties of specific copper alloys could be found in the
appropriate industry standards and references. Just to mention some of them:

ASTM B824 — 11. Standard Specification for General Requirements
for Copper Alloy Castings

ASTM B22. Specification for Bronze Castings for Bridges and
Turntables

ASTM B61. Specification for Steam or Valve Bronze Castings

ASTM B62. Specification for Composition Bronze or Ounce Metal
Castings

ASTM B66. Specification for Bronze Castings for Steam Locomotive
Wearing Parts.
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7. Nickel-based alloys have excellent corrosion resistance. Nickel is
often coupled 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 in chemical handling equipment.

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

The strength-to-weight ratio of aluminum is among the highest of all
metals, which has enabled lighter weight aluminum to find a niche in almost
every segment of the transportation industry, particularly in aerospace
where aluminum castings are used for such applications as engine and
airframe parts.

Detailed properties of specific aluminum alloys could be found in the
appropriate industry standards and references. Just to mention some of them:

ASTM B26 / B26M — 12. Standard Specification for Aluminum-Alloy
Sand Casting

ASTM B85/ B85M — 10. Standard Specification for Aluminum-Alloy
Die Castings.

The following chart (Table 8) offers a comparison of characteristics of
different alloys, including corrosion resistance, machinability, price, tensile
strength, hardness, weldability, wear resistance and toughness.

According to the alternative classification casting metals and alloys
are divided into groups based on composition: ferrous metals, nonferrous
metals and alloys.

Ferrous metals may be subdivided according to carbon content and
classified as steel or cast iron.

Nonferrous alloys are classified according to the base elements of
which they are composed. The base elements commercially are mainly
copper, aluminum, magnesium, lead, tin, and zinc. To obtain the desired
physical and mechanical properties, it is necessary to vary the amounts of
these elements.

An alloy is a substance having metallic properties and composed of
two or more chemical elements of which at least one is metal. There are
different specific types of metal by combining the base alloy with other
alloys to bring steel, iron, aluminum, brass, bronze or any other grade of
material to a specific grade much like a receipt. Each application may call
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for something different such as hardness, tensile strength, wearability or
corrosion resistance etc. Then each casting may have to be annealed heat
treated quenched and tempered or a combination of several of these
processes.

|. Ferrous metals.
Typical casting groups classified as ferrous grades of metal are as
follows:

1. Gray iron castings.

Gray iron can be cast in various tensile strength ranges from sofft,
machineable, low strength irons of near 20,000 psi tensile strength to hard,
wear-resistant irons of 60,000 psi.

Various casting markets are served by individual classifications of
gray iron (Tables 2,3).

Table 2 — Grey iron castings classification

Class 20 Class 30 Class 40 Class 50 Class 60
Ingot mold | Auto Valves Engine Engine
Municipal Farm Machine tool _Speual_ Machine tool

industries
Soil pipe Construction | Machinery | Compressor | Mining
Motors Ho”?e Gears Pumps Gears
appliances

Table 3 — Grey iron alloys classification

White iron Ni-Hard Alloyed Irons, Compacted Graphite
High chrome Ni-Resist Iron
Metalworking engine | Engine Molds and stools
Cement Pumps Exhaust manifolds
Rolls Food production Flywheels
Coal pulverizer Marine Axle ho_usmgs,
hydraulic valves

2. Ductile iron castings.
Since ductile iron was developed in the 1940s, this remarkable metal
has proved its value in tens of thousands of engineering and casting
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applications. Ductile iron is created by an alloying process that converts the
crack-promoting graphite flakes of gray iron into nodules. With this
microstructural transformation, the metal acquires superior ductility,
elongation characteristics, and machinability. The ductile iron family offers
the design engineer a unique combination of strength, wear resistance,
fatigue resistance, and toughness, as well as excellent ductility
characteristics.

Ductile iron combines the processing advantages of gray iron (low
melting point, good fluidity and castability, and ready machinability) with
many of the engineering advantages of steel (high strength, ductility and
wear resistance), which allows for higher material properties as tensile and
yield strength than gray iron. Table 4 shows the properties of various grades
of ductile iron.

In all its grades, ductile iron exhibits mechanical properties that make
it an ideal alloy for sand and investment castings.

Table 4 — Ductile iron grades

60—45-15 100-70-03
60-45-12 28:28:82 120-90-02
60—40-18 130-100-04
Valves Pumps Refrigeration
Pipe Electric Gears
Farm Motor vehicles Tool and dies
Construction Machine and tool Shafts
Special industries Machine tool Farm equipment

3. Malleable iron.

Malleable iron is a desirable engineering material because of its ease
of machineability, its toughness, ductility, and wide range of strengths.
Some of the principal industries using castings made of malleable iron are
automotive, hand tools, valves and fittings. Malleable iron castings continue
to decline in usage due to the competitive advantages of ductile iron.

4. Meehanite iron.

Meehanite metals are a licensed process for the manufacture of gray
flakes and nodular cast irons. In the early period of American metal casting,
1900-1930, the metallurgical theories of irons were not well understood.
Certain foundry practices were known to produce consistent metals. These

45



irons were typically called Pro-lron or Semi-Steel. Meehanite developed a
set of procedures that produce a high-quality engineered iron which
permitted engineers and designers to rely upon the integrity of the metal.
Meehanite at the time corresponded to Semi-Steels.

The meehanite process filled a void until metallurgy, the science
caught up with the art form of the metal casting trade. With the advent of
specifying and testing bodies such as A.S.T.M., S.A.E., and military
specifications, uniform physical, mechanical, and chemical properties were
required of the metal casters. Uniformity has caused designers or buyers to
designate metal types according to the desired end-use. A.S.T.M. and
meehanite both specify the same final properties.

Therefore, in selecting a meeehanite metal, it can be crossed-
referenced to any other specifying body with the assurance that all will be
obtained as specified. Meehanite flake gray irons are designated by the
following letters (Table 5).

Table 5 — Meehanite flake gray irons classification

GE GD GC GA GM
Class 30 Class 35 Class 40 Class 50 Class 60

Nodular irons are proceeded by the letter S, abrasion by the letter W,
heat resisting by the letter H, and corrosion by the letter C.
Any meehanite metal selected can be certified to A.S.T.M. standards.

5. Steel alloys.

Steel is an alloy of iron and carbon that may contain either elements
and in which the carbon content does not exceed approximately 1.7%.

Steel is considered the ideal metal for many types of casting
applications because its chemical analysis as well as its mechanical
and physical properties are easily varied over a wider range than
other cast metals. This is achieved by varying the carbon content, the
chemical composition, or by heat treatment. It is strong, tough,
dependable, and readily joined by welding or bolting to other metal
forms, such as rolled products, forgings, or other castings. Steel castings
are used in many industries. These include railroad, automotive, marine,
farm equipment, machinery for highway, construction, mining,
metalworking, power transmission, valves and fittings.
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6. Stainless steels.
A wide range of steels containing chromium or chromium and nickel
exhibits high resistant to corrosion or heat.

7. Corrosion resistant stainless steels.

Corrosion resistant casting alloys are those compositions consisting
basically of nickel, chromium and iron, sometimes including other alloying
elements, which perform satisfactorily when used in a large variety of
corrosive environments. Castings made of these materials offer two basic
advantages: facility for the production of complex shapes at low cost t ease
of securing rigidity and high strength-to-weight ratios). Corrosion-resistant
stainless steel castings are used in the following markets (Table 6).

Table 6 — Application of corrosion-resistant stainless steel castings

Ship propellers Impellers
Ship and boat building Inte(nal combustion engine
turbines

Special industrial machine
components
Valves and fittings Roll mill machinery

Oil field machinery and equipment

8. Heat-resistant stainless steels.

Heat-resistant casting alloys are compositions performing
satisfactorily when used temperatures above 1200° F. Heat-resistant casting
alloy combinations are composed principally of nickel, chromium and iron,
together with small percentages of other elements. Nickel and chromium
both contribute to the superior heat resistance of these alloys. Castings made
of these alloys meet two basic requirements:

— good surface film stability (oxidation and corrosion resistance) in
various atmospheres and at the temperatures to which they are subject;

— the necessary mechanical strength and ductility to meet high-
temperature service conditions.

Table 7 — Application of heat-resistant stainless steels

Nonelectric heating Tool and dies
Industrial furnaces and ovens Mining

Blowers and fans Rolling mill machines
Valves e :

Power plants Oil field equipment
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9. Manganese wear-resistance steels.

Manganese alloy steels, which cannot be made except by the casting
process, have excellent resistance to wear: they work harden during use.

Potential markets include:

— construction and mining equipment;

- special industrial machinery;

- railroad equipment;

— crushing equipment industry.

10. Tool steels.
Any high-carbon or alloy steel used to make cutting tools for
machining metals and for metal casting dies.

I1. Nonferrous alloys.

Nonferrous alloys are classified according to the base elements of
which they are composed. The base elements used commercially are mainly
copper, aluminum, magnesium, lead, tin, and zinc. To obtain the desired
physical and mechanical properties, it is necessary to vary the amounts of
these elements. Typical nonferrous grades of metal most commonly used
are as follows:

1. Brass. Copper-based alloys of copper and zinc are commonly
classified as brass. Copper-zinc are the major group of metals used, due to
their desirable properties and relatively low cost.

Yellow brass is the most ductile of all the brass. Its ductility makes
possible the use of this alloy for jobs requiring the most severe cold-forging
operations, such as deep-drawing, stamping, and spinning.

Red brass is composed of 2% to 8% zinc, has a reddish color, great
resistant to corrosion and good workability. Red brass alloys have good
casting and machining characteristics. They are readily shaped by stamping,
drawing, forging, and spinning. Applications of red brass include valves,
fitting, rivets, radiator cores, plumbing pipe, flexible hose, and cloth.

As with aluminum alloys, certain copper-base alloys are more readily
cast in the permanent mold. Because of some of the alloy families’
limitations, it is important to consult the metal caster to determine the ability
to cast an alloy for a certain application. The following alloys are arranged
by the family with the unified numbering system five-digit code developed
by the Copper Development Association:

Yellow Brasses (C8330-C89990) — These are copper alloys in which
zinc is the alloying element. Although corrosion resistance in these alloys is
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lower than its counterparts, the high-strength yellow brasses (C86200 and
C86500) are used for mechanical products requiring good wear.

Silicon Bronzes/Brasses (C87300-C87900) — These are intermediate-
strength alloys. They exhibit good corrosion resistance in the water, good
casting characteristics and acceptable machinability. The silicon imparts the
ability to cast fine detail and improves the casting’s surface finish.

Aluminum Bronzes (C95200-C95900) — These contain 3-12%
aluminum, and iron, silicon, nickel and manganese are added singly or in
combination for higher strength and corrosion resistance. These alloys form
protective, alumina-rich corrosion product films, which provide exceptional
oxidation and corrosion resistance. In addition, they exhibit moderate to
high strengths and can be heat-treated to tensile strengths over 100 ksi.

SeBiLoy Il (C89550) — This alloy is a selenium-bismuth containing
yellow brass that was specifically developed for permanent mold casting. It
is a lead-free, free-machining brass for potable water applications that
exhibits improved mechanical properties, hot tearing and fluidity. The
strength of the alloy also exceeds yellow brass.

2. Nickel-based alloys.

Nickel-base alloys have great resistance to corrosion in the presence
of most mineral acids, most organic acids, and alkalies. They are not
resistant to oxidizing salts. They have good mechanical strength, ductility,
and resistance to wear, although they cannot be used for bearings, except
under light loads and at slow speeds.

An alloy of 70% nickel and 30% copper is known as Monel. When
silicon is added to it, it becomes age-hardened, and thus more wear-resistant.
An alloy of 80% nickel and 20% chromium, known as Nichrome, is used
for electrical resistance heaters. An alloy of 80% nickel, 14% chromium,
and 6% iron, known as Inconel, is used where oxidation resistance with high
strength at elevated temperatures is needed.

Casting metals and alloys with a high percentage of nickel are used for
chemical equipment, such as implements used in the dyeing of textiles and
the manufacture of caustics, as well as for making water-softening
equipment, valves and pump parts, and food-handling equipment.

An alloy consisting of 20% zinc, 20% manganese, 1% aluminum, and
the balance of copper produces white-bronze casting that is strong, ductile,
and corrosion-resistant. It can be polished to a high, silvery luster which
makes it useful in architectural and marine hardware, plumbing fixtures,
ornamental castings, hospital equipment, and swimming pool equipment.
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Casting markets using brass, bronze copper, and copper-base alloys
include the following:

- plumbing valves and sanitary fixtures and fittings;

- pumps; electric equipment and apparatus;

— power transmission equipment;

- marine hardware and ship propellers;

- metalworking machinery and equipment;

- ball and roller bearings.

3. Zinc-based alloys.

Zinc base alloys are widely used in die casting. The alloy elements are
principally copper, aluminum, and magnesium. The amount of each used
depends on the properties desired. High-purity zinc is used as the base metal,
the addition of copper increases the strength but reduces ductility. The
addition of aluminum improves the strength of the alloy and delays the rate
of attack of the alloy on steel dies thus improving the life of the die.
Additions of magnesium added to the dimensional stability of the die
casting.

Casting metals and alloys development is a continuous process and the
producers should be contacted when there is a question regarding the alloy
to be used with the casting process being considered.

Zinc die casting includes the following:

- bathroom and plumbing fixtures;

- door, window and furniture hardware;

- hand tools.

4. Aluminum alloys.

Pure aluminum is a poor casting material and is limited to the casting
of rotors where high electrical conductivity is an advantage. Almost all
aluminum castings are made of an alloy of aluminum. The selection of a
particular alloy depends on the criteria demanded of the alloy- the
mechanical strength, machinability, surface appearance, resistance to
corrosion, conductivity, pressure tightness, and other factors. The principal
alloying elements are copper, silicon, magnesium, zinc, chromium,
manganese, tin, and titanium.

Iron is often present in small quantities, and is usually considered an
impurity. Although all of the alloys are commercially castable by a specified
process, namely sand casting, permanent mold casting, or die casting, the
casting industry has established a preference for certain alloys in each
casting process.
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319 — This alloy and its variants are used when moderate mechanical
properties without heat treatment are satisfactory.

333 and A333 — These alloys have unusually good casting
characteristics in permanent mold and develop better as-cast mechanical
properties than 319-type alloys.

355 and 356 — These heat-treatable alloys have good castability and
are used when good tensile properties are required. 356 also has excellent
corrosion resistance. By decreasing the impurities in these alloys to form
C355 and A356, the mechanical properties of the alloys greatly improve.

443 — This alloy and its variants are used when high ductility and
corrosion resistance are required but high strength isn’t important.

513 — As a straight aluminum-magnesium alloy, with the addition of
2% zinc, alloy 513 can be used for simple castings in which outstanding
corrosion resistance and a good surface finish are required. The metal
casting industry has been researching, trialing and proving the permanent
mold casting of a variety of new alloys, such as A206. Customers should
always check with their foundry supplier for other possible alloy options
that may be good choices.

5. Sand casting and permanent mold alloys.

In sand casting and permanent mold, alloys with additions of silicon
in the range of 5% to 8% copper in the 1% to 5% range, and magnesium in
the 0.2% to 1% range are used to produce most aluminum castings.

Sand cast and permanent mold aluminum casting markets are as noted:

- Internal combustion engine;

- lawn and garden equipment;

- power hand tools;

- office machines and computers;

— aircraft parts;

- household appliances.

6. Die-casting alloys.

In die casting, approximately 80% of the castings produced use an
alloy with the addition of 2% to 5% copper, 7% to 10% silicon, 1% to 3%
zinc, and 1% iron.

Castings produced using the die-casting process are used for the
following:

- automotive and truck combustion engines;

—furniture, fixtures household appliances;

- toy, sporting goods, bicycles, motorcycles;
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~ motors, generators, regulators, instruments;
- power tools.

7. Aluminum-magnesium alloys.

Aluminum-magnesium alloys are characterized by excellent
mechanical properties and machinability, as well as resistance to corrosion.
They have good resistance to impact and high ductility.

These casting metals and alloys are used in:

- marine applications;

- highway fixtures.

8. Magnesium alloys.

Magnesium high-purity alloys with various amounts of aluminum,
zinc, zirconium, and rare earths are used to produce sand castings,
permanent mold castings, and die casting, with die casting the predominant
method. Magnesium die casting markets include the following:

- aircraft components;

- power tools and sporting goods;

~ automotive — transmission cases, clutch housing, timing chain
covers, wheels, hinges, brackets, brake pedals, headlamp frames, oil filter
adapters, etc.

The general properties of the material suitable for casting are the
following: requires coating to resist corrosion; high density. lightweight;
high dimensional stability; easy to cast; good corrosion resistance; high
thermal and electrical conductivity; retains strength at high temperature.

Also, there are the main characteristics of a good casting material:
being cast with desired quality, an alloy must have various characteristics
including ease of feeding, fluidity (flowability), low hot tearing tendency,
low porosity caused by gas dissolution, no macrosegregation, no tendency
to solder to the die, and no tendency to form sludge.

Selecting the proper cast and mold materials for a particular project
can be an important concern. Some of the factors to consider when making
a casting decision include:

— level of volume required;

— cost-effectiveness;

— melting temperature;

— cooling speed;

— wear resistance;

— weight;
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— damping capabilities.

Zinc is an efficient choice for die cast operations, however, its low
wear resistance and durability may not be ideal for certain applications, such
as those involving a high risk of corrosion or material strain.

For die cast projects that focus on performance and resilience,
aluminum can be a helpful option. For example, aluminum alloy is a
frequently used casting material for lawnmower housings, dental
equipment, frying skillets, aircraft hardware and marine hardware.

For structural applications or other tasks that emphasize strength and
durability, gray iron or ductile iron may be worthwhile considerations. Gray
iron can be effective for projects that require shrinkage-free, intricate
castings such as those found in motor blocks.

Ductile cast iron is useful for parts that stress strength and toughness,
such as critical engine components (crankshafts, truck axles, disk brake
calipers, etc.).

Table 8 — Casting metal comparison chart

Chgra_cte- Gray | White Ducti- Stain- Alloy Car- |CopperNickel Aly—
ristic ) ) i less bon | based |based| mi-
iron | iron |leiron steel
steel steel | alloy | alloy | num
Corrosmn very | very | very high | low | Tow | high very medi-
resistance | low | low | low high | um
Machina- | very | ,. : medi- | medi-| , . .
bility high high | high | low um | um high | low | High
Price very | very | very high medi- low | VEry | very medi-
low | low | low um high | high | um
Tensile  |medi-| very |medi-| very | . medi- medi-

: high low Low
strength um | high | um | low um um
Hardness | high | Y™ | high | low | high | Me91| oy |Medi-| very

low um um | low
Weld- very | very | very | medi- low | VErY | very | medi-
ability low |high | low | um high | high um
We_ar high very | medi-| very high medi- low | low | Low
resistance low | um | low um
Tough- Very | very | very | very |, high medi- high medi-
ness low | low | low |high um um
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Multiple Choice Questions

3.1. Which of the listed types of metals are used in the foundry?
1) cast iron;
2) gray iron;
3) white iron;
4) malleable iron;
5) ductile iron;
6) low-carbon iron.

3.2. Which one of the following casting metals is most important
commercially?

1) aluminum and its alloys;

2) bronze;

3) cast iron;

4) cast steel.

3.3. A mixture of a metal(s) and a non-metal(s) is called:
1) composite;
2) alloy;
3) dislocation;
4) cermet.

3.4. Casting metals and alloys are divided into groups based on the
composition of:

1) stainless steel and ductile iron;

2) ferrous metals, nonferrous metals and alloys;

3) stainless steel and gray iron;

4) nonferrous metals and ductile iron.

3.5. Ferrous metals may be subdivided according to the iron content and
classified as:

1) ductile iron and steel;

2) cast iron and gray iron;

3) steel and cast iron;

4) stainless steel and gray iron.

3.6. Nonferrous alloys are classified according to:
1) base elements of which they are composed,;
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2) metal elements with excellent corrosion resistance;
3) content of aluminum and copper components;
4) physical and mechanical properties.

3.7. The base elements of nonferrous alloys are:

1) cast iron and gray iron;

2) ductile iron and white iron;

3) malleable iron and low-carbon iron.

4) copper, aluminum, magnesium, lead, tin, and zinc.

3.8. Which of the listed types of steels are used in the foundry?

1) cast steel;

2) carbon steel,;
3) alloy steel;

4) structural steel;
5) stainless steel.

3.9. Which of the listed alloys of non-ferrous metals are used in the foundry?

3.10.
of:

3.11.

1) copper-dazed alloy;

2) molybdenum alloy;

3) nickel-based alloy;

4) chromium-based alloy;
5) aluminum alloy.

Depending on the class of gray iron, can be achieved at different levels

1) weldability;

2) machinability;
3) shock viscosity;
4) strength;

5) hardness.

What are the mechanical properties of white iron?

1) softer, more machinable gray iron is better processing;
2) good corrosion resistance;

3) excellent wear resistance;

4) structural plasticity;

5) high strength.
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3.12. What mechanical property distinguishes ductile iron?
1) high ranges in strength;
2) good corrosion resistance;
3) good wear resistance;
4) excellent wear resistance;
5) structural plasticity.

3.13. What mechanical property distinguishes malleable iron?
1) structural plasticity;
2) a wide range of strengths;
3) excellent wear resistance;
4) excellent machinability;
5) good corrosion resistance.

3.14. The corrosion-resistant casting alloys are compositions consisting
basically of:

1) aluminum and copper;

2) chromium and magnesium;

3) nickel, chromium and iron;

4) lead, tin, and zinc;

5) aluminum and lead.

3.15. What are the mechanical properties of stainless steel?
1) good weldability;
2) corrosion resistance;
3) high wear resistance;
4) high level of toughness;
5) high level of machinability.

3.16. What are the mechanical properties of carbon steel?
1) excellent wear resistance;
2) very high level of processability;
3) weldability high level,
4) increased hardness;
5) corrosion resistance.

3.17. What are the mechanical properties of alloy steels?

1) improved tensile strength;
2) high compressive strength;
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3.18.

3.19.

3.20.

3.21.

3.22.

3) hardness;
4) shock viscosity;
5) wear resistance.

What is the main property of copper-based alloys?
1) high level of processability;

2) high level of corrosion resistance;

3) good casting properties;

4) high level of plasticity;

5) high level of strength.

What is the main property of nickel-based alloys?
1) high level of strength;

2) impact strength;

3) excellent corrosion resistance;

4) increased hardness;

5) weldability high level.

What are the mechanical properties of aluminum alloy?
1) good casting properties, very castable;

2) high level of machinability;

3) impact strength;

4) high level of corrosion resistance;

5) improved tensile strength.

Heat-resistant casting alloy combinations are composed principally of:
1) chromium and magnesium;

2) nickel, chromium and iron;

3) aluminum and copper;

4) lead, tin, and zinc;

5) vanadium, magnesium and aluminum.

What alloys are used to make cutting tools for machining metals and

for metal casting dies?

1) malleable iron and low-carbon iron;
2) ductile iron and steel;

3) high-carbon or alloy steel;

4) steel and cast iron;

5) stainless steel and gray iron.
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4. CLASSIFICATION OF METAL CASTING PROCESSES

The casting processes can be classified into two broad categories:
expendable mold casting processes and permanent mold casting processes.
Fig. 5 depicts a general classification of the casting processes [36].

Sand Casting

Shell Molding

Vacuum
Molding

Expendable Expended
Mold Polysterene

Investment
Casting

Plaster Mold
Casting

Metal

Casting Ceramic Mold

Casting

Permanent
Mold Casting

Variations of
Permanent
Mold Casting

Permanent |
Mold Casting

Die Casting

Centrifugal
Casting

Figure 5 — Classification of the metal casting processes [36]
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In expendable mold casting processes, the mold is usually broken to
free the solidified cast whereas the mold can be reused in case of permanent
mold casting. The pattern used to prepare the molds can also be permanent
and expendable, and subsequently, the expendable mold casting processes
are further categorized as expendable pattern expendable mold and
permanent pattern expendable mold processes. Typically, permanent molds
are made from metals that retain their strength at high temperatures.

The permanent mold casting process has different variations and types,
a detailed classification of which is recommended and presented in Fig. 6.

Low pressure PM
casting

High pressure PM
casting

Cold chamber die
casting

Hot chamber die
casting

Vacuum PM casting

Variations of Slush casting

Permanent
Mold Casting

Gravity die casting

Semi-centrifugal
casting

Centrifuge casting

Continuous casting

Injection molding

Squeeze casting

Evaporative pattern
casting

Stir casting

Figure 6 — Classification of the permanent mold casting processes
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Expendable mold casting refers to the molds that are used for the
molten metal during the pour to create the part. Also, it refers to any
manufacturing technique where the molds become expendable instead of
reused. So, the lost-wax process, sand casting, and investment casting fall
into the expendable mold casting category.

For processes that retain the mold so that it may be reused again and
again, these techniques fall into the non-expandable mold casting category.
Centrifugal casting, die casting, continuous casting and permanent molding
are all non-expendable casting processes.

Investment casting falls into the expendable mold casting category as
the ceramic mold is knocked out after the metal hardens. In certain
manufacturing processes, the mold’s materials may be retained to form
another mold in the future. This is the case with sand casting.

The sand from the mold is broken apart and shaken from the formed
metal part. The sand is reclaimed, yet because its molded form was broken
when getting to the metal part, it cannot be reused immediately in the molten
pour process. Instead, it will need to be reformed into the shell mold again.

Thus, the difference between expendable mold casting processes and
permanent mold casting processes is as follows:

1. In permanent mold casting the molten metal is poured into a
metallic mold and around the metallic core.

2. In this process produce mass amounts of casting.

3. Inexpendable mold the molten metal is poured into the mold cavity
and produces casting.

4. Expendable molds are made in sand and one mold to produce one
casting.

As can be seen from Fig. 5, numerous casting processes can be used.
Most can accommodate complex geometry in various weights and sizes,
materials and configurations.

There are also other classifications of foundry processes and castings,
for example, according to the materials of the workpieces (Fig. 7).

However, overall casting processes are used because:

— they can produce complex shapes with internal cavities or hollow
sections;

— many casting processes can produce very large parts;

— they can process materials difficult to process otherwise.

There are many other factors used to assess the suitability of specific
casting processes for a particular part. These are discussed under the heading
of general characteristics.
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Figure 7 — Classification of foundry processes by casting materials
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Multiple Choice Questions

4.1. The casting processes can be classified into two broad categories:
1) sand casting and metal casting processes;
2) die casting and continuous casting processes;
3) expendable mold casting and permanent mold casting processes;
4) investment casting and permanent mold casting processes;
5) hot casting and warm casting processes.

4.2. Which of the following is a permanent mold casting process?
1) centrifugal casting;
2) investment casting;
3) vacuum casting;
4) shell molding.

4.3. What are the types of pressure die casting processes?
1) open pressure and close pressure die casting;
2) cold pressure and hot pressure die casting;
3) gravity die casting and investment casting;
4) low pressure and high pressure die casting, gravity die casting;

4.4. Which of the following processes are expendable mold casting?
1) investment casting, sand casting, shell molding and vacuum
molding;
2) low pressure casting;
3) sand casting;
4) shell molding and slush casting.

4.5. In expendable mold casting the molten metal is poured into the:
1) mold cavity to produce casting;
2) sand mold and one mold to produce one casting;
3) metallic mold and around the ceramic core;
4) metallic mold and around the metallic core.

4.6. What are the types of die casting processes?
1) open chamber and close chamber die casting;
2) cold chamber and hot chamber die casting;
3) gravity die casting and investment casting;
4) cold chamber and warm chamber die casting.
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4.7. Which of the following processes is permanent mold operations?
1) centrifugal casting;
2) die casting;
3) vacuum permanent-mold casting;
4) sand casting.

4.8. The difference between expendable mold casting processes and
permanent mold casting processes is as follows:
1) in an expendable mold the molten metal is poured into the mold
cavity and produces casting;
2) permanent mold can produce one casting;
3) in permanent mold casting the molten metal is poured into a metallic
mold and around the metallic core;
4) expendable molds are made in sand and one mold to produce one
casting.

4.9. Which of the following is not a casting process?
1) Carthias process;
2) extrusion;
3) semi-centrifugal process;
4) slush process.

4.10. In permanent mold casting the molten metal is poured into the:
1) mold cavity to produce casting;
2) sand mold and one mold to produce one casting;
3) metallic mold and around the ceramic core;
4) metallic mold and around the metallic core.

4.11. Which of the following process is a combination of casting & forging?
1) die casting;
2) centrifugal casting;
3) squeeze casting;
4) investment casting.

4.12. Classification of foundry processes by casting materials:
1) ceramic mold casting and plaster mold casting;
2) grey and ductile iron castings; steel casting; aluminum castings;
3) sand casting and injection molding;
4) slush casting, stir casting and squeeze casting.
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5. FUNDAMENTALS OF METAL CASTING
5.1. Metal casting basics

A mold is formed into the geometric shape of a desired part. Molten
metal is then poured 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
with the 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 8 — 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 in Figure 9. The closed mold is, by far, more
important in manufacturing metal casting operations.

There are many different metal casting processes used in the
manufacture 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 while permanent 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 9 — Closed mold

Expendable mold Permanent mold
. Can produce one metal casting . Can manufacture many metal
only. castings.
. Made of sand, plaster, or other . Usually made of metal or
similar material. sometimes a  refractory
. Binders used to help material ceramic.
hold its form. . Mold has sections that can
. Mold that metal solidifies in open or close, permitting
must be destroyed to remove the removal of the casting.
casting. . Need to open mold limits part
. More intricate geometries are shapes.

possible for casting.

Patterns.

Expendable molds require some sort of pattern. The interior cavities
of the mold, in which the molten metal will solidify, are formed by the
impression of this pattern. Pattern design is crucial to success in
manufacturing by expendable mold metal casting. The pattern is a geometric
replica of the metal casting to be produced. It is made slightly oversize to
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 afterward. Although machining will add an extra process to the
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manufacture of a 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 been originally too
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 be
manufactured using the pattern. Patterns can be made from wood, like pine
(softwood), or mahogany (hardwood) and various metal, like aluminum,
cast iron, or steel. In most manufacturing operations, patterns will be coated
with a parting agent to ease their removal from the mold.

Cores.

For metal castings with internal geometry cores are 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 shrinkage
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 removed much 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 called chaplets. 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 part of the mold itself.

The mold.

A typical mold is shown in Fig. 10.

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, the drag (bottom), 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

Figure 10 — Typical mold

Cope Pattern

Drag Parting line

Figure 11 — Elements of the mold in manufacturing
by metal casting

The core is placed in the metal casting after the removal of the pattern.
Fig. 12 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 metal casting setup, however, is not complete. 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 hand or in 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 cavity.
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Cope Pattern

Drag Part impression  Chaplet Core

Figure 12 — Pattern impression with the core in place

Types and elements of gating system.

A typical system includes the pouring basin, the sprue, the well, the
runner, as well as the ingate. It can be classified based on the position of the
parting plane and the position of the ingate.

1. Horizontal system. This type of gating system is ideal for flat
casting, which is achieved by filling the mold cavity with gravity. Generally,
it is used in ferrous metal sand casting and non-ferrous metal die casting
processes.

2. Vertical system. This type of system is suitable for tall casting. It is
used for high pressure sand casting, shell mold casting, and die casting.

3. A top-gate system. It is used in processes where molten metal is
poured into the top space of a casting. This promotes directional
solidification. During the filling process, the system is suitable only for flat
casting to limit the metal’s damage.

4. Bottom gating system. It is used for tall castings. The metal enters
slowly from the bottom of the cavity.

5. The middle gating system. It combines the features of the bottom
and top gates.

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 it to reduce turbulence.
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Down sprue.

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

Sprue base.

The down sprue ends at the sprue base. It is here that the casting's inner
cavity begins. Sprues should preferably be small at the bottom and big at the
top.

Ingate/choke area.

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

Runners.

Runners are passages that distribute the liquid metal to the different
areas inside the mold. The purpose of the device is primarily to slow down
the flow rate of molten metal during its free fall from the above-mentioned
channel to the ingate.

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 escape 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 the casting solidifies.
There are different classifications for risers.

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

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

3. Blind risers. Risers that are completely contained within the mold.

4. Open risers. Risers that are open at the top to the outside
environment.
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Figure 13 — Gating system for casting
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Functional requirements of molding materials.

A foundry molding mixture passes through four main production
stages, namely preparation 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 considered, with 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 ideal balance 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 flowability is particularly necessary in the case of the non-
selective ramming action of the molding machine, where the compaction
energy must be transmitted throughout the sand mass.

The need for green strength arises when the pattern is withdrawn and
the mold 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 compact: less 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.
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In many cases, however, dimensional stability and high accuracy may
be achieved without the need for appreciable green 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 of those 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 ends, but this has 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 greensand 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 temperatures without
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 production 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 mass of the casting, 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 readiness with 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 volume must also be dissipated through the pore
spaces of the sand. This problem is greatest for greensands and core sands.
The evaporation of each 1% of moisture from green molding sand can be
shown to generate over 30 times its volume of steam; this is paralleled 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 is required 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
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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 surface
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, bulk properties are of greater
significance and some of these can be measured directly by simple tests
upon sand compacts. Other qualities are represented in specially developed
empirical tests designed to reproduce conditions encountered in the foundry.
These tests, 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 those 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 produced
to acceptable quality standards. There are strong economic incentives to use
this low-cost system, but hardened molds are preferred in many cases,
particularly 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 materials are
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 natural: 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 molding 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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5.2. Metal casting operations

In the previous section the fundamentals of the metal casting process,
as the basic starting point for metal fabrication and part manufacture, were
covered. The setup and design of a system to perform a casting operation
was explained. The main topics were molds, patterns, cores, 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 the main cavity (casting itself).

Goal. Metal must flow into all regions of the 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 be higher than the solidification temperature of the metal. The
difference between the solidification temperature and the pouring
temperature of the metal is called the superheat.

Superheat Pouring
% - temperature
/ Melting
temperature
Temperature
v Room
temperature

Figure 14 — Allocating temperatures

73



Pouring rate.

The volumetric rate in which the liguid metal is introduced into the
mold. The 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 speed is too large, it will cause the metal liquid to flow
violently in the mold and produce a spraying phenomenon, which will lead
to slag inclusion or iron beans, and the metal liquid with too high speed will
cause a great impact on the sand mold wall, which is easy to destroy the
mold and produce sand holes, etc. Casting defects and casting speed also
affect the exhaust sequence of the cavity.

Turbulence.

Turbulence is inconsistent and irregular variations in the speed and
direction of flow throughout the liquid metal as it travels through the casting.
The random impacts caused by turbulence, amplified by the high density of
liquid 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 casting.

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 fluidity of the liquid metal.

Test for fluidity.

In manufacturing practice, the relative fluidity of 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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Figure 15 — Spiral mold test

How to increase fluidity in metal casting?

Increase the superheat. If 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 manufacturing 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 metal's ability to
penetrate the surface of the mold material.

Choose an eutectic alloy or pure metal.

When selecting a manufacturing material, consider that metals that
freeze at a constant temperature have a higher fluidity. Since most alloys
freeze over a temperature range, they will develop solid portions that will
interfere with the flow of the still-liquid portions, as the freezing of the metal
casting occurs.

Choose a metal with a higher heat of fusion. The heat of fusion is
the amount of energy involved in the liquid-solid phase change. With a
higher heat of fusion, the solidification 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, a
metal casting undergoing 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 pouring
temperature to the freezing temperature.

Shrinkage

=)

Temperature Temperature
pouring freezing

Figure 16 — The first stage

2. Decreased volume of the material due to solidification.

Shrinkage

=

Temperature Temperature
freezing (liquid) freezing (solid)

Figure 17 — 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
l
T
Temperature Temperature
freezing (solid) room

Figure 18 — 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 material to compensate
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 metal'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.
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 biggest problems caused by shrinkage, during th